
Original Research

Sericin ameliorated dysmorphic mitochondria in high-cholesterol

diet/streptozotocin rat by antioxidative property

Sumate Ampawong1, Duangnate Isarangkul2 and Pornanong Aramwit3

1Department of Tropical Pathology, Faculty of Tropical Medicine, Mahidol University, Bangkok 10400, Thailand; 2Department of

Microbiology, Faculty of Science, Mahidol University, Bangkok 10400, Thailand; 3Bioactive Resources for Innovative Clinical Applications

Research Unit and Department of Pharmacy Practice, Faculty of Pharmaceutical Sciences, Chulalongkorn University, Bangkok 10330,

Thailand

Corresponding author: Pornanong Aramwit. Email: aramwit@gmail.com

Impact statement
The present work provides new insights

regarding the antioxidative effect of sericin

in (i) reducing blood cholesterol, (ii)

improving liver and heart mitochondrial

structures, (iii) maintaining endoplasmic

reticulum integrity in exocrine pancreatic

glands, and (iv) inhibiting fat deposition in

the liver. Electron microscopic, histo-

pathologic, immunohistochemical, and

biochemical studies were performed. All of

the results demonstrate the efficacy of

sericin as a candidate for development of a

functional food or adjunctive therapeutic

agent against non-communicable dis-

eases such as hypercholesterolemia.

Abstract
Sericin has been implicated in lower cholesterolemic effect due to its properties with several

mechanisms. Mitochondria are one of the most important targets to be affected in high

blood cholesterol and glucose conditions. The protective role of sericin on mitochondria

remains doubtful. To examine this role, electron microscopic, histopathologic, immunohis-

tochemical, and biochemical studies were performed in a high-cholesterol diet/streptozo-

tocin rat model. The results demonstrated that sericin reduced blood cholesterol without

hypoglycemic effect. Sericin alleviated dysmorphic mitochondria in heart and liver but not in

kidney and also decreased peculiar endoplasmic reticulum in the exocrine pancreas. In

addition, sericin decreased hepatic steatosis and preserved zymogen granule referable to

the decline of reactive oxygen species production in hepatic mitochondrial extraction and

down-regulation of malondialdehyde expression in the liver and exocrine pancreas however

irrelevant to lipase activity. This study suggests that sericin has antioxidative property to reduce blood cholesterol by means of

diminishing fat deposit in hepatocyte and improves mitochondria and endoplasmic reticulum integrities.
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Introduction

Mitochondria are known as the cell’s powerhouse because
they generate energy as adenosine triphosphate during elec-
tron transport and the respiratory chain reaction.1 Living
cells cannot function and survive without mitochondria. It
is well described that mitochondrial defect and oxidative
stress implicate to several kinds of diseases such as non-
alcoholic fatty liver,2,3 diabetic cardiac diseases,4 diabetic
kidney diseases,5 hypercholesterolemia,6 hypertension,7

and neurodegenerative diseases.8 To develop new candi-
dates for adjunctive therapy, many studies have been sug-
gested that some natural products can alleviate those kinds
of mentioned diseases due to their antioxidative property
and probably lead to promote mitochondrial activities.9–11

Sericin, water-soluble silk cocoon protein, is thought to
reduce the effects of hypocholesterolemia through antioxi-
dative effects,12 the inhibition of hepatic lipogenesis,13 and
reduced cholesterol absorption from the intestine.14

Moreover, sericin also alleviates blood glucose tolerance in
patients with high cholesterol.13 However, it remains
unclear whether sericin can improve mitochondrial integ-
rity and function simultaneously to lower blood cholesterol
and glucose with antioxidant effects.

In this study, we conducted an in vivo model, hypercho-
lesterolemic and hyperglycemic rat induced by high-
cholesterol diet and streptozotocin (STZ) injection, to
demonstrate the protective effect of sericin to mitochondria
in affected organs due to its antioxidative property. Clinical
blood chemistry was measured for lipid and carbohydrate
profiles. Electron microscopic studies were performed to
characterize dysmorphic mitochondria from heart, liver,
and kidney extractions. Mitochondrial ultrastructural
changes in heart, liver, kidney, and pancreas were also com-
pared. Immunohistochemical studies were used to identify
oxidative (malondialdehyde [MDA]) and antioxidative
(super-oxide dismutase [SOD]) markers in mentioned
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tissues. Finally, reactive oxygen species (ROS) production
was biochemically measured in hepatic mitochondrial
extraction. To our knowledge, this is the first study that
provides insight regarding the effect of silk sericin on
high cholesterol/STZ-induced mitochondrial dysfunction
and proposes guidelines for therapeutic use.

Materials and methods
Silkworm cocoons and sericin extraction

In the present study, silkworm cocoons, Bombyx mori, were
provided by Chul Thai Silk Co., Ltd, Phetchabun province,
Thailand. There are several methods for sericin extraction
such as heat, acid, alkali, and urea treatments that result in
difference of physical and biological properties.15,16 Since
heat-extracted sericin is considered as pure sericin without
any chemical contamination and our previous study
demonstrated that this type of sericin provides appropriate
biological activities and safe, it was used in this experiment.
Amino acid composition in heat-extracted sericin is pre-
sented in Table 1.16 For sericin extraction, fresh cocoon
shells were cut into pieces and autoclaved in purified
water at 120�C for 60 min. The supernatant was collected,
filtered, frozen, and then lyophilized.

Ethics statement

The animal study was approved by the Faculty of Medicine,
Chulalongkorn University Animal Care and Use
Committee, Bangkok, Thailand (Approval No. 16/2558).
Fifteen healthy female Wistar rats (eight weeks old,
200–300 g) were obtained from the National Laboratory
Animal Center, Mahidol University. They were quarantined
and acclimatized for seven days after receiving and housed
under strict hygienic conventional conditions of a 12 h
dark/light cycle with temperature and humidity control.

Induction hypercholesterolemic and
hyperglycemic rats

Rats were randomly allocated in three groups (five of each):
normal diet without induction (sham) and the high-choles-
terol diet/STZ (C/STZ)-induced rats with or without seri-
cin at a dosage of 1000 mg/kg/day, as described by
Limpeanchob et al.14 Sham rats were fed ad libitum with
standard diet from Perfect Companion Ltd, Thailand (nutri-
tional ingredients: 24.5% total protein, 2.24% fat, 3.34%
fiber, 5.23% ash, 0.456% sodium chloride, 0.123% calcium,
and 0.965% phosphorus). In this formula, legumes and soy-
beans are the source of protein while corn oil is added for
the source of fat. C/STZ-induced rats were provided

ad libitum of standard diet coated with 6% cholesterol
(Sigma-Aldrich�) for six weeks to induce hypercholes-
terolemia. C/STZ-induced rats were then injected with
45 mg/kg STZ (Sigma-Aldrich�) in fresh 0.1 M citrate
buffer, pH 4.0 to induce hyperglycemic stage. The rats
with fasting blood glucose of �200 mg/dL were considered
as diabetic stage. Sericin and reverse osmosis water were
fed by oral gavage to C/STZ-induced rats with and without
sericin, respectively, for seven days.

Specimen collection

Blood collection and clinical chemistry. All rats were
fasted for 6 h and humanly euthanized with an overdose
of isoflurane� inhalation. Whole blood was collected from
the heart and centrifuged at 1500 rpm for 10 min. Serum
was then kept at �20�C. Blood clinical chemistry testing
was conducted by accredited outsource laboratory. Blood
glucose, lipid profiles, renal, and hepatic functions were
performed by the Quality Control Division, National
Laboratory Animal Center, Mahidol University. Serum
lipase was measured by Bangkok Pathology Laboratory,
Bangkok, Thailand.

Tissue collection. Liver, heart, kidney, and pancreas were
collected, kept, and maintained on ice cold throughout all
steps of each experiment. All of them were divided into
three parts: (i) majority part for mitochondrial extraction;
liver, heart, and kidney were immediately stored in ice-cold
homogenized buffer as described in Fernandez-Vizarra
et al.17; for liver and kidney using buffer A (0.32 M sucrose,
1 mM EDTA, and 10 mM Tris–HCl, pH 7.4) and for heart
using buffer AT (0.075 M sucrose, 0.225 M sorbitol, 1 mM
EGTA, 0.1% fatty acid–free bovine serum albumin (BSA),
and 10 mM Tris–HCl, pH 7.4); (ii) minority part for histo-
pathological and immunohistochemical studies, all tissues
were fixed with 10% neutral buffer formalin for 48 h; and
(iii) resting part for electron microscopic studies, all tissues
were primary fixed for 1 h with 2.5% glutaraldehyde in
0.1 M sucrose phosphate buffer (SPB), pH 7.4.

Mitochondrial extraction

Mitochondria were isolated as proposed by Fernandez-
Vizarra et al.17 with slight modifications. All livers, hearts,
and kidneys from each group were pooled, weighed, cut
into small pieces, and then consecutively washed for
many times to remove blood and connective tissue.
All cleaned tissues were subsequently homogenized in
their own ice-cold homogenate buffer (A and AT) using a
glass Elvehjem potter using a motor-driven Teflon pestle

Table 1 Amino acid composition of heat extraction sericin (in mole%)

Asp Ser Glu Gly His Arg Thr Ala Pro Cys Tyr Val Met Lys Ile Leu Phe

15.64 33.63 4.61 15.03 1.06 2.87 8.16 4.10 0.54 0.54 3.45 2.88 3.39 2.35 0.56 1.00 0.28

Ala: alanine; Arg: arginine; Asp: aspartic acid; Cys: cysteine; Glu: glutamic acid; Gly: glycine; His: histidine; Ile: isoleucine; Leu: leucine; Lys: lysine; Met: methionine;

Phe: phenylalanine; Pro: proline; Ser: serine; Thr: threonine; Tyr: tyrosine; Val: valine.
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with several up and down strokes at 600 rpm (for liver and
kidney) and 900 rpm (for heart). The homogenates were
twice centrifuged at 1000g, 4�C for 5 min to sediment unbro-
ken tissue, cells, and nuclei. The supernatant was trans-
ferred to 1.5 mL Eppendorf tubes and centrifuged at
15,000 g (for liver and kidney) or 9000g (for heart), 4�C for
2 min. The supernatant was removed with carefully elimi-
nating all fat and fluffy layers on the top of pellet containing
mitochondria. To eliminate harmful enzymes, nucleases,
phospholipases, and proteases, the pellet from two
Eppendorf tubes was combined, resuspended with 1.5 mL
ice-cold buffers, and then centrifuged at 15,000 g, 4�C for
2 min. The final pellet was resuspended in ice-cold final
equilibrated buffer (250 mM sucrose, 5 mM KH2PO4,
10 mM Tris–HCl, 2 mg/mL BSA, pH 7.2). The mitochon-
drial extraction was separated in two parts: (i) for electron
microscopic study, 200 mL of resuspended mitochondria
was fixed in 2.5% glutaraldehyde in 0.1 M SPB for 1 h;
(ii) for biochemical study, the remaining suspended mito-
chondria were kept at 4�C or on ice until testing was per-
formed (no longer than 6–8 h). Mitochondrial protein
content was measured by bicinchoninic acid assay.

Electron microscopic studies

All fixed tissues and isolated mitochondria were triplicate
washed with 0.1 M SPB, 10 min each and secondary fixed
with 1% osmium tetroxide in 0.1 M SPB for 1 h. After again
washed with 0.1 M SPB, the specimens were dehydrated in
graded ethanol, infiltrated with LR White resin (EMS�),
embedded in capsule beams, and finally polymerized at
65�C for 48 h. All specimens were cut in 90–100 nm thickness
and stained with uranyl acetate and lead citrate. The ultra-
thin sections were investigated under transmission electron
microscope (Hitachi; model HT7700, Japan). Ultrastructural
changes in all tissues were evaluated by focusing on mito-
chondrial alterations and other related pathologies. From
mitochondrial extraction, dysmorphic mitochondria, for
instance vacuolation, swelling, and ghost form as men-
tioned in several reports,18,19 were examined, counted,
and calculated to percentage/field at 3000X magnification.

Histopathological studies

All fixed specimens were dehydrated in graded ethanol,
infiltrated and embedded in paraffin, sectioned to 4mm
thick, and stained with hematoxylin and eosin. All histo-
pathological changes were examined under light micro-
scope and scored the severity together with their
distribution using four grades: 0: no lesion, 1: mild or
<25%, 2: moderate or 25–60%, and 3: severe or >60%.

Immunohistochemical studies

To demonstrated oxidative and antioxidative properties of
sericin, MDA and SOD were used as markers for immuno-
histochemical studies in liver, kidney, and pancreas.
Polyclonal rabbit anti-MDA (Bioss, USA, GR23346I) and
polyclonal rabbit anti-Mn-SOD (Millipore, USA, 2683863)
were used as primary antibodies. The sections were depar-
affinized in xylene then rehydrated in ethanol, and

unmasked antigens in heated citrate buffer pH 6.0. The
EnVision FLEX/HRP kit (DAKO, Denmark, K8002) was
applied to block peroxidase activity and non-specific bind-
ing. The sections were incubated with primary antibody for
1 h and labeled polymer HRP anti-mouse/rabbit for 20 min
and then visualized with diaminobenzidine chromogen.
Finally, the sections were counterstained in hematoxylin
and mounted with Permount�.

The expression of these two markers was assessed using
the H-score, a multiplication of percentage area of expres-
sion (0–100) and intensity score (with four grades; 0¼nega-
tive staining, 1¼ low intensity staining, 2¼moderate
intensity staining, and 3¼ strong intensity staining). The
area of expression was measured by an imaging analysis
program (ImageJ� Version 1.36; National Institutes
of Health, Bethesda, Maryland, USA) as described in
Ampawong and Aramwit.20 Briefly, in each group, 10
color images of all tissues were randomly obtained using
a light microscope (BX51, Olympus�) and digital camera
(DP70, Olympus�) at 1000X magnification. Color images
were converted to gray scale. The expression areas were
then located by threshold adjustment and measured as per-
centage area of the expression/image.

Biochemical study

To prove the neutralized property of sericin on oxidative
circumstance, liver mitochondrial extraction from C/STZ-
induced rats without sericin was performed in this experi-
ment. Extracted mitochondria were induced oxidative
stress with 2.0 mM hydrogen peroxide (H2O2) (Merck,
Germany) for 5 min at 25�C. Four doses of sericin, 10, 50,
75, and 100mg/ml, were then added together with H2O2 for
30 min at 25�C to compare dose–response.

ROS is a well-known indicator for oxidative stress
marker. The production of ROS was measured as described
in Kobroob et al.21 The assay was based on fluorescent dye
transformation from 20,70-dichlorofluorescein diacetate
(DCFDA) to DCF or non-fluorescent to highly fluorescent
stages activating by ROS. Experimented mitochondria were
incubated in 2mM DCFDA at 25�C for 1 h. Highly fluores-
cent stage was measured at 485 nm excitation and 530 nm
emission using a fluorescence microplate reader (VICTOR
3V Multi-label plate reader, PerkinElmer, USA). ROS level
was calculated in terms of difference in optical density
between excitation and emission stages.

Statistics

Statistical analysis was conducted using GraphPad Prism�

version 5. The non-parametric t-test was used for group
comparisons. The level of statistical significance was set at
p< 0.05.

Results
Clinical signs and blood clinical chemistry

Obviously, growth rate and food intake, both C/STZ-
induced rats with and without sericin, were gradually
increased during the cholesterolemic induction periods
(first to seventh week) and decreased during both
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cholesterolemic and hyperglycemic induction periods
(eighth week), as shown in Figure 1. In our experiment,
high-cholesterol diet and STZ induced hypercholesterole-
mic and hyperglycemic conditions with severe diabetic
signs such as polyuria, polydipsia, inappetite, weight loss,
depression, ruffle fur, and emaciation in all rats, seven days
post-induction. Blood clinical chemistry is presented in
Table 2. Although blood cholesterol was significantly
reduced after seven days of sericin fed, blood glucose still
had significantly higher level in C/STZ-induced rats with
and without sericin than sham rats. However, blood trigly-
ceride, creatinine, alanine aminotransferase, lipase, and
blood urea nitrogen had similar level in all groups that
reflected normal liver and kidney function.

Ultrastructural studies

Mitochondrial extraction. In order to determine fine
morphology of mitochondria from heart, liver, and kidney
extraction, electron microscopic study was performed. In
general, intact mitochondria from the heart had more
well-organized and packed cristae arrangement than seen
in the liver and kidney exhibiting radiator or vesiculate
appearance (Figure 2(a) to (r)). The results revealed that
high blood cholesterol and glucose levels caused dys-
morphic mitochondria range from mild to severe alteration
characterized by (i) degenerative changes, e.g. matrix vacu-
olation, disarrangement of cristae, swelling, and partial
cristolysis; (ii) necrosis characterized by complete cristoly-
sis or ghost cells (Figure 2(a) to (r)). The prevalence of
normal mitochondria from liver and heart in C/STZ-
induced rats with sericin was significantly higher than
those rats without sericin (Figure 2, S1 and T1).
Conversely, swelling and ghost mitochondria from liver
and heart in C/STZ-induced rats treated with sericin
were significantly lower than those rats without sericin
(Figure 2, S2 and T2). However, in kidney, the proportion
of intact and dysmorphic mitochondria had similar in both
groups (Figure 2, U1–2).

Ultrastructural changes (heart, liver, kidney, and
pancreas). In this part, there were no quantitative results
from mitochondria ultrastructural changes in the tissues
since the prevalence of dysmorphic mitochondria had
already been done in the mitochondrial extraction. Fine
morphological changes were emphasized to compare the
structure of mitochondria from all extractions and tissues
with other related pathologies. In C/STZ-induced rats with
and without sericin, high blood cholesterol and glucose
caused myocardial and mitochondrial degeneration charac-
terized by defibrillation or disarrangement of myofibril,
discontinuous of Z-line, and intermyocardial mitochondria
swelling (Figure 3(d) to (f)). Similar to heart mitochondria,
liver mitochondria in the degenerative hepatocyte had
swollen (Figure 3(j) to (l)) in both C/STZ-induced rats
with and without sericin. However, it is surprising that
mitochondria in the microvesicular steatotic hepatocyte
remained intact (Figure 3(g) to (i)). In the kidney, the

Table 2 Blood clinical chemistry among normal rats and cholesterol/STZ-induced rats with and without sericin treatment.

Group

Serum chemistry

Cholesterol

(mg/dL)

Triglyceride

(mg/dL)

Glucose

(mg/dL)

BUN

(mg/dL)

Creatinine

(mg/dL)

ALT

(U/L)

Lipase

(U/L)

Normal

(sham’s)

110.66� 4.76a 88.00� 10.39 154.50� 6.06a,b 17.06� 0.67 0.20�0.00 44.00�2.30 27.00�9.00

Sericin–cholesterol/

STZ

151.00� 10.74b 133.33� 23.37 240.50� 71.31a 20.05� 3.60 0.32�0.02 69.25�2.95 34.33�3.84

w/o Sericin–

cholesterol/STZ

232.50� 15.56a,b 125.75� 12.87 226.0� 27.54b 19.26� 3.04 0.22�0.03 68.40�12.10 34.00�4.04

Kruskal–Wallis

p value

0.012 0.161 0.001 0.816 0.06 0.188 0.760

STZ: streptozotocin.
a,bMatch significance difference at p< 0.05 with Dunn’s multiple comparisons test.

Bold values indicate significant differences (p< 0.05)

Figure 1 Growth rate (a) and food intake (b) in C/STZ-induced rats with and

without sericin among all periods of the study. STZ: streptozotocin. (A color

version of this figure is available in the online journal.)
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number of mitochondria was located in proximal and distal
tubules (Figure 3(m)). Hypercholesterolemic and hypergly-
cemic conditions in C/STZ-induced rats with and without
sericin-induced tubular degeneration exhibited loss of epi-
thelial mitochondria, swelling mitochondria, degenerative
nuclei, and endoplasmic reticulum alteration (Figure 3(o) to
(r)). The results obviously suggest that mitochondrial

structures in all examined tissues are similar to those
from the extractions. Degenerative cells usually presented
dysmorphic forms. Interestingly, the results demonstrated
that unlike C/STZ-induced rats treated with sericin and
sham rats, giant degenerative mitochondria and peculiar
dense-dark endoplasmic reticulum (ER) were found
in C/STZ-induced rats without sericin and deposited

Figure 2 Dysmorphic mitochondria from heart, liver, and kidney extraction in high-cholesterol diet/STZ rat with and without sericin. Intact heart mitochondria (a) with

normal cristae and complete membrane boundary when compared to swelling mitochondria (b–e) characterized by the presence of matrix distension and cristae

disarrangement with partial cristolysis and ghost mitochondria (f) characterized by complete cristolysis, electron-lucent matrix, and incomplete membrane boundary.

Mitochondrial alteration from the liver exhibited the vesiculate appearance with different degree of matrix distension referred to as cellular swelling (g–j) and ghost

mitochondria (k–l) were similarly seen in the heart. Intact mitochondria from kidney (m) represented the electron-dense matrix and packed cristae without vacuolation

and vesiculate appearance that had seen in swelling mitochondria (n–p). Ghost mitochondria from kidney are indicated in (q) and (r). Bar graphs and electron

micrographs comparing the prevalence of normal and dysmorphic mitochondria in the heart, liver, and kidney are shown in S1–4, T1–4, and U1–4, respectively.

*p value< 0.05; **p value<0.01. STZ: streptozotocin
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throughout of the degenerate pancreatic exocrine gland
(Figure 3(s) to (u)).

Histopathology

High cholesterolemic stage led to fat deposit in the cytoplas-
mic hepatocyte called microvesicular steatosis. C/STZ-
induced rats without sericin had significantly higher score
of steatosis when compared to those rats treated with ser-
icin (Figure 4(a) to (c)). However, hyperglycemic effect
caused degenerative Islet of Langerhans in both C/STZ-
induced rats with and without sericin. Cellular hypertro-
phy, pyknosis, and vacuolation were observed (Figure 5(a)
to (d)). Interestingly, degenerative exocrine gland in pan-
creas was only found in C/STZ-induced rats without ser-
icin. The pathological changes were included with the
significant depletion of zymogen granules and cytoplasmic
disorganization (Figure 6(a) to (c)) in association with ER
alteration from electron microscopic studies (Figure 3(s)
to (u)). In kidney, the diabetic rats with or without sericin
treatment had similar histopathological findings particu-
larly mild to moderate tubular degeneration with sparse
inflammation; however, the glomeruli, pelvis, and the
other areas were intact.

Oxidative stress markers

To demonstrate antioxidative property of sericin on affected
tissues in hypercholesterolemia and hyperglycemia rats,
MDA and SOD were used as oxidative and antioxidative
markers, respectively. In liver (Figure 4(d) to (f)) and exo-
crine gland pancreas (Figure 6(d) to (f)), C/STZ-induced
rats without sericin had significantly higher MDA expres-
sion than the rats treated with sericin. In kidney (Figure 7)
and Islet of Langerhans (Figure 5(e) to (g)), there was no
difference of MDA expressions between rats treated with
and without sericin. The positive immunolabeling was
located on several areas as shown in Figure 4(d) and (e).
Interestingly, MDA was higher expressed on glomerulus
and proximal tubule than collecting duct in cholesterolemic
and diabetic rats in contrast to normal rats (Figure 7).

Mitochondrial ROS production

To confirm antioxidative property of sericin, ROS produc-
tion was measured in liver-extracted mitochondria. The
results revealed that all doses of sericin-treated mitochon-
dria had lower level of ROS production when compared to
H2O2-induced oxidative stress and non-treatment

Figure 3 Ultrastructural changes in the heart, liver, kidney, and pancreas. Intact cardiac myofibril and intermyocardial mitochondria (a–c) compared to degenerative

myofibril with disorganization of Z-line and mitochondrial swelling (d–f). Hepatocyte with microvesicular steatosis indicated by cytoplasmic fat droplet accumulation

beside to a number of intact mitochondria (g–i) compared to degenerative hepatocyte with swollen and sparse mitochondria (j–l). Intact proximal tubule with packed

mitochondria (m) and glomerular capillary bed characterized by complete filtration slit and mesangial matrix (n) compared to degenerate epithelium with mitochondrial

loss (o and p), swollen mitochondria (q and r), alterative endoplasmic reticulum (ER) (r). Degenerative pancreatic acinar gland exhibited disarrangement of peculiar

dense and dark ER with interspace distension and degenerative enlargement mitochondria (s–u) compared to the intact gland composed of well-organized ER and

intact mitochondria (v–x)
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mitochondria (Figure 8). However, dose–responses were
not observed.

Discussion

Sericin has long been encouraged to use for many aspects in
biomedical field, for example, wound dressing material as
reported in our previous studies.20,22–26 The other points of
view, sericin has also been a candidate for development of
functional food or adjunctive therapeutic agent against
other non-communicable diseases such as hypercholester-
olemia and diabetes mellitus (DM).13,14,27–29 Several mech-
anisms not only antioxidative property of sericin,12 but its
catabolic effect to fat metabolism is also discussed.13,14,27

However, no one has studied on the impact of sericin to
improve mitochondrial function and integrity since their
alteration involves many diseases particularly in high cho-
lesterolemia and DM. The present study is the first report
that suggests sericin improves heart and liver mitochon-
drial integrity in high blood cholesterol and glucose

conditions due to (i) its antioxidative property as shown
by the reduction of liver mitochondrial ROS production
and down-regulation of hepatocyte MDA expression and
(ii) its inhibitory effect of fat anabolism to reduce the sever-
ity of microvesicular steatosis that corresponds to the pre-
vious studies.13,27 The close correlation between
mitochondrial function and steatosis formation has been
postulated. Although mitochondria are considered as cho-
lesterol-poor organelles, excess cholesterol load may cause
cholesterol deposition to their membrane or matrix and
play a crucial step in disease progression, e.g. steatohepati-
tis, carcinogenesis, and Alzheimer disease.30

With regard to ultrastructural changes in the mitochon-
dria, morphological alterations were correlated with cell
death.31 Our study highlighted that mitochondrial altera-
tion is caused by an oxidative stress consequence to DM
and hypercholesterolemia. From the extraction, dys-
morphic mitochondrial structure ranged from degenerative
to necrotic stages characterized by swollen to ghost

Figure 4 Severity score of hepatic steatosis, MDA, and SOD immunolabeling in the liver. Bar graph compared the severity score of steatosis between C/STZ-induced

rats with and without sericin (a), histological changes in C/STZ-induced rats with (b) and without sericin (c) indicated by micro-fat droplet depositing in cytoplasmic

hepatocyte (H&E staining). Bar graph of the MDA expression score between C/STZ-induced rats with and without sericin (d), a number of positive immunoreactive areas

were located on hepatic sinusoid and fat vacuole, MDA predominately expressed in C/STZ-induced rats without sericin (f) compared to C/STZ-induced rats with sericin

(e). Contrast to SOD marker which has no expression in both groups of C/STZ-induced rats with (g) and without (h) sericin. *p value<0.05; **p value<0.01. H&E:

hematoxylin and eosin; MDA: malondialdehyde; SOD: super-oxide dismutase; STZ: streptozotocin. (A color version of this figure is available in the online journal.)
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formation, respectively. Likewise, mitochondria from the
degenerative cells, e.g. hepatocyte, tubular epithelium, or
exocrine pancreatic gland were also obviously changed as
seen in the extraction. Vesiculated, vacuolated, swelled, and
ghost mitochondrial are the terms used to describe the
severity of dysmorphic mitochondria characterized by the
connection of inner membrane to lamellar cristae with crista
junction to form multiple vesicular matrix compartments.
Interestingly, vesiculated mitochondria appear in associ-
ation with the release of cytochrome C during the initiative
phase of apoptosis.32

Apart from antioxidative ability and preventive effect of
lipid accumulation of sericin, we attempted to figure out
other roles of its hypocholesterolemic property. Since the
results exhibited that sericin preserves endoplasmic reticu-
lum and zymogen granule in exocrine gland pancreas
which synthesizes and stores several digestive enzymes
principally prolipase. Recently, there is possibility that
tissue lipoprotein lipase (e.g. heart, liver, and muscle) or
lipase supplement can lower triglyceride and cholesterol
levels.33 It is found that normocholesterolemic men have
high lipase activity.34 Taken together, up-regulation of lipase
mRNA expression enhances lipolysis.35 Unfortunately, our

study presents that sericin has no effect to increase serum
lipase within a short period of ingestion. In order to get
better understanding of this effect, longer period of sericin
ingestion needs to be conducted. Moreover, the role of ser-
icin on the level of tissue lipase activity and integrity of
pancreatic gland relates to hypocholesterolemia that needs
to be further studied. In addition, it is well described that
cholesterol absorption is composed of several processes
facilitated by the formation of lipid complex form;
‘‘micelles,’’ cholesterol absorption inhibitors on enterocyte
provide a potential role to prevent and treat hypercholes-
terolemia.36 Recently, in vitro studies claimed that lowering
cholesterol effect of sericin is described through the inhibi-
tory effect of cholesterol absorption from intestinal cell and
micelles formation.14 However, in vivo studies still need to
be further proven.

Considering amino acid composition of sericin, it is very
difficult to predict that which amino acid conspicuously
plays an important role in cholesterol reduction and mito-
chondrial improvement. Collectively, the highest amino
acid component in sericin is serine that is required for fat
metabolism.37 Endogenous serine is a source for phospha-
tidylserine (PS) synthase enzymes that catalyze the

Figure 5 Islet of Langerhans morphology and its MDA immunolabeling. Intact Islet of Langerhans (a) compared to the degenerative one from C/STZ-induced rats that

showed cellular hypertrophy, vacuolated cell, and pyknotic nuclei (b) (H&E staining). Ultrastructure of delta cell demonstrated many typical electron-lucent granules with

vacuolated cell degeneration (c and d). Positive immunoreaction was located on vacuolated cells and small blood vessels both in C/STZ-induced rats with (e) and

without sericin (f), bar graph of the MDA expression score between C/STZ-induced rats with and without sericin (g). H&E: hematoxylin and eosin; MDA: malondial-

dehyde; STZ: streptozotocin. (A color version of this figure is available in the online journal.)
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production of PS, a crucial element for protection of cell
from excess lipids.38 Down-regulation of PS synthases and
PS is affiliated with non-alcoholic steatohepatitis.39 In add-
ition, it is known that other than PS, L-serine also partici-
pates in alcoholic fatty liver amelioration.40 Taken together,
mitochondrial ROS production is regulated by serine
through redox reaction to support mitochondrial survival
and growth.41 Therefore, it can be hypothesized that serine,
a greatest amino acid in sericin, may be a key component to
modulate hypocholesterolemia, hepatic steatosis, and mito-
chondrial alteration in C/STZ-induced rats. On the other
hand, different extraction method of sericin results in dis-
similar amino acid content. Particularly heat extraction
gives high content of methionine as presented in our previ-
ous study in contrast to the other extraction by urea, base,
and acid. Consequently, some studies postulate that low
methionine content in their sericin may be involved in the
lowering effect of blood cholesterol on account of some
intestinal absorptive effects of low methionine or incorpor-
ation with low-apoprotein secretion from liver.14

In our study, sericin failed to reduce blood glucose as
seen by it has not enough effect to preserve mitochondrial
integrity in the kidney and the up-regulation of oxidative
stress marker (MDA) in Islet of Langerhans cells, glomeruli,
and proximal tubules. The latter evidence may be related to
the deviate function of those tissues characterized by insu-
lin production and glucose absorption in Langerhans
cell and proximal tubule, respectively. Moreover,
in this study, low dose of STZ with hypercholesterolemia
gave severe disease outcome leading to incapability
to reduce blood glucose with sericin ingestion.
The mechanistic details of the hypoglycemic effect of sericin
need to be further studied. In general, DM mitochondrial
structure in affected tissues is smaller in size, loss of cristae,
increase electron-dense granules, lipid droplet deposition,
and swollen,42 as presented in our results.

In summary, sericin modulates blood cholesterol, hepatic
fat deposition, dysmorphic mitochondria, and ER alter-
ations in C/STZ-induced rats through its antioxidative
property. These findings may express that sericin composes

Figure 6 Exocrine pancreatic gland morphology and its MDA and SOD immunolabeling. Bar graph exhibited the zymogen granule density in exocrine gland (a),

histomorphology of acinar gland pancreas; a number of zymogen granules were stored inside the cells of C/STZ-induced rats with sericin (b) contrast to C/STZ-induced

rats without sericin (c). Bar graph of the MDA expression score between C/STZ-induced rats with and without sericin (d), a number of positive immunoreactive areas

were located on glandular cells and zymogen granules storage area in C/STZ-induced rats without sericin (f) compared to C/STZ-induced rats with sericin (e). Contrast

to SOD marker which has no expression in both groups of C/STZ-induced rats with (g) and without sericin (h). *p value< 0.05. MDA: malondialdehyde; SOD: super-

oxide dismutase; STZ: streptozotocin. (A color version of this figure is available in the online journal.)
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of beneficial effects for further utilization as an additive in
functional food.
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