
biomolecules

Article

Degraded Sericin Significantly Regulates Blood Glucose Levels
and Improves Impaired Liver Function in T2D Rats by
Reducing Oxidative Stress

Heng-Da Wang †, Zhi-Hao Zhong †, Yu-Jie Weng, Zhen-Zhen Wei and Yu-Qing Zhang *

����������
�������

Citation: Wang, H.-D.; Zhong, Z.-H.;

Weng, Y.-J.; Wei, Z.-Z.; Zhang, Y.-Q.

Degraded Sericin Significantly

Regulates Blood Glucose Levels and

Improves Impaired Liver Function in

T2D Rats by Reducing Oxidative

Stress. Biomolecules 2021, 11, 1255.

https://doi.org/10.3390/

biom11081255

Academic Editor: David E. Stec

Received: 11 June 2021

Accepted: 17 August 2021

Published: 23 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

School of Biology and Basic Medical Sciences, Medical College, Soochow University, Suzhou 215123, China;
20194221049@stu.suda.edu.cn (H.-D.W.); 20194221048@stu.suda.edu.cn (Z.-H.Z.);
annieweng1010@163.com (Y.-J.W.); weizz112@163.com (Z.-Z.W.)
* Correspondence: sericult@suda.edu.cn
† These authors contributed equally to this study.

Abstract: Sericin could be degraded well into low-molecular-weight sericin (SS) through a novel
and environmentally friendly recycling process using an ultrasonically degumming method in
Ca(OH)2 aqueous solution. The oral administration of the SS has an evidently hypoglycemic effect
on STZ-induced T2D rats. At oral doses of 2.5 and 5% SS for four weeks, the fasting blood glucose
decreased by over 60% compared with that in the untreated model group. Oral glucose tolerance
and insulin tolerance were ameliorated by the peptide treatment. The serum insulin level was
reduced by approximately 35%, the insulin resistance index was reduced by more than 66%. The 8-
hydroxy-2 deoxyguanosine level showed a large reduction of 20%, and the total antioxidant activities
significantly increased. Hematoxylin-eosin staining and fluorescent immunostaining sections showed
that liver and pancreas damage was partly recovered in T2D rats. In summary, oral SS demonstrated
evidently hypoglycemic effects mainly related to reducing oxidative stress in the damaged liver
and pancreas of T2D rats. Therefore, these results have suggested that the degraded sericin has a
potential use in SS-based healthy functional food or hypoglycemic drugs as a waste recovered from
sericulture resources.
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Highlights

1. An innovatively cleaner technology by Ca(OH)2 as degumming reagent can recover a
large amount of the degraded sericin peptides and avoid the environmental pollution
of the alkaline wastewater from traditional degumming process.

2. Oral sericin significantly improves the symptoms of hyperglycemia and liver function
in T2D rats by reducing the level of oxidative stress.

3. Sericin from silk industrial waste has a potential use in biologically hypoglycemic
drugs or healthy food additive with hypoglycemic function.

1. Introduction

The sericulture industry has been an important economic industry since ancient China.
Since 2010, the annual silkworm cocoon production in China has exceeded 6 million tons,
which accounts for approximately 70% of total production worldwide. In the traditional
silk-processing industry, over 40,000 tons of sericin are discharged with alkaline wastewater
during the degumming process every year. Discarded sericin consumes large quantities of
oxygen during the degradation process, which can eventually result in large quantities of
environmental and water resource pollution [1,2]. Therefore, the development of a new
clean-processing technology for sericin is necessary, which might lead to the development
of new sericin uses and reduce the environmental pollution associated with the current
sericin degumming and degradation processes [3].
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Sericin is a type of natural macromolecular protein found on the surface of silk fibroin
and is typically separated from silk fibroin during silk production processes. Currently,
the separation and purification methods used for sericin separation primarily include:
high-temperature hydrolysis [4], high-temperature alkaline salt water hydrolysis [5], acid
extraction [6], protease degumming [7](Arami et al., 2010), neutral soap degumming [8],
high-temperature and high-pressure degumming [9], and other degumming methods. Our
group found that the use of a Ca(OH)2 aqueous solution can completely remove sericin
from silk fibroin with no significant impact on the physical properties of the degummed
silk fibroin. Moreover, Ca(OH)2 can easily be precipitated from the degummed solution
as CaSO4 through an acid-base neutralization reaction. After separation, the calcium salt
can be used as an inorganic fertilizer for plants or as building fillers without causing new
pollution [10]. By comparing the physical and chemical properties of the sericin obtained
using different methods, we found that the sericin obtained through the Ca(OH)2 degum-
ming method has lower molecular weights, typically under 30 kDa, and was superior in
antioxidant capacity, ultraviolet (UV) resistance, and α-glycosidase inhibitory activities
than sericin obtained using other methods in vitro [11].

In recent years, researchers have discovered that sericin has antibacterial (Xue et al.,
2016), anti-UV, antioxidation [12], whitening [13], immune enhancement [14], and wound
healing promotion [15] properties. In addition, sericin has the effects of lowering blood
lipids [16,17], anti-Alzheimer’s disease [18], anti-tumor, and other biological activities
in vitro. Lee et al., detailed that less than 1 kDa of sericin peptides had better hypoglycemic
effects than high-molecular-weight sericin peptides in vitro [19]. The high-fat diet-fed
containing sericin peptides demonstrated reduced blood lipid levels, improved glucose
tolerance, and increased serum adiponectin levels compared with untreated high-fat diet-
fed rats [20]. The sericin extracted from a boiled solution of colored cocoons enhances
the insulin PI3K/AKT signaling pathway in the liver of a T2D rat [21], reduced the de-
struction of pancreatic islet cells, protected kidney and other organs [22], improved insulin
resistance [23], promoted corneal wound healing [24], improved the observed disorder in
the growth hormone/insulin-like growth factor 1 axis, and reduced hippocampal damage
in T2D rats [25]. In addition, sericin has been shown to reduce liver steatosis, allowing
zymogen granules to preserve extracted liver mitochondria and decrease active oxygen
production [26].

Unfortunately, most of the sericin extracts in the above-mentioned studies are derived
from colored cocoons of silkworm. However, these sericin extracts are typically rich in
β-carotene, flavonoids, and polyphenols, which are known to exert superior antioxidant,
antibacterial, and hypolipidemic activities. Therefore, the observed biological effects, espe-
cially the lowering of blood sugar, may be related to the presence of the above-mentioned
active molecules. In this study, the degraded sericin peptides from the white cocoons
without above active substances, produced in large quantities in sericulture, were used as
the oral experimental materials for STZ-induced T2D rats. The antioxidation and hypo-
glycemic activities of the low-molecular-weight sericin peptides were investigated in detail
in T2D rats.

2. Materials and Methods
2.1. Preparation of Sericin Peptides and Rat Feed

A certain amount of white cocoon shells or waste silk from silkworm Bombyx mori
(Sohao×ZhongYe), purchased from Nantong, Jiangsu) was weighed and degummed twice
with 0.025% Ca(OH)2 solution (w/w: 1:90) at 90 ◦C for 2 h. The degumming liquid was
neutralized to pH 7.0 by the addition of 1 mol/L sulfuric acid, and the solution was
concentrated by rotary evaporation. After being centrifuged at 10,000 rpm for 30 min,
insoluble impurities were removed [10,11]. The supernatant was collected and dried to
prepare low-molecular-weight sericin powder.
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The irradiated rat feed was crushed, and the Ca(OH)2-treated sericin peptide powder
was mixed into the ordinary feed powder at ratios of 1, 2.5, and 5% to prepare different
doses of SS feed.

2.2. Animal Testing

Seventy specific-pathogen-free (SPF) male Sprague-Dawley (SD) rats (weighing 150–200 g)
were obtained from and raised in the Experimental Animal Center of Soochow University.
All rats were allowed free access to food and water and were raised under standard
conditions with controlled humidity (50–80%) and temperature (18–25 ◦C) with a 12-h
light/dark cycle.

After adaptation for one week, all rats were randomly divided into two groups: a
normal group (n = 10) and a T2D group (n = 40). The normal rats continued to be fed with
normal feed, and a T2D was induced in the T2D group through the following steps. After
being fasted overnight, with free access to water, and a low dose [35 mg/kg·body weight
(BW)] of streptozocin (STZ) was injected into each animal for three consecutive days. STZ
was dissolved in a 0.1 mmol/L sterile citric acid buffer at pH 4.4 at 4 ◦C. After injection, the
rats were fed with normal feed. Seven days after the first injection, rats were fasted for 10 h,
and fasting blood glucose (FBG) levels were measured using the tail vein blood test. Rats
with FBG levels above 11.1 mmol/L were considered to represent successful T2D animals.

The successfully modeled rats in the T2D group were randomly divided into five
groups, containing eight rats in each group: a model group, a 0.5% metformin group (PC
group), and low, medium, and high dose SS groups (LSS, MSS, and HSS groups). After
grouping, the rats in the normal and model groups were fed with normal feed, and the rats
in the PC, LSS, MSS, and HSS groups were fed a mixed diet containing 0.5% metformin, 1,
2.5, and 5% sericin, respectively. The treatment was administered for four weeks, and the
BWs and FBG levels of the rats were monitored every week.

Four weeks later, after being fasted overnight, blood was collected from the eyeball,
and all rats were sacrificed by cervical dislocation. The blood was maintained at room
temperature for 2 h and then centrifuged. The supernatant was saved for testing. The
liver and pancreas tissues were weighed, and portions of each tissue type were fixed in
4% formalin. The remaining tissue was stored at −80 ◦C for further testing. All animal
tests were performed in accordance with the relevant regulations and provisions required
by the International Animal Welfare Committee and the Animal Test Operations and
Ethics Committee of Soochow University (Approval Code: 201911A063; Approval Date:
5 November 2019).

2.3. Measuring BWs and FBG Levels

During the test period, the body weight and fasting blood glucose (FBG) of each
rat were measured weekly. The rats were fasted for 10 h before blood collection, during
which time drinking water was not prohibited, and they were changed to clean cages
before eating. Firstly, the fasting body weight of each rat was measured; the blood was
collected by tail-cutting method, and the FBG was measured with a blood glucose meter
(ONETOUCH, Johnson).

2.4. Oral Glucose Tolerance and Insulin Tolerance Measurement

On the 18th day of treatment, an oral glucose tolerance test (OGTT) was performed
to measure the blood glucose levels of rats. The initial blood glucose value (0 min) was
measured after fasting for 12 h. Then, 1.5 g/kg·BW glucose was administered via gavage,
and blood glucose levels were measured at appropriate time intervals (30, 60, 90, and
120 min) by the tail trimming method.

On the 22nd day of treatment, all rats in each group underwent an insulin tolerance
test (ITT). The initial blood glucose level (0 min) was measured after fasting for 6 h. Then,
0.5 U/kg·BW of insulin was injected intraperitoneally, and the following blood glucose
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levels of the rats were measured at appropriate time intervals (30, 60, 90, and 120 min) by
the tail trimming method.

The OGTT and ITT curves are made using these time intervals (0, 30, 60, 90, and
120 min) as the abscissa and the corresponding blood glucose value as the ordinate.

2.5. Fasting Serum Insulin Detection and Homeostasis Model Assessment of the Insulin Resistance
Index and Insulin Sensitivity Index

Serum insulin levels were evaluated using Insulin Assay kit (purchased from Nanjing
Jiancheng Co., Ltd., Nanjing, China).

The Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) was calculated
using the following formula: [fasting blood glucose value (mmol/L) × fasting serum
insulin value (mIU/L)]/22.5. The insulin sensitivity index (ISI) was calculated using the
following formula: Ln [1/(fasting blood glucose value × fasting serum insulin value)].

2.6. Determination of Glycated Serum Protein Levels

The levels of glycated serum proteins (GSPs) in the rats from each group were mea-
sured using a GSPs Assay kit (purchased from Nanjing Jiancheng Co., Ltd.). The GSP test
was carried out according to the product manual and the method reported by Schleicher
and Wieland [27].

2.7. Detection of Six Blood Lipid and Hepatic Function Parameters

The levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipopro-
tein cholesterol (LDL-C), lactate dehydrogenase (LDH), and non-esterified free fatty acids
(NEAF1) were all measured with the Abbott Architect c8000 clinical chemistry analyzer.

2.8. Liver Weight and Organ Body Coefficients

After the rats were sacrificed by cervical dislocation, the livers were removed and
weighed. Organ coefficients were calculated as the ratio of tissue weight (wet weight, g) to
BW (g).

2.9. Hepatic Biochemical Assay

The hepatic 8-hydroxydeoxyguanosine (8-OHdG) levels were determined by 8-OHdG
assay kit (purchased from Greenleaves Biological Co., Ltd. Shanghai, China). The hepatic
glycogen levels were determined with a hepatic glycogen assay kit (purchased from
Greenleaves Co., Ltd.). The levels of total superoxide dismutase (T-SOD), glutathione
peroxidase (GSH-PX) activity, malondialdehyde (MDA), and total antioxidant capacity (T-
AOC) were determined by commercially available kits. Finally, the protein concentration of
the liver tissue was determined by the BCA method (all purchased from Nanjing Jiancheng
Co., Ltd.).

2.10. Preparation of Histopathological Sections

Pancreas and liver tissues were fixed in formalin followed by dehydrated with a
gradient alcohol series, made transparent in xylene, embedded in paraffin, and sectioned
on a paraffin microtome at a slice thickness of approximately 3 µm. The slices were stained
with hematoxylin-eosin (HE) and sealed with neutral gum. Histopathological changes
were observed under an optical microscope, and images were obtained.

2.11. Immunofluorescence Staining

To remove wax, the slides were first heated to 65 ◦C for 30 min, successively followed
by dewaxing with xylene I and xylene II for 15 min each. The deparaffinized slides were
then dehydrated using a gradient alcohol series and rinsed with tap water for 10 min.
High-pressure antigen retrieval was performed using a 0.01 mol/L sodium citrate buffer
solution for 15 min. After cooling down, the slides were washed 3 times, with 0.02 mol/L
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phosphate-buffered saline (PBS). Ethylenediaminetetraacetic acid (EDTA, pH 8.0) was
added to boiling water, covered with a stainless steel pot lid; however, the lid cannot be
locked. The slides were placed in a metal staining rack, slowly pressurized, and soaked in
the buffer for 5 min. Then, the lid was locked, and the small valve would rise. After heated
for 10 min, the slides were placed in cold water, and the lid was opened when the small
valve fell. The slides were incubated with primary antibody at 4 ◦C overnight and then
rinsed 3 times with 0.02 mol/L PBS. The insulin antibody was diluted at an appropriate
ratio. The slides were incubated in secondary antibody at room temperature for 1 h. The
slides were rinsed 3 times × 3 min each in 0.02 mol/L PBS. Anti-quenching mounting
tablets and 4′,6-diamidino-2-phenylindole (DAPI, 1:500) were used to mount the slides, and
slides were stored at −20 ◦C in a refrigerator until imaged using a fluorescence microscope.

2.12. Statistical Analysis

The data obtained during the experiment were processed by Graph Prism 8 statistical
software. The results are presented as the mean ± standard deviation. Group data were
compared using a one-way analysis of variance (ANOVA) analysis. A p-value of p < 0.05
was considered to be significant.

3. Results and Analysis
3.1. Body Weight Measurements

Weight loss is a critical feature of diabetes. The BWs of rats were monitored weekly
after successful modeling was established. Changes in BW for each group are shown in
Figure 1A, and the BW growth rates were shown in Figure 1B. The BW of normal group
increased to 500 ± 27 g. The BW of model group showed a slight increase during the first
week, then decreased in subsequent weeks until the final BW was similar to the initial BW
(250 ± 39 g). The BW of the PC group gradually increased during the first three weeks, at a
BW growth rate of 26.25%, which was significantly different from that for model group
(p < 0.05). The BWs of the MSS and HSS groups were higher than that of the LSS groups,
with no significant difference observed between MSS and HSS groups. The BW of the LSS
group increased slightly during the first week before decreasing during the following three
weeks. The BWs of both the MSS and HSS groups showed moderately increasing trends,
which were significantly increased compared with the BW of model group at each time
point (p < 0.05). The BW growth rates of three SS groups increased by 7.9, 11.5, and 13.9%,
respectively. The medium and high doses of oral SS treatment demonstrated preventive
effects against weight loss of diabetic model rats.

Figure 1. Effects of oral SS administration on the body weights and FBG level of T2D rats. (A) Body weights; (B) body weight
growth rate; (C) FBG levels. Normal: normal group; Model: diabetic model group; PC: 0.5% metformin administration;
LSS, MSS, and HSS: 1%, 2.5, and 5% SS administration, respectively; n = 10, ** p < 0.01, vs. normal group; ## p < 0.01, vs.
model group.
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3.2. FBG Levels

FBG is an important indicator for determining the severity of diabetes. The effective-
ness of diabetes medication is first reflected by a reduction in blood glucose levels. The
blood glucose levels for each group during each week are shown in Figure 1C. The blood
glucose levels for the normal group were approximately 7 mmol/L every week. In contrast,
the FBG level of the model group was maintained at a high level (≥23 mmol/L), which was
significantly higher than the levels for all other groups (p < 0.01). The FBG level of the PC
group fluctuated and remained near 15 mmol/L, which represented a significant reduction
of 34% during the fourth week compared with the model group. During the four weeks of
oral SS administration, the FBG levels of the rats in three SS groups showed a downward
trend overall. The FBG levels of the LSS group showed a slight downward trend, decreas-
ing to 12.1 ± 5 mmol/L by the fourth week. The FBG levels of the rats in the MSS and HSS
groups were also significantly decreased. Two weeks after the oral administration of sericin
peptides, the FBG levels for the MSS and HSS groups were 8.5 mmol/L and 7.5 mmol/L,
respectively, which remained stable during the last two weeks. Compared with the final
FBG level of model group, the final FBG levels of three SS groups decreased by 46.9, 62.3,
and 67.1%, respectively. The results indicated that oral SS treatment could inhibit abnormal
blood glucose increase in diabetic rats induced by STZ with obvious dose effect.

3.3. Oral Glucose Tolerance Test Results

The OGTT reflects the insulin-dominant effects on the blood glucose level, which can
be determined by observing the rate of decrease in blood glucose levels following the bolus
delivery of glucose. It will drop under 7.8 mmol/L after 2 h for a normal OGTT result.
A blood glucose level that remains above 11.1 mmol/L after 2 h indicates the presence
of diabetes. The OGTT results are shown in Figure 2. The blood glucose level of normal
group remained relatively stable at approximately 7.5 ± 0.4 mmol/L. The blood glucose
levels of the T2D rats became significantly enhanced and peaked after 30 min before
gradually decreasing during the following 90 min. The blood glucose levels of model
group showed a downward trend within 30–120 min, but the decline rate was significantly
slowed. The blood glucose level in model group remained at a high level (>23 mmol/L),
and the AUC (the area under the blood glucose curve) was three times that of normal group.
The blood glucose levels and AUC values for the PC group were similar to that for the
model group, indicating that in this experiment, low-dose oral metformin administration
had no significant effect on abnormal oral glucose tolerance. Four weeks after oral SS
administration, the blood glucose levels in all SS groups significantly decreased, and
the blood glucose levels during the last 30 min of the OGTT were significantly reduced
compared with that for the model group (p < 0.05). At 120 min, the blood glucose levels
in all three SS groups were approximately 16 mmol/L, and the AUC values gradually
decreased with increasing SS concentrations. The blood glucose decline rates of rats in
three SS groups were 36.6, 36.7, and 46.3%, respectively. The AUC values and blood glucose
decline rates for the SS groups appeared to be dose-dependent. These results implied that
oral SS administration might promote insulin secretion in diabetic model rats, enhance
glucose utilization, and reduce blood glucose levels by improving the abnormal glucose
tolerance of T2D rats.

3.4. Insulin Tolerance Test Results

The ITT evaluates the body’s ability to withstand insulin., which reflects the fragility of
the glucose metabolism balance. ITT tests the responsiveness and comprehensive efficacy
of glucocorticoids by observing the grade and speed of declines in the blood glucose level.
Blood glucose levels of ITT, using the initial blood glucose value as the baseline value,
are shown in Figure 3A, and the AUC values for the ITT were calculated, as shown in
Figure 3B. The blood glucose level of each group first decreased and then increased within
90 min after the insulin injection. However, the blood glucose levels in each group did not
reach the minimum values at the same time. The minimum values for the normal, MSS,
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and HSS groups appeared at 30 min, whereas the LSS group achieved a minimum value
after 45 min and the model and PC groups did not achieve a minimum value until 60 min.
These different recovery times may be associated with the insulin reaction time. Oral SS
administration could effectively shorten the insulin reaction time, with a dose-dependent
effect. The blood glucose level of normal group dropped to 52.9% of the initial value
but eventually returned to the initial value. In the model group, the blood glucose level
only decreased by 29.6%, but only recovered to 84.1% of the initial value. The AUC of
model group also increased significantly (p < 0.05) compared with that of the normal group.
The blood glucose level of the PC group was significantly reduced to 37.4% of the initial
value, and the blood glucose level was only restored to 70.3% after 90 min. The AUC
value decreased significantly, indicating that metformin could effectively improve the
dominant insulin efficacy of T2D rats, but did not enhance insulin responsiveness. The
blood glucose levels of three SS groups were reduced to 75, 44, and 36% of their respective
initial values and were restored to 126, 89.5, and 79.3% of their respective initial blood
glucose values at 90 min. Therefore, oral SS administration might enhance hypoglycemic
responses and contribute to the maintenance of blood glucose stability. The AUC values
for three SS groups showed a dose-dependent decreasing trend, which indicated that SS
could significantly enhance the dominant effects of insulin and improve insulin sensitivity,
with good dose effects. The above results suggested that that oral sericin administration
for four weeks could effectively reduce insulin tolerance and improve insulin sensitivity in
T2D rats, especially in the MSS and HSS groups.

Figure 2. Effects of oral SS administration on the OGTT results of T2D rats. (A) Blood glucose; (B) AUC for blood glucose.
Normal: normal group; Model: diabetic model group; PC: 0.5% metformin administration; LSS, MSS, and HSS: 1, 2.5, and
5% SS administration, respectively. n = 3, ** p < 0.01, vs. normal group; # p < 0.05, vs. model group.

3.5. Serum Insulin Levels

When blood glucose levels increase, insulin is compensatorily secreted, and the body’s
serum insulin levels often exceed the normal level. To demonstrate the effect of oral sericin
administration on insulin resistance in T2D rats, the serum insulin levels were measured in
each group. As shown in Figure 4A, the serum insulin level was 17 ± 0.7 mIU/L in normal
group, whereas the value in model group was 1.78 times higher, at 27.6 ± 1.1 mIU/L
(p < 0.01). The serum insulin level of the PC group was significantly decreased compared
with both the model and normal groups, indicating that oral metformin administration
was able to improve abnormal insulin secretion in T2D rats. After four weeks of treatment,
the serum insulin level of the PC group was significantly lower than that of model group.
The insulin level of the LSS group was reduced by 15.4% compared with model group,
and the serum insulin levels of the MSS and HSS groups were similar, with both at
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approximately 18 mIU/L. This level was approximately 35% lower than that in model
group and was similar to the normal insulin level. These test results suggested that oral
sericin administration, especially the middle- and high-dose groups, could significantly
reduce the insulin levels in T2D rats with a positive dose-dependent effect.

Figure 3. Effect of oral SS administration on the ITT results of T2D rats. (A) ITT results, with baseline blood glucose levels
set to 100%; (B) AUC of ITT. Normal: normal group; Model: diabetic model group; PC: 0.5% metformin administration; LSS,
MSS, and HSS: 1, 2.5, and 5% SS administration. n = 3, * p < 0.05, vs. normal group; # p < 0.05, vs. model group.

Figure 4. Effects of oral SS administration on physiological indexes of T2D rats. (A) Insulin; (B) GSP
level; (C) 8-OHdG level; (D) Hepatic glycogen. Normal: normal group; Model: diabetic model group;
PC: 0.5% metformin administration; LSS, MSS, and HSS: 1, 2.5, and 5% SS administration; n = 3,
** p < 0.01, vs. normal group; ## p < 0.01, vs. diabetic model group.

3.6. Homeostasis Model Assessment of IRI and ISI

HOMA-IR is used to evaluate the compensatory oversecretion of insulin for the
maintenance of blood glucose stability when the effects of insulin on glucose ingestion and
utilization declines [28]. The ISI is used to describe the degree of insulin resistance [29].
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Lower ISI values are associated with the reduced effectiveness of a single unit of insulin.
Table 1 presents the HOMA-IR and ISI values for all groups. The HOMA-IR value of model
group was significantly higher than that for normal group (p < 0.001). The HOMA-IR value
of the PC group and three SS groups all decreased significantly compared with that of
model group (p < 0.001). The HOMA-IR values of three SS dose groups decreased by 50,
66, and 70%, respectively. Compared with the normal group, the ISI value of the model
group was significantly reduced by 32.7% (p < 0.001). The ISI value of the PC group was
significantly higher than that of the model group. Compared with model group, the ISI
values of three SS groups increased by 10, 14, and 15%. These results indicated that oral SS
administration could effectively reduce insulin resistance and enhance insulin sensitivity,
with a significant dose-dependent effect. Therefore, oral SS administration could improve
the ability of insulin to lower blood glucose levels and reduce the oversecretion of insulin
to maintain blood glucose stability. Oral SS administration could improve the unit insulin
effect, promote the decomposition of glucose, and urination to reduce blood glucose levels.

Table 1. Effects of oral SS administration on HOMA-IR and ISI values in T2D rats.

Groups HOMA-IR ISI

Normal 4.99 ± 0.03 −4.72 ± −0.26
Model 33.09 ± 0.04 *** −6.61 ± −0.07 ***

PC 11.93 ± 0.03 ***,### −5.59 ± −0.24 **,###

LSS 17.17 ± 0.02 ***,### −5.96 ± −0.21 ***,###

MSS 10.25 ± 0.02 ### −5.44 ± 0.14 ###

HSS 11.38 ± 0.04 ***,### −5.54 ± −0.09 **,###

Normal: normal group; Model: diabetic model group; PC: 0.5% metformin administration; LSS, MSS, and HSS:
1, 2.5, and 5% SS administration; n = 3, ** p < 0.01 & *** p < 0.001, vs. normal group; ### p < 0.001, vs. diabetic
model group.

3.7. Glycated Serum Protein Levels

Glycated serum albumin is a polymer ketamine structure formed by a non-enzymatic
glycation reaction. GSP levels can reflect the average blood glucose level over the pre-
vious two weeks and play an important role in judging the ability to control blood glu-
cose levels in T2D patients. As shown in Figure 4B, the GSP level in model group was
2.71 ± 0.01 mmol/L, which was 1.5 times higher than that in the normal group. The GSP
level of the PC group was 2.91 ± 0.01 mmol/L, which was slightly higher than the GSP
level of model group. After oral SS administration, the GSP levels of three SS groups
decreased by 0.1, 0.2, and 0.3 mmol/L, which were significantly lower than that of model
group (p < 0.05, p < 0.01). These results indicated that oral SS administration could reduce
the GSP levels of T2D rats with a dose-dependent effect by lowering blood glucose levels.

3.8. Hepatic Function Assessment

Type 2 diabetes is often accompanied by liver cirrhosis and abnormal liver function,
which can further aggravate diabetic symptoms. To explore the effects of SS on hepatic
function of T2D rats. The activities of six serum liver function enzymes were measured in
all groups, including AST, ALT, total protein (TP), albumin (ALB), total bilirubin (TBIL),
and alkaline phosphatase (ALP), as shown in Table 2.
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Table 2. Effects of oral SS administration on serum liver functional enzymes in T2D rats.

Groups ALT U/L AST U/L TP G/L ALB G/L TBIL Umol/L ALP G/L

Normal 30.00 ± 3.00 119.60 ± 2.08 37.07 ± 3.51 34.76 ± 0.71 0.50 ± 0.17 0.29 ± 0.02
Model 39.67 ± 3.06 * 187.67 ± 3.79 **,## 40.96 ± 0.56 * 42.07 ± 3.05 ** 1.47 ± 0.32 * 0.49 ± 0.06 **

PC 38.33 ± 1.53 * 97.33 ± 2.52 **,## 41.10 ± 1.10 * 39.00 ± 0.85 ** 0.33 ± 0.11 *## 0.22 ± 0.02 *,##

LSS 43.33 ± 5.69 ** 109.00 ± 2.65 **,## 42.06 ± 1.36 * 36.83 ± 2.58 0.73 ± 0.05 # 0.37 ± 0.08
MSS 35.67 ± 1.15 * 85.67 ± 3.21 **,## 36.87 ± 3.39 ## 35.80 ± 1.83 # 0.80 ± 0.26 # 0.36 ± 0.02 *,#

HSS 33.67 ± 3.21 # 87.33 ± 0.58 **,## 38.93 ± 2.06 ## 37.56 ± 0.75 # 0.80 ± 0.30 * 0.38 ± 0.01 **,#

ALT: alanine aminotransferase; AST: aspartate aminotransferase; TP: total protein; ALB: albumin; TBIL: total bilirubin; ALP: alkaline
phosphatase; Normal: normal group; Model: diabetic model group; PC: 0.5% metformin administration; LSS, MSS, and HSS: 1%, 2.5%, and
5% SS administration; n = 3, * p < 0.05 & ** p < 0.01, vs. normal group; # p < 0.05 & ## p < 0.01, vs. diabetic model group.

The ALT and AST levels reflect the liver injury sensitivity index. ALT is primarily
distributed in the liver cytoplasm, and increased serum ALT levels reflect damage to
the liver cell membrane. Similarly, AST is primarily distributed in the liver cytoplasm
and liver cell mitochondria [29], and increased serum AST levels indicate that liver cells
are damaged to the level of the organelles. When liver damage is severe, the AST/ALT
ratio will increase significantly. The serum ALT and AST levels in the model group were
significantly enhanced compared with those in the normal group (p < 0.05, p < 0.01), and
the AST/ALT ratio was greatly increased compared with those in the normal group. The
ALT and AST levels in T2D rats were severely affected, indicating abnormal liver function.
After oral SS administration, the serum ALT level of LSS group rats was higher than that
for model group, whereas the serum ALT levels of the MSS and HSS groups decreased
compared with that in the model group, with a particularly notable decrease observed
for the HSS group (p < 0.05). The ALT level for the HSS group was similar to that for the
normal group. These results indicated that SS could inhibit the increase in serum ALT
levels associated with T2D. The serum AST levels of three SS groups significantly decreased
compared with that in the model group (p < 0.01), to levels even below that of normal
group. The AST/ALT ratios for three SS groups were all approximately 2.5, which was half
that for the model group. These results indicated that oral SS administration could inhibit
the increase in serum ALT and AST and prevent the liver damage caused by diabetes to a
certain extent.

The TP and ALB levels reflect the ability of the liver to synthesize proteins. ALB plays
important roles in the maintenance of blood osmotic pressure, the transport of metabolites,
and nutrition. The TP and ALB levels in model group increased significantly compared
with those in the normal group (p < 0.05, p < 0.01), and the TP levels of the MSS and HSS
groups decreased by 9 and 5% (p < 0.01), respectively, resembling the normal level. After
oral SS administration, the ALB level of three SS groups decreased by 5.24 G/L, 6.24 G/L,
and 4.51 G/L compared with model group (p < 0.01). These results indicated that oral SS
administration, especially at medium and high doses, could reduce the TP and ALB levels
and gradually restore the synthetic function of the liver in T2D rats.

The TBIL and ALP levels can also be used to judge the degeneration and necrosis of
liver cells. When bilirubin metabolism is impaired, or intrahepatic cholestasis occurs, the
TBIL and ALP levels will increase abnormally. As shown in Table 2, the TBIL and ALP
levels in model group were significantly increased compared with those in normal group
(p < 0.05, p < 0.01). The TBIL and ALP levels in the PC group were reduced compared with
those in model group, and no differences were observed when compared with those in the
normal group. In contrast, the TBIL and ALP levels in three SS groups were higher than
those in the model group. However, no significant differences were observed for the TBIL
and ALP levels among the different SS doses.

In conclusion, oral SS administration demonstrated positive effects on serum liver
function enzyme activity and liver function recovery, especially in the MSS and HSS groups.
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3.9. Serum Lipid Levels

T2D is associated with other complications, such as cardiovascular disease. However,
the incidence of cardiovascular complications can be reduced by monitoring serum lipid
levels. To study the effects of SS on serum lipid levels, total cholesterol (CHOL), TG,
HDL-C, LDL-C, LDH, and NEAF1 were measured (in Table 3).

Table 3. Effect of oral SS administration on serum lipid levels in T2D rats.

Groups CHOL mmol/L TG mmol/L HDL mmol/L LDL mmol/L LDH mmol/L NEFA1 mmol/L

Normal 1.75 ± 0.11 0.93 ± 0.05 1.05 ± 0.02 0.44 ± 0.04 1.02 ± 0.08 0.69 ± 0.03
Model 2.61 ± 0.11 ** 1.50 ± 0.20 ** 1.50 ± 0.12 ** 0.62 ± 0.15 * 1.65 ± 0.20 * 0.95 ± 0.02 **

PC 2.33 ± 0.31 * 1.31 ± 0.35 ** 1.39 ± 0.08 ** 0.38 ± 0.12 # 1.16 ± 0.10 # 1.10 ± 0.01 **
LSS 2.32 ± 0.37 1.09 ± 0.07 *,## 1.24 ± 0.03 * 0.49 ± 0.05 1.26 ± 0.01 *,# 0.55 ± 0.02 #

MSS 1.97 ± 0.12 ## 1.05 ± 0.08 **,# 1.28 ± 0.06 0.42 ± 0.01 # 1.09 ± 0.01 ## 0.44 ± 0.03 **,##

HSS 1.93 ± 0.15 ## 0.98 ± 0.05 # 1.09 ± 0.05 0.42 ± 0.03 # 1.18 ± 0.01 # 0.43 ± 0.02 **,##

CHOL: total cholesterol; TG: triglycerides; HDL: high-density lipoprotein; LDL: low-density lipoprotein; LDH: lactose dehydrogenase;
NEFA: non-esterified fatty acids; Normal: normal group; Model: diabetic model group; PC: metformin administration; LSS, MSS, and HSS:
1, 2.5, and 5% SS administration. n = 3, * p < 0.05 & ** p < 0.01, vs. normal group; # p < 0.05 & ## p < 0.01, vs. diabetic model group.

CHOL refers to the total cholesterol level, including all lipoproteins in the blood. The
CHOL level of model group was 2.61± 0.11 mmol/L (p < 0.01). After oral SS administration,
the CHOL levels of three SS groups decreased significantly. The CHOL levels of the MSS
and HSS groups decreased by approximately 25% compared with that of the model group.
These results suggested that SS could effectively improve the serum CHOL levels in
T2D rats.

TG is an important component of lipids, consisting of long-chain fatty acids and
glycerol. The TG level of the model group significantly increased to 1.50 ± 0.20 mmol/L
compared with that of normal group (p < 0.01). After four weeks of treatment, the TG
level of the PC group was 13% lower than that of the model group. The TG levels of three
SS groups displayed downward trends, which were all significantly reduced compared
with that of the model group (p < 0.05, p < 0.01). Compared with the model group, the TG
levels of the SS groups decreased by 27.3, 28, and 34.7%, and the TG level of the HSS group
resembled that of the normal group.

Both HDL and LDL are closely related to cholesterol transport. The HDL-C levels of
all three SS groups were significantly lower than those of the model and PC groups. The
HSS group presented the best therapeutic effect, and the HDL-C value of this group was
similar to that of the normal group. The LDL-C levels of three SS groups were lower than
that of the model group, but higher than that of the PC group, and the LDL-C levels of the
MSS and HSS group were similar to that for the normal group. These results indicated
that SS could reduce LDL-C and HDL-C levels, with the strongest effect observed for the
HSS group.

Abnormally increased LDH activity is an important indicator of myocardial infarction,
acute or chronic hepatitis, and liver cancer. The serum non-esterified fatty acid (NEFA1)
level is closely related to lipid metabolism, glucose metabolism, and endocrine function [30].
The NEFA1 level also increases due to diabetes. LDH and NEFA1 levels in the model group
were significantly increased by approximately 50% compared with normal group, whereas
the LDH level in the PC group significantly decreased (p < 0.05). The LDH and NEFA1
levels of three SS groups were significantly decreased (p < 0.01), with the strongest effect
observed in the HSS group. These results suggested that SS was able to regulate the blood
lipid metabolism of T2D rats by regulating serum lipid levels.

3.10. Liver Weights and Organ Coefficients

The liver is an important location for glucose, fat, and protein metabolism and is the
primary site for insulin activity and catabolism. Diabetes can cause liver enlargement and
abnormal liver function, which eventually leads to the development of liver lesions. To
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explore the effects of SS on the liver in T2D rats, the liver weights (wet tissue weight) and
organ coefficients of each group were examined. The liver weight of the normal group
was 16.38 ± 1.70 g, which was significantly reduced to 10.86 ± 1.43 g in the model group
(p < 0.01). The liver quality of the PC group increased significantly compared with the
model group, returning to a normal level. The liver quality of three SS groups also showed
a slight upwards trend, but there was no significant difference in liver quality from model
group. The organ coefficient of normal group was 3.25% ± 0.34%, which increased to
4.34% ± 0.54% in model group (p < 0.01). Although the organ coefficients for the PC group
and three SS groups did not change significantly from model group, they all decreased to
some degree, especially for the HSS group. These results indicated that high-dose sericin
could improve liver hyperplasia and hypertrophy caused by diabetes.

3.11. Hepatic 8-Hydroxydeoxyguanosine Level

8-Hydroxydeoxyguanosine (8-OHdG) levels serve as a biomarker for DNA oxidative
stress damage [31]. The 8-OHdG levels in the livers of all groups are presented in Figure 4C.
The 8-OHdG level in normal group was 70.89 ± 0.61 ng/mg protein, and the 8-OHdG
level in the model group significantly increased compared with that in the normal group
(p < 0.01). After oral SS administration, the 8-OHdG levels in three SS groups significantly
decreased in a dose-dependent manner compared with that in the model group (p < 0.01).
The 8-OHdG levels were 7.2 ng/mg protein in the LSS group, which represented a 13.6%
reduction compared with that in the model group, and the 8-OHdG levels resembled
normal levels in the MSS group. The 8-OHdG levels in the HSS group were reduced by
20%, to 66.02 ± 5.45 ng/mg protein, which was even lower than the value observed for the
normal group. These results indicated that oral SS administration had downregulated the
abnormal increase of 8-OHdG level and may have increased the oxidative stress response
in T2D rats.

3.12. Hepatic Glycogen

Hepatic glycogen plays an important role in the maintenance of glucose homeosta-
sis [32]. Following a meal, the glucose balance is maintained by hepatic glycogen syn-
thesis and storage. The synthesis and degradation of hepatic glycogen are primarily
regulated by insulin and glucagon. As shown in Figure 4D, the hepatic glycogen level
was 24.65 ± 1.36 ng/mL in normal group, whereas the level of model group was only
7.33 ± 1.25 ng/mL, which was less than 1/3 that in normal rats. The hepatic glycogen
level of rats in the PC group increased significantly (by 150%), which indicated that orally
administered metformin was able to effectively promote the synthesis and storage of liver
glycogen. After oral SS administration, the hepatic glycogen levels of three SS groups
increased significantly, demonstrating a positive and dose-dependent trend. The hepatic
glycogen level of the LSS group was 14.73 ng/mL, which was twice that of the model group.
The hepatic glycogen levels of both the MSS and HSS groups were higher than 20 ng/mL,
which approached the level of normal rats. These results indicated that sericin could
significantly regulate the synthesis and decomposition of hepatic glycogen in T2D rats.

3.13. Hepatic Antioxidant Capacity

Oxidative stress in the liver often leads to glucose metabolism disorders, and antioxi-
dant enzymes can prevent oxidative stress damage by scavenging free radicals to maintain
normal active oxygen levels. To examine the hepatic antioxidant capacity across the various
experimental groups, GSH-PX, T-SOD, MDA, and T-AOC were measured, as shown in
Table 4 [33].
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Table 4. Effects of oral SS administration on the antioxidant activities in the liver of T2D rats.

Groups GSH-PX U/mgprot SOD
U/mgprot

MDA
nmol/mgprot

T-AOC
nmol/mgprot

Normal 1410 ± 21 103.83 ± 0.95 1.54 ± 0.46 128.30 ± 3.38
Model 913 ± 35 ** 90.71 ± 0.86 ** 2.18 ± 0.05 ** 54.40 ± 4.19 **

PC 1158 ± 18 **,## 79.38 ± 0.62 **,## 2.03 ± 0.11 **,## 113.71 ± 0.01 **,##

1% SS 1037 ± 60 * 77.26 ± 1.32 **,# 3.14 ± 0.27 **,## 118.73 ± 5.97 ##

2.5% SS 1404 ± 24 ## 76.31 ± 6.70 *,## 2.04 ± 0.23 ** 120.06 ± 8.34 ##

5% SS 1444 ± 24 ## 99.22 ± 1.82 *,## 1.71 ± 0.07 *,## 152.43 ± 2.27 ##

GSH-PX: glutathione peroxidase; SOD: superoxide dismutase; MDA: malondialdehyde; T-AOC: total antioxidant concentration; Normal:
normal group; Model: diabetic model group; PC: 0.5% metformin administration; LSS, MSS, and HSS: 1, 2.5, and 5% SS administration;
* p < 0.05 & ** p < 0.01, vs. normal group; n = 3, ## p < 0.01, vs. diabetic model group.

GSH-PX not only reduces toxic peroxides into non-toxic hydroxyl compounds, but
also decreases the formation of lipid peroxides, which enhances the body’s ability to resist
oxidative stress damage [34]. The GSH-PX level of normal group was 1410 ± 21 U/mg
protein. Compared with the normal group, the hepatic GSH-PX level of the model group
was significantly reduced. The hepatic GSH-PX level of the PC group increased slightly.
Compared to the model group, the GSH-PX level of the LSS group increased by 13.5%, and
the GSH-PX levels of the MSS and HSS groups increased by 53.8 and 58.2%, respectively.
The above results indicated that oral SS administration for four weeks could effectively
restore the loss of hepatic GSH-PX levels in T2D rats.

SOD is an antioxidant enzyme that is widely found in organisms and is the primary
molecule responsible for free radical scavenging [35]. SOD plays an extremely important
role in reducing cell damage. The SOD level of the normal group was 103.83 U/mg protein,
and the SOD level of the model group was significantly decreased compared with that of
the normal group (p < 0.001). The SOD level of the PC, LSS, and MSS groups were reduced
even more than that of the model group, whereas the SOD level of the HSS group increased
significantly compared with that of the model group and approached the level observed in
the normal group.

MDA is the oxidation product of lipid peroxidation reaction, in vivo, which causes the
cross-linking and polymerization of biological macromolecules, denaturing biofilms and caus-
ing cell senescence or death [36]. The MDA level in normal group was 1.54 ± 0.46 nmol/mg
protein, and the level in model group increased significantly compared with that in the
normal group. Compared with that in the model group, the MDA level of rats in the PC
group was significantly reduced (p < 0.05). The MDA level of the SS group decreased in a
dose-dependent trend.

T-AOC reflects the total antioxidant level, comprising antioxidant substances and
antioxidant enzymes in the body [37]. This study used the ABTS method to determine
the T-AOC of the liver. The T-AOC level in the normal group was 128.8 ± 3.38 nmol/mg
protein, and the T-AOC level of the model group was only 54.40 ± 4.19 nmol/mg protein,
which was less than 50% that of the normal group (p < 0.01). Compared with the model
group, the T-AOC level of the PC group significantly increased, and the T-AOC levels
of three SS groups were all higher than that of model group. The T-AOC levels of these
three SS groups were 218, 221, and 280% that of the model group. The T-AOC level of the
HSS group was 18% higher than that of the normal group. Therefore, SS can significantly
enhance the T-AOC enzyme activity in the liver of T2D rats.

In conclusion, these experimental results suggested that oral sericin administration
could effectively improve antioxidant enzyme activity in T2D rats and eliminate the ox-
idative stress caused by STZ, especially in the HSS group. Sericin was able to effectively
enhance antioxidant capacity by increasing GSH- PX, SOD, and T-AOC levels and reducing
the MDA level.
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3.14. Liver Pathological Tissue

The liver is an important organ in the body, which regulates blood glucose stability [38].
To study the effects of oral SS on liver injury recovery in T2D rats, pathological liver tissues
were analyzed. The liver cells of normal group were arranged neatly, and the liver lobule
structure was clear and complete, as shown in Figure 5A. The liver tissues of model rats
were greatly changed, with reduced liver cell volumes, an extremely dense cell arrangement,
and clear signs of inflammatory infiltration. Although some of the cells in the liver lobules
of the PC group were ruptured, the whole liver lobule structure was clear, with no apparent
vacuoles or inflammatory infiltrations. In three SS groups, the pathological liver tissues
appeared to have recovered, to a certain extent. Although some apparent vacuoles and
slight inflammation could be observed in the pathological liver slices of the LSS group, the
overall liver lobule structure was clear. The abnormal pathological changes in the livers
from the MSS and HSS group were obvious, the liver cells were in a good arrangement,
the structure of the liver lobules was complete, and no apparent vacuole or inflammatory
infiltration was observed, as shown in Figure 5(A-e,A-f). The pathological liver tissue
examination of T2D rats showed that oral SS administration could effectively reduce liver
damage by significantly reducing the occurrence of inflammation and infiltration, especially
in the MSS and HSS groups.

Figure 5. Effects of oral SS administration on HE staining in the liver (A) and pancreas tissues (B) of
T2D rats (×100); a, normal group; b, diabetic model group; c, metformin administration; d, 1% SS
(LSS); e, 2.5% SS (MSS); and f, 5% SS (HSS) administration.

3.15. Pancreatic Histopathological Sections

The pancreas is an important location for insulin secretion and is affected in T2D
patients. To study the protection exerted by SS against pancreatic injury in T2D rats,
pancreatic histopathological sections were observed and analyzed. The results are shown
in Figure 5B. The pancreatic tissues from rats in normal group were intact, with normal
morphology and islet cells arranged in order (Figure 5(B-a)). In the model group, the
pancreatic structure was broken and incomplete. Several small and scattered pancreatic
tissues can be observed in Figure 5(B-b). The number of pancreatic islet cells was reduced,
cytoplasmic vacuolation could be observed in several cells, and inflammatory and fat
infiltration occurred. As shown in Figure 5B-c, the structures of pancreatic cells in the
PC group were irregular, and inflammation can be observed in the cell cytoplasm. The
pancreatic structure became clearer and more complete in HE staining performed for three
SS groups (Figure 5(B-e,B-f)). The pancreatic cells increased, with a dose-dependent effect.
These results indicated that SS might facilitate the recovery of pancreatic damage caused
by diabetes.
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3.16. Pancreatic Immunofluorescence Staining

To explain the effects of oral SS administration on the insulin expression levels of T2D
rats, insulin immunofluorescence staining of the pancreas was performed. The results are
shown in Figure 6, with green fluorescence indicating insulin-positive staining. The islet
structure in the normal group was relatively complete and oval-shaped. Several islet β
cells could be detected, and the insulin level was abundant in the normal group (a). In
the model group (b), the structure of the rat pancreatic islets was loose and incomplete,
with very weak green fluorescence intensity. Compared with the model group, the green
fluorescence intensity of three SS groups appeared to recover, to different degrees. The
fluorescence area expanded, with a dose-dependent trend. The insulin level gradually
increased, the number of islets β cells gradually increased, and the pancreatic structures
appeared more complete with increases in SS concentrations. SS treatment was supposed
to repair the abnormal insulin secretion of pancreatic cells in T2D rats.

Figure 6. Effects of oral SS administration on pancreatic immunofluorescence staining in T2D rats
(×400) (a), normal group; (b), diabetic model group; (c), metformin administration; (d), 1% SS(LSS);
(e), 2.5% SS (MSS); and (f), 5% SS (HSS) administration.

4. Discussion

T2D is also referred to as non-insulin-dependent diabetes. The pathogenesis of T2D
is complicated, accompanied by hypertension and hyperlipidemia. Insulin resistance in
surrounding tissues plays an important role in pathogenesis of T2D [26,39,40]. Currently,
the primary treatment for T2D is mainly medication. Although some diabetes drugs can
effectively control blood glucose levels, they are often associated with side effects, such as
hypoglycemia, osteoporosis, or heart failure [41]. Biologically active peptides represent a
potential alternative to diabetes drugs, associated with minimal side effects [42,43]. After
oral SS administration, blood glucose levels were significantly reduced, the destruction
of islet cells was reduced, and the liver and pancreas appeared to be protected from dam-
age [44]. SS was mixed into feed powder at different concentrations and orally administered
for four weeks to explore the hypoglycemic effect of oral SS in T2D rats.

The most typical feature of T2D is glucose metabolism disorder, which can cause
oxidative stress and other reactions that activate various inflammatory factors and finally
cause bodily dysfunction. The regulation of blood glucose levels is closely associated
with the secretion and function of insulin. Therefore, controlling blood glucose levels and
regulating insulin secretion are two important methods for treating T2D. After oral SS
administration for four weeks, weight loss in each SS group was effectively relieved, and
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FBG was significantly reduced, especially in MSS and HSS groups, for which the blood
glucose reduction rates were 62.3 and 67.1%, respectively. The observed decrease in GSP
levels, which decreased during the second to fourth weeks of oral SS administration, was
also dose-dependent. Serum insulin levels were significantly reduced, insulin resistance
decreased, and insulin sensitivity increased, which indicated that sericin could enhance the
effects of insulin on glucose absorption and utilization. Therefore, oral SS administration
could improve glucose metabolism by reducing blood glucose levels, regulating insulin
secretion, and relieving insulin resistance in T2D rats.

Lipid metabolism disorder is a clinical symptom of diabetes [22]. The test results for
serum lipids showed that after the oral administration of sericin peptides, the levels of
CHOL, TG, HDL, LDL, LDH, and NEAF1 in diabetic rats decreased, resulting in improved
blood lipid levels.

Long-term high blood glucose levels in diabetes may cause liver enlargement, abnor-
mal liver function, and even fatty liver and cirrhosis. Comparing the liver quality and
organ coefficients of each group demonstrated that SS could improve the hyperplasia and
hypertrophy of the liver caused by diabetes. The pathological liver sections showed that
the liver cells in T2D rats were seriously damaged, featuring liver steatosis, inflammatory
infiltration, and edema. The serum ALT, AST, and ALP levels were significantly increased,
which also indicated liver damage. After oral SS administration, liver cells were tightly
packed, inflammation was reduced, and the levels of liver functional enzymes, such as
ALT and AST, also tended to be normal, which indicated that oral SS administration could
effectively restore liver damage.

Oxidative stress damage often occurs during diabetes, especially in the liver [45]. The
antioxidant defense protects the body from oxidative stress by scavenging free radicals [46].
T-AOC reflects the body’s total antioxidant capacity, whereas GSH-PX can reduce lipid
peroxides and resist oxidative damage in vivo. SOD is an important enzyme that scavenges
reactive oxygen species and protects liver tissue from oxidative stress. The levels of MDA
and 8-OHdG reflect lipid peroxidation and cell damage in the liver, respectively. The results
suggested that oral sericin administration could improve the activities of T-AOC and GSH-
PX and reduce the activities of MDA and 8-OHdG, reducing oxidative stress damage in
the liver. Hepatic glycogen levels play an important role in maintaining blood glucose
stability. Many animal experiments have shown that the hepatic glycogen levels in T2D rats
decrease and that metformin can increase glycogen synthesis and reduce hyperglycemia.
The results in this study were similar to most previous studies and were also consistent
with the results observed for sericin treatments in T2D mice in our earlier studies [47].
The hepatic glycogen levels of the model group decreased compared with normal mice,
whereas that for the PC group increased significantly. After four weeks of oral SS, three SS
groups gradually increased, with a dose-dependent effect, which suggested that oral SS
could promote hepatic glycogen synthesis to improve the hyperglycemic state.

The primary pathological site of diabetes is the pancreas in diabetes. To improve the
pancreas, the maintenance of pancreatic function and reduced pancreatic β-cell apoptosis is
necessary. In this experiment, HE and immunofluorescence staining were used to observe
the pancreatic tissue structures of each group. After oral SS administration, the islet
structure was relatively complete, the destruction of islets was greatly reduced, and the
number of β-cells increased. In summary, oral SS may provide protection for islet β cells
and could improve the structure and function of islets in T2D rats.

The experimental results obtained from the above are also consistent with our previous
results obtained with STZ-induced type 2 diabetic mice [48] and the results by other
authors [49,50]. After oral administration of degraded sericin peptide, the antioxidant
capacity of diabetic rats was significantly improved. It evidently slows down the damage of
oxidative stress and inflammation caused by STZ to rats, especially the liver and pancreas,
and ultimately leads to partial repairing of their functions and results in a significant
decrease in blood glucose levels in the body. In the future, we will use Western blotting and
other methods to continue to explore the possible mechanism of oral sericin to reduce blood
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sugar in diabetic rats through signal pathways such as sugar metabolism, fat metabolism,
and insulin synthesis.

5. Conclusions

After oral SS administration for four weeks, the rats in three oral sericin groups
recovered following the induction of T2D rats. Weight loss was alleviated in diabetic rats
that received middle and high doses of sericin, the FBG reduction rate was greater than
35%, and abnormal glucose tolerance and insulin tolerance were significantly improved.
The serum insulin level was reduced, insulin resistance was reduced, and insulin sensitivity
was enhanced. The serum GSP levels were significantly reduced. To some extent, sericin
peptides exerted hypoglycemic effects. In addition, sericin peptides showed positive effects
on the restoration of serum liver function enzymatic activities, which can reduce CHOL,
TG, HDL, LDL, LDH, and NEAF1. In addition, sericin peptides could also improve the
hyperplasia and hypertrophy of the liver. Sericin peptides were able to reduce oxidative
damage, balance the synthesis and decomposition of glycogen, and partly restore the
antioxidant capacity in the liver of T2D rats. Sericin peptides could also effectively reduce
inflammatory infiltration, restore damaged liver cells, and repair liver damage. Sericin
peptides also affected the recovery of pancreatic damage in a dose-dependent manner.
The insulin immunofluorescence staining assay results showed that sericin could improve
abnormal pancreatic insulin secretion in diabetic rats. Therefore, sericin recovered from
industrial silk waste has potential uses as a health food additive and biomedicine, with
hypoglycemic function during T2D.
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Abbreviations

8-OHdG 8-hydroxydeoxyguanosine
ALB albumin
ALP alkaline phosphatase
ALT alanine aminotransferase
AST aspartate aminotransferase
AUC area under the blood glucose curve
BCA bicinchoninic acid
BW body weight
CHOL total cholesterol
EDTA Ethylenediaminetetraacetic acid
FBG fasting blood glucose
GSH-PX glutathione peroxidase
GSPs glycated serum proteins
HDL-C high-density lipoprotein cholesterol
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HE hematoxylin-eosin
HOMA-IR Homeostatic Model Assessment for Insulin Resistance
HSS high dose sericin
ISI insulin sensitivity index
ITT insulin tolerance test
LDH lactate dehydrogenase
LDL-C low-density lipoprotein cholesterol
LSS low dose sericin
MDA malondialdehyde
MSS medium dose sericin
NEAF non-esterified free fatty acids
OGTT oral glucose tolerance test
PBS phosphate-buffered saline
PC positive control
SD Sprague-Dawley rat
SPF specific-pathogen-free
SS silk sericin
STZ streptozocin
T2D type 2 diabetic
T-AOC total antioxidant capacity
TBIL total bilirubin
TG triglycerides
TP total protein
T-SOD total superoxide dismutase
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