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The pathogenesis of diabetes mellitus is a complicated process involving much gene

regulation. The molecular mechanism of mulberry (Morus alba L.) leaf in the treatment

of diabetes is not fully understood. In this study, we used the Illumina HiSeqTM 2,500

platform to explore the liver transcriptome of normal mice, STZ-induced diabetic mice,

and mulberry leaf-treated diabetic mice, and we obtained 52,542,956, 52,626,414,

and 52,780,196 clean reads, respectively. We identified differentially expressed genes

(DEGs) during the pathogenesis of diabetes in mice. The functional properties of

DEGs were characterized by comparison with the GO and KEGG databases, and the

results show that DEGs are mainly involved in the metabolic pathway. qRT-PCR was

used to analyse 27 differential genes involved in liver expression in different groups of

diabetic mice. Among the DEGs, the expression of Scube1, Spns3, Ly6a, Igf2, and

other genes between the control (C) and diabetic control (DC) groups was significantly

upregulated; the expression of Grb10,Mup2, and Fasn was significantly downregulated;

the expression of the Sqle, Lss, and Irs2 genes between the C group and diabetic group

treated with mulberry (DD) was significantly upregulated; the expression of Fabp2, Ly6a,

and Grb10 was significantly downregulated; and the expression of Sqle and Lss was

significantly upregulated in the DC and DD groups, but Tap1, Igf2, and Spns3 were

significantly downregulated. The results of Western blot validation showed that dynamic

changes in proteins, such as IGF2, Ly6a, Grb10, and UBD, occurred to regulate the

incidence of diabetes by influencing the insulin receptor substrate (IRS) signaling pathway.

Keywords:mulberry leaf powder, diabetesmellitus, gene expression, RNA-Seq, transcript level, qRT-PCR,Western

blotting

INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disease characterized by elevated blood glucose
levels and metabolic disorders of glucose, fat, and protein in the body (Ge et al., 2017). Diabetes
is caused by a lack of insulin secretion or insulin resistance and low utilization of sugar, which
then can lead to brain, heart, kidney, heart failure, acute myocardial infarction (Ong et al., 2018)
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and other organ complications that can severely harm human
health (Davis et al., 2006; Nie et al., 2017). The relevant data
indicate that the current global total number of diabetic patients
is close to 300 million, and the number of diabetic patients is
still increasing (Kwak and Park, 2016). Obesity is considered
as a major factor to develop type 2 diabetes mellitus (T2DM),
and controlling weight gain is very important to prevent and
treat diabetic disorders (Yan et al., 2016). High insulin levels
in patients with an abnormal glucose regulation mechanism
caused by glycosuria phenomenon must be treated to prevent
the development of corresponding complications (Michels and
Eisenbarth, 2011).

The precise etiology of diabetes is very complex and
includes genetic factors that may lead to diabetes. The genetic
characteristics are the risk characteristics for diabetes and in the
context of external environment and institutional characteristics,
diabetes will be induced (Chang et al., 2013). Parkkola et al.
found that human leukocyte antigen (HLA) genes are involved
in the pathogenesis of type I diabetes (Parkkola et al., 2017).
HLA is a major histocompatibility complex (MHC) that presents
antigens to T cells, which can identify the antigen, that are
secreted by the B cells. Under normal circumstances, HLA is
expressed only in the surface of B lymphocytes, activated T
lymphocytes, macrophages, and endothelial cells, and the surface
expression of islet beta cells is associated with autoimmune
disease (Odermarsky et al., 2017). Type II diabetes mellitus,
which is different from type I diabetes mellitus, involves basal
insulin secretion and basal insulin sensitivity abnormalities
caused by the inheritance of multiple recessive genes. Gao et al.
and Huang et al. examined the ins gene in type II diabetic patients
and found that the expression of the ins gene in type II diabetes
patients was changed compared with that in normal patients and
other illnesses, indicating that the change of the ins gene may be
one of the causes of type II diabetes (Gao et al., 2016; Huang
et al., 2017). In addition to genetic factors, diabetes mellitus
is associated with insulin resistance. Insulin resistance refers
to the role of insulin in promoting glucose uptake resistance,
with an increase in secondary compensatory insulin secretion,
which can produce a series of adverse effects and a variety of
pathophysiological changes to the body, and it has become the
common basis for the development of some diseases (Mlinar
et al., 2007).

Thus far, although many drugs for the treatment of diabetes
have been developed, almost all of them are chemical or biological
agents, such as sulfonylureas (Carvalho-Martini et al., 2006)
and biguanides (Okamoto et al., 2007). Biguanides are used
to promote glucose uptake by peripheral tissues of muscle,
inhibit glucose intolerance, and delay glucose absorption in the
gastrointestinal tract, and the combined use of sulfonylurea with
biguanides may enhance the hypoglycemic effect. However, due
to additional complications of diabetes, and because it cannot be
permanently cured, only drug-based treatment can be used to
control the disease through the hypoglycemic effect. The drugs
for the treatment of type II diabetic patients exert a certain
curative effect, but they also have some negative side effects, and
long-term administration can be detrimental to the physiology
and psychology of the patients.

In traditional Chinese medicine (TCM), certain herbs have
been used for diabetes. Sarikaphuti et al. demonstrated that
anthocyanins extracted from Morus alba L. were well tolerated
and exhibited effective anti-diabetic properties in diabetic rats
(Sarikaphuti et al., 2013). Ou et al. suggest that the mulberry
extract may be active in the prevention of fatty liver (Ou
et al., 2011). Wu et al. determined that cherry anthocyanin
and mulberry anthocyanin can alleviate oxidative stress and
inflammation associated with developing obesity in mice fed
with high-fat diet (Wu et al., 2016). Therefore, natural herbs are
receiving increasing attention, including mulberry leaves (Jouad
et al., 2001). Mulberry leaf possesses many pharmacological
effects, which has been traditionally used in Chinese medicines
for diuretics, liver protection, eyesight improvement, blood
pressure reduction, and cardiovascular disease prevention.

Mulberry is widely planted in China, and includes white
mulberry (Morus alba), red mulberry (Morus rubra), black
mulberry (Morus nigra) etc.; their leaves and extracts are used
as a natural source of disease treatment. Previous studies (Hu
et al., 2017) have noted that the white mulberry (Morus alba L.)
leaf as a silkworm diet contains a variety of nutrients, of which
flavonoids are known to possess antioxidant activity and scavenge
free radicals (Proença et al., 2017). Mulberry polysaccharides
had significant hypoglycemic effect with signifcantly lowering
of blood glucose levels in diabetic mice (Liao et al., 2018).
Many researchers at home and abroad have treated diabetes with
mulberry leaves, which contain natural inhibitors of glycosidase
activity. Ou et al. and Peng et al. indicated the hypolipidemic
effects of mulberry water extracts on oleic acid-induced HepG2
cells and hamsters supplied with high-fat diet (Ou et al., 2011;
Peng et al., 2011). Ann et al.’s studies confirmed that the main
hypoglycemic active compound inmulberry leaves is alkaloid and
it has the effect of reducing blood glucose in animal experiments
(Ann et al., 2015). Besides, polysaccharide from mulberry plants
showed a protective function on damaged pancreatic islets and
β-cell (Li et al., 2011). Therefore, herbal medicines have been
considered as a potential treatment for diabetes based on its
safety, cost, and effectiveness (Song et al., 2009).

In this study, we used RNA-Seq transcriptomic techniques
to identify differentially expressed genes in diabetic mice and
mulberry leaf-treated diabetic mice and to understand the diverse
functions of these differentially expressed genes. Based on our
sequencing and validation results, we focused on the regulatory
mechanisms of mulberry leaf powder in the treatment of diabetes
through the changes in genes related to glucose metabolism in
diabetic mice.

MATERIALS AND METHODS

Study Approval
The study was approved by the Ethics Committee and the
Scientific Investigation Board of Jiangsu University (Zhenjiang,
Jiangsu Province, China). All experimental procedures were
performed in accordance with the recommendations found in the
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH publication no. 85-23
revised 1996).
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Animal Model Construction
The specific pathogen-free (SPF)-grade Institute for Cancer
Research (ICR) male mice used in this experiment were provided
by the Animal Experiment Center of Jiangsu University in
Zhenjiang City, Jiangsu Province, China, and housed in a fully
enclosed clean animal room with alternating dark and light for
12 h, relative humidity at 40–65%, and temperature at 25 ± 1◦C.
SPF mouse food pellets and litter were provided by the Animal
Experiment Center of Jiangsu University processing; the mice
were provided with access to food and water ad libitum.

After 7 days of adaptive feeding, 50 male ICR mice weighing
25–30 g were randomly divided into the normal group (n = 10)
and the model group (n= 40). After fasting for 12 h, the diabetic
model mice were intraperitoneally injected with 150 mg/kg
streptozotocin (STZ) solution; the normal mice were injected
intraperitoneally with the same dose of citrate buffer. Food and
water consumption and survival were observed, and the tail
blood of mice was analyzed with a glucose meter to determine
the fasting blood glucose after 72 h. The diabetic mouse model
was successfully constructed when the fasting blood glucose
measured more than 11.1 mol/L.

Mulberry Leaf Powder Gavage Test for
Diabetic Mice
Ten normal mice (control, group C) were selected, and 20
diabetic mice (20 mice) were randomly divided into the diabetic
mouse group (diabetic control, DC group, 10 mice) and the
mulberry leaf powder gavage group (DD group, 10 mice).
Mulberry leaves (Morus alba var. multicaulis (Perrott.) Loud.)
were harvested from a mulberry garden of Jiangsu University
in Zhenjiang City, Jiangsu Province, China. The leaves from
the apex of healthy plants were plucked, thoroughly washed,
dried, and ground to a fine powder in an electric grinder. For
treatment, 40 g of mulberry powder was dissolved in 1 L of
sterilized double-distilled water to obtain a 40 mg/ml mulberry
leaf powder solution. The DD mice were given mulberry leaf
powder solution by intragastric administration (80 mg/kg daily)
for 10 weeks, while the C group and DC group were given
the same dose of double-distilled water every day for 10 weeks.
Throughout the experiment, all mice were not exposed to
any hypoglycemic agents (Hu et al., 2017). After 10 weeks of
continuous gavage, the body weight and blood glucose of the
mice in each group were measured. The mouse serum insulin
content was measured according to the mouse insulin ELISA
kit (Thermo Fisher Scientific, USA) instructions. The glucose
tolerance test (GTT) was performed on the 10th week before the
mice were killed. Briefly, the mice were intraperitoneally injected
with glucose (2.0 g/kg BW, sigma) and then examined using a
blood glucose meter at 0, 0.5, 1.0, 1.5, 2.0 h post injection. And
the blood glucose concentration was determined after overnight
fasting (12 h).

Sample Preparation and RNA Extraction
None of the three groups of mice had died during the whole
experiments. Six mice from each group with better growth
conditions were selected, and after killing mice by cervical
dislocation, the livers from the three groups of mice were

rapidly removed and quickly ground in a mortar containing
liquid nitrogen. All of the animal experiments were conducted
in accordance with the guidelines and approval of the Animal
Research and Ethics Committee of Jiangsu University.

Total RNA was extracted from approximately 0.1 g of
liver powder using a TRIzol R© reagent kit (Thermo Fisher
Scientific, USA), according to the manufacturer’s instructions.
The concentration of total RNA was estimated by measuring the
absorbance at 260 nm using OD1000, and the integrity of the 28S
and 18S ribosomal RNA was detected on a 1% agarose gel. The
same volume of RNA from each tissue was pooled and used for
subsequent cDNA synthesis.

cDNA Library Construction and Illumina
Sequencing
Briefly, eukaryotic mRNA was enriched with magnetic beads
containing Oligo (dT), and then a fragmentation buffer was used
to break the mRNA into short pieces. The disrupted mRNA
was used as a template to synthesize a cDNA strand with a six-
base random primer, and then a two-strand synthesis reaction
was prepared to synthesize double-stranded cDNA. In the cDNA
second-strand synthesis, dTTPwas replaced with dUTP, and then
different linkers were ligated and one strand containing dUTP
was digested with the UNG enzymatic method to retain only one
cDNA strand of different linkers. The PureLink PCR Purification
Kit (Invitrogen, Carlsbad, CA, USA) was then used to purify a
single cDNA strand. The cDNAwas ligated into a strand and then
ligated to a sequencing adapter. A fragment size was selected,
and PCR amplification was performed to construct a sequencing
library. The constructed library was qualified with the Agilent
2100 Bioanalyzer, and the Illumina HiSeqTM 2500 platform was
used for sequencing.

Illumina Sequence Assembly and QC
Analysis
The raw data obtained by the Illumina sequencing platform
were analyzed to determine if the sequencing data were suitable
for subsequent analysis. After this quality control step, the
clean reads were aligned to the reference sequence using
TopHat/Bowtie2. After this comparison, the sequencing data
were further refined to remove the low-quality sequences and
the linker sequence by statistical distribution of the reads in
the reference sequence and the coverage, thereby reducing the
influence on the subsequent analysis. The data filtering criteria
were: (1) filter low-quality reads with a quality threshold of 20 and
a filter length threshold setting of 70%; (2) remove low-quality
bases from the 3′ end with a mass threshold of 20; and (3) length
threshold of 35 bp. The raw data were then mass-filtered and
quality-filtered by FastQ (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) to determine whether the comparison
result was properly aligned for gene expression analysis.

Sequence Assembly, and Functional Gene
Annotation and Classification
For all of the original reads, low-quality base and adapter
sequences were deleted, and then all of the clean reads were
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mapped to the reference genome via TopHat2 (version 2.0, http://
www.carpbase.org/download_home.php). The gene expression
was calculated using a method per kilobase exon fragment per
Fragments Per Kilobase of transcript per Million fragments
mapped (FPKM). The DEGs in the library were identified using
the edgeR package (http://www.r-project.org/). We identified
genes with fold change ≥2 (log2FC > 1) and false positive rate
(FDR)<0.05 by comparing significant DEGs using this equation:

P = 1−
m−1
∑

i= 0

(

M
i

) (

N −M
n− i

)

(

N
n

)

The enrichment score was calculated as:

Enrichment score =
m
n�M

N
,

where N is the number of genes with GO annotation in all of
the genes, n is the number of genes with GO annotation in
differentially expressed genes in N, M is the number of genes
annotated as a particular GO term in all of the genes, and m is
the annotation of a specific GO term.

GO and KEGG Pathway Analysis of DGEs
GO enrichment analysis of the differentially expressed genes was
performed, and their function was described (in combination
with the GO annotation results). The number of differentially
expressed genes included in each GO entry was counted, and the
supergeometric distribution test method was used to calculate
the significance of the diversity gene enrichment in each GO
entry. The calculated result returned a rich p-value; a small
p-value indicates that the differentiated gene is enriched in
the GO entry. Based on the results of the GO analysis, the
gene of the subsequent study can be selected according to the
biological significance. Pathway analysis was performed using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
annotation results of differential genes, and the significance
of differential gene enrichment in each pathway entry was
calculated using the hypergeometric distribution test. Pathways
involved in differentially expressed genes were drawn as bubble
charts using the OmicShare (http://www.omicshare.com/tools/
Home/Soft/senior) online tool to analyze their pathway.

qRT-PCR to Verify Differential Gene
Expression
To validate the Illumina sequencing data, 27 differential genes in
the normal group, and the STZ-induced diabetic and mulberry
powder-treated mice were selected for qRT-PCR analysis, and the
same RNA samples were used for transcriptomic analysis. A 25-
µl PCR reaction mixture was prepared using a SYBR Green PCR
Kit (Qiagen, Hilden, Germany) with 20 ng of cDNA as a template.
After mixing, the PCR reaction was performed using an ABI 7300
instrument. The β-actin gene was used as a housekeeping gene to
normalize the expression level of the test gene, and the relative
gene expression level was analyzed using the 2−11CT method. All

of the primers were synthesized by Shanghai Yingjun Biological
Company. All primer sequences are listed in Table S5. All of the
samples were analyzed in triplicate.

Antibody Preparation and Western Blot
Analysis
Tissues from each group of mice were lysed in
radioimmunoprecipitation assay (RIPA) lysis buffer for 30min.
Proteins were separated by centrifugation (4◦C, 12,000 ×

g, 15min) and assayed by Bio-Rad dye binding assay. Next,
40–50 µg of protein was separated on a 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and
electrophoresed at 100V for 90min. The protein was then
transferred to a polyvinylidene difluoride (PVDF) membrane
with an electrotransfer device at 250V for 2 h. After the
transfer was completed, the PVDF membrane was blocked
for 2 h in blocking solution (5% skim milk powder in Tris-
buffered saline and Tween 20 (TBST), pH 7.4) to reduce
non-specific binding. Then, the membrane was incubated with
the primary antibody and placed on a shaker at 4◦C for overnight
incubation. The antibodies used were anti-ubiquitin D antibody
(ab134077, Abcam, Cambridge, MA, USA), anti-GRB10
antibody (ab154029, Abcam), anti-IGF2 antibody (ab170304,
Abcam), and anti-CYP51A1 antibody (ab210792, Abcam). The
incubated PVDF membrane was placed in a TBST solution
and washed three times for 5min each time. The membrane
was incubated for 2 h at room temperature using a fluorescent
secondary antibody (1:5,000 dilution), followed by washing with
TBST three times, for 5min each time. Imaging and analysis of
the data were performed using the ODYSSEY Family of Imaging
Systems. The difference in the expression of genes at the protein
level was detected.

Statistical Analysis
All of the experimental data are expressed as the mean ±

standard error (x ± s). One-way analysis of variance (ANOVA)
was used to evaluate the homogeneity variance for each group.
Statistical Package for the Social Sciences (SPSS) software
was used to perform the multiple comparisons between the
tested groups. Statistically significant differences were defined as
P < 0.05.

RESULTS

Diabetic Mouse Modeling and
Physiological Differences
Mice in the normal control group had smooth and shiny fur, a
goodmental state, andweremore lively and responsive. The STZ-
induced diabetic mice had less activity, and were apathetic and
unresponsive. After the mulberry leaf powder solution treatment,
the diabetic mice returned to normal. The results of body weight
measurement showed that the body weight of mice in the diabetic
model group was decreased after the injection of STZ solution
for 72 h, and the body weight of mice in the gavage group
slowly increased after the continuous use of mulberry leaf powder
for 10 weeks (Figure 1; Table S1). The results speculated that
the hypoglycemic mechanism of mulberry leaves involving the
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FIGURE 1 | The body weight of mice in the different treatment groups at different time points. Weight loss of the diabetic mice during the trial was relatively reduced.

For the diabetic mice that received mulberry leaf powder, their body weight increased. After 10 weeks, the body weight of the mulberry leaf-treated mice was

significantly higher than that of the diabetic mice; the body weight of the mice that received the mulberry leaf powder was lower than that of normal mice. *P < 0.05,

the incidence of the disease group compared with the normal group; ##P < 0.01, mulberry leaf powder treatment group compared with the incidence of disease

group. Value = mean ± SD (N = 6).

FIGURE 2 | Fasting blood glucose in the three groups of mice and anti-hyperglycemic effect of mulberry leaf. (A) Glucose tolerance test (GTT, mmol/L), mulberry leaf

enhance insulin sensitivity of diabetic mice, **P < 0.01, DD compared with C; ##P < 0.01, DC compared with C. (B) FBG levels of mice, FBG of DC group

maintained high level throughout the trial, however, mulberry leaf could significantly reduce FBG of diabetic mice, *P < 0.05; **P < 0.01, DD compared with C;
##P < 0.01, DC compared with C.

increase of insulin release, which is generally believed to play a
role in the small intestine after oral administration and delay the
absorption of carbohydrates in food, thus achieving the effect of
losing weight.

STZ treatment successfully induced hyperglycemia in mice
(Figure 2). The results of the fasting blood glucose measurement
showed that the fasting blood glucose level in the diabetic model
group was higher than 11.1 mmol/L before the administration
of mulberry leaf powder. After continuous use of mulberry leaf
powder for 10 weeks, although the blood glucose in the gavage
group was still higher than that in the normal group, it was at
a relatively low level compared with that in the diabetic control
group. The glucose tolerance test (GTT) result indicated that
mulberry leaf could enhance the insulin sensitivity of diabetic
mice (Figure 2A; Table S2) and significantly reduce the fasting
blood glucose (FBG) levels of diabetic mice after 4 weeks of
treatment (Figure 2B; Table S3). In general, mulberry leaf could

significantly reduce the FBG and improve the insulin sensitivity
of diabetic mice.

The results of the mouse insulin test showed that the serum
insulin value in the diabetic model group before administration
of mulberry leaf powder was slightly lower than that in the
normal mice. After continuous use of mulberry leaf powder for
10 weeks, the levels of serum insulin in the diabetic control mice
still showed a decreasing trend. The level of serum insulin in
mulberry powder-fed mice was similar to that in normal mice
(Figure 3; Table S4).

Statistical Analysis of Raw Data From
Mouse Liver Transcriptome
In order to obtain a broad, unbiased assessment of the diabetic
process and mouse liver transcriptome kinetics after mulberry
leaf powder treatment, gene transcription profiles were obtained
by performing RNA sequencing for three libraries using the
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Illumina HiSeq (TM) 2500 system. The Q30 values in all
three of the libraries were more than 90%, indicating a good
alignment. The quality of the raw data was assessed prior to
analysis using FASTQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/), and low-quality fragments were removed
by data preprocessing. From the libraries of the control,
diabetic control, and diabetic mulberry-treated mice, 53,207,368,
53,253,970, and 53,253,770 high-quality reads were obtained,
respectively, and subsequent studies of these high-quality reads
were performed. The results of the treatment are shown in
Tables 1, 2, and the average mass of the reads as a whole is very
high, which shows that the theoretical value of the experiment is

FIGURE 3 | Serum insulin levels of the mice. The serum insulin levels in the

STZ-induced diabetic mice were significantly lower than that in the normal

mice (*P < 0.05, DC compared with C). The serum insulin levels in the

mulberry powder-fed mice were significantly increased (#P < 0.05, DD

compared with DC).

in good agreement with the measured value and the sequencing
results are reliable.

Differential Gene Expression Changes in
the Three Libraries
The changes in DEGs are shown in Figure 4. The red field
shows the upregulation of genes (absolute difference), while the
green field shows the downregulation of genes. There were 652
common genes in the DC group (diabetic group) and C group
(normal group), 694 common genes in the C group (normal
group) and DD group (treatment group), and 671 common genes
in the DC group (diabetic group) and DD group (treatment
group). This suggests that the expression of many DEGs may be
related to the recovery of STZ-induced liver injury after mulberry
leaf powder treatment.

The uniquely expressed genes in the library should indicate
a close relationship with liver damage, insulin signaling,
inflammation, and glucose metabolism. Among them, the total
number of DEGs of DC/C and DD/C were 679 and 740,
respectively, of which 393 and 353 were upregulated and 286
and 387 were downregulated, respectively. However, comparing
DD/DC, it was found that the total number of DEGs was 716, of
which the number of upregulated genes was 211 and the number
of downregulated genes was 405 (Figure 5).

In order to study the molecular differences between the
onset of diabetes and the stages of treatment with mulberry
leaf powder, it is necessary to identify the DEGs in all three
of the libraries. We identified genes with fold change ≥2 and
FDR <0.05 as significant DEGs. Venny online software (http://
bioinfogp.cnb.csic.es/tools/venny/index.html) was used to obtain
the intersection of DC/C, DD/C, and DD/DC, and determine
the gene expression by analysis between the intersection and
union (Figure 6A). The results showed that there were 92
DEGs in the three groups, 253 specific genes in DC/C, 180
specific genes in DD/C, and 210 specific genes in DD/DC. DEGs

TABLE 1 | Before and after quality of pre-treatment data statistics.

Sample Raw reads Raw bases Clean reads Clean bases Valid ratio (base) Q30 (%) GC content (%)

Sample_C 53,207,368 6,650,921,000 52,542,956 6,566,343,431 98.72% 97.04% 48.00%

Sample_DC 53,253,970 6,656,746,250 52,626,414 6,576,806,657 98.79% 97.11% 48.50%

Sample_DD 53,253,770 6,656,721,250 52,780,196 6,596,137,284 99.08% 97.38% 49.00%

The statistical data here are the results of read1 + read2. C: normal mouse liver tissue; DC: liver tissue of the diabetic mice; DD: liver tissue of the diabetic treated mice. Raw reads:

the total number of raw reads was counted in each sample; Raw bases: the total number of bases was counted in each sample sequenced; Clean reads: the calculation method was

the same as that of raw reads, except the statistical files were the filtered sequencing data. The subsequent bioinformatics analysis was based on clean reads. Clean bases: the total

number of bases was counted in the clean reads, and the results were translated to values in G; Q30: the number of bases in the original data was calculated with Phred values greater

than 30% GC content: the percentage of the total number of bases G and C in the original data was calculated as a percentage of the total number of bases.

TABLE 2 | Distribution statistics of gene abundance (FPKM).

Sample Min. 1st Qu. Median Mean 3rd Qu. Max. Sum.

Sample_C 0 0 0.2873965 16.3884005147551 4.356305 13,777.9 368,804.56518405

Sample_DC 0 0 0.3375105 16.8922774620034 4.23865 16,595.9 380,143.812004924

Sample_DD 0 0 0.2822355 17.1462552416959 4.18458 17,327.4 385,859.327959124

FPKM: reads per 1K bases of map to exons per 1 million map reads. Min, minimum; 1st Qu, first quartile; Median, median; Mean, average; 3rd Qu, third quartile; Max, maximum.
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FIGURE 4 | Differential gene change heat map. Red represents the

upregulated genes, green represents the downregulated genes, and black

represents no significant difference in genes.

between DD/C and DD/DC were analyzed for intersection and
union (Figure 6B), and the results showed that there were 366
DEGs, 374 genes specifically expressed in DD/C, and 350 genes
specifically expressed in DD/DC. Analysis of the intersection and
union of DEGs between DC/C and DD/C is shown in Figure 6C.
The results showed that 286DEGs were expressed in both groups,
393 were expressed in DC/C, and 454 were expressed in DD/C.
DEGs between DC/C and DD/DC were analyzed for intersection
and union (Figure 6D). The results showed that 232 DEGs were
expressed in both groups, 447 were expressed in DC/C, and 484
were expressed in DD/DC.

GO Functional Classification of DGEs
After obtaining the DEGs, the top 20 of GO enrichment analysis
were selected (according to the –log10 P-value order of each
entry, and the entry containing less than three differential genes
was filtered out). The DEGs were selected for GO enrichment
analysis, and their functions were described in combination
with GO annotation results. The standard GO classification

provides a better understanding of the biological function of
DEGs in the pathogenesis of diabetes and after mulberry leaf
treatment. The DEGs of GO classification can be divided into
three basic functional categories: Biological Process, Molecular
Function, and Cellular Component. Three categories comparing
the treatment groups (C-DC, C-DD, and DC-DD) are shown in
Figure 7.

Most of the DEGs in the C-DC group were assigned to a single
tissue process (377 genes, approximately 17% of DEGs), single
cell processes (347 genes, approximately 15% of DEGs), and the
stress response (246 genes, approximately 11% of DEG); most
of the DEGs were classified into molecular functions (409 genes,
approximately 26% of DEGs), binding (322 genes, approximately
20% of DEGs), and catalytic activity (228 genes, approximately
14% of DEGs); and in the cellular component category, cellular
to cellular components (493 genes, approximately 10% of DEGs),
cell composition (447 genes, approximately 9% of DEGs), and
cells (447 genes, approximately 9% of DEGs). For the DEGs
in the C-DD group, most were assigned to the biological
processes (448 genes, approximately 20% of DEGs), single cell
processes (392 genes, approximately 17% of DEGs), and stress
response (236 genes, accounting for approximately 10% of
DEGs). In the molecular functional category, most of the DEGs
were classified into molecular functions (416 genes, accounting
for approximately 40% DEGs), catalytic activity (237 genes,
approximately 22% DEGs), and receptor binding function (61
genes, approximately 5% DEGs); in the cellular component
class, the DEGs were classified into cellular components (517
genes, approximately 12% of DEGs), organellar composition
(414 genes, approximately 10% of DEGs), and membrane bound
(394 genes, approximately 9% of DEGs). For the DEGs in the
DC-DD group, most were assigned to a single tissue process
(389 genes, approximately 20% of DEGs), a single cellular
process (352 genes, approximately 18% of DEGs), and single
tissue metabolism (184 genes, accounting for approximately
9% of DEG); most of the DEGs were classified into molecular
functions (401 genes, approximately accounting for 25% of
DEGs), binding (323 genes, approximately 20% of DEGs), and
catalytic activity (233 genes, approximately 14% of DEGs);
in the cellular component category, the DEGs were grouped
into cell composition (510 genes, approximately 9% of DEGs),
cellular composition (462 genes, approximately 8% of DEGs),
and cellular fractional composition (461 genes, approximately
8% of DEGs). The classification results showed that these DEGs
comprising the key genes involved in enzyme-catalyzed functions
during the pathogenesis of diabetes mellitus provide valuable
information for further study on the pathogenesis of diabetes.

KEGG Classification of DGEs
To identify the pathogenesis of diabetes and the biological
pathway activated during mulberry leaf treatment, the three
groups of DEGs were mapped into the KEGG database record
of the pathway. Three groups of DEGs from the KEGG analysis
FDR (False Discovery Rate) were selected. The top 20 pathways
with the lowest FDR are shown by a bubble chart in Figure 8. For
the C-DC group, 58 DEGs were involved in a total of 58 known
KEGG pathways, many of which were classified into metabolic
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FIGURE 5 | Differentially expressed gene statistics.

FIGURE 6 | Differential gene expression by Venn diagram analysis. (A) Number of differential gene expression profiles in the three libraries. (B) The number of DEGs

that overlap between C-DC and DC-DD. (C) The number of DEGs that overlap between C-DC and C-DD. (D) The number of overlapping DEGs between C-DC and

DC-DD.

pathways, retinol metabolism, inflammatory mediators of TRP
channels, PPAR signaling, AMPK signaling pathway, fatty
acid degradation and biosynthesis pathway, insulin signaling
pathway, and glucose metabolism/gluconeogenesis pathway.
DEGs in the C-DD group were involved in 24 known KEGG
pathways, of which many DEGs were involved in steroid

biosynthesis, retinol metabolism, metabolic pathway, drug
metabolism-cytochrome P450, PPAR signaling pathway, fatty
acid degradation, TNF signaling pathway, microbial metabolism
in different environments, and AMPK signaling pathway. There
were 37 known KEGG pathways in the DC-DD group, of
which many DEGs involved steroid hormone biosynthesis,
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FIGURE 7 | GO annotation of differentially expressed gene (DEG) functional classification. (A) GO analysis of DEGs of C-DC; (B) GO analysis of DEGs of C-DD; (C)

GO analysis of DEGs of DC-DD.

retinol metabolism, metabolic pathway, drug metabolism-
cytochrome P450, fatty acid degradation and biosynthesis
pathway, PPAR signaling pathway, inflammatory mediators of
TRP channel, tyrosine metabolism, AMPK signaling pathway,
and adipocytokine signaling pathway. The KEGG classification of
DEGs showed that most metabolic pathways were closely related
to glucose metabolism, insulin signaling, and inflammation.

Transcriptional Level Verification of DGEs
In order to verify the accuracy of the Illumina sequencing, we
selected 27DEGs (Scube1, Kif18b, Cd300e, Amn, Them7, Pnpla5,
Cidea, Trim5, Sult2a7, DNase, Psrc1, Ccnb2, Elfn1, Lrtm2, Gulp1,
Ccdc69, Spns3, UBD, Scgb1c1, Prrt3, Ckap2, Arhgef39, Cck,
Cyp4a12b, IRS1, IRS2, and Ly6c1) that were used to verify the
differences obtained from transcriptome sequencing by qRT-
PCR. The results indicate that the gene expression profiles
of these DEGs verified by qRT-PCR revealed similar trends
when compared to the RNA-Seq samples (Figure 9; Table S6),
indicating the high confidence of the transcriptional abundance
of these DEGs in signaling.

Western Blot Validates Differentially
Expressed Proteins
Western blotting was used to further confirm the changes in
the differential protein expression in mouse livers from diabetic

and mulberry leaf-treated mice. LY6A, CYP51A1, IGF2, TAP1,
GRB10, and UBD proteins were selected for analysis, and β-actin
was used as a control. Compared with group C, the expression
of LY6A, IGF2, TAP1, Grb10, and UBD was upregulated, and the
expression of CYP51A1was downregulated in the DC group. The
expression of IGF2 andUBDwas upregulated, and the expression
of LY6A, CYP51A1, TAP1, and Grb10 was downregulated in
the DD group (Figure 10). For our validation of these six
proteins, the Western blot results were in good agreement with
our RNA-Seq transcriptome sequencing and qRT-PCR analysis
(Figure 10). The changes in the transcriptional level and protein
level of Ly6a, Grb10, Tap1, IGF2, and UBD in the livers of mice
from the three groups were both significantly expressed in the
DC group and suppressed in the DD group, while the change
in CYP51A1 expression was inhibited in the DC group and
significantly enhanced in the DD group.

Effect of Active Ingredients in Mulberry
Leaf Powder on Differentially Expressed
Proteins in the Pathogenesis of Diabetes
Mellitus
The above test results analyzed the dynamic changes of the
differentially expressed proteins in diabetic mice after mulberry
leaf powder treatment, and combined with other research results
regarding the differential proteins, we propose a mechanism
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FIGURE 8 | Bubble diagram of DGEs (differentially expressed genes) KEGG pathway analysis. (A) KEGG analysis of DGEs in C-DC; (B) KEGG analysis of DGEs in

C-DD; and (C) KEGG analysis of DGEs in DC-DD. The enrichment score was calculated as: enrichment score = (m/n)/(M/N). Where N is the number of all genes with

KEGG annotation, n is the number of DGEs in N, M is the number of all genes annotated to specific pathways, and m is the number of DGEs in M. Pathways with a

P-value ≤ 0.05 were considered significantly enriched.

FIGURE 9 | Validation of the expression pattern of DGEs associated with diabetes by qRT-PCR; qRT-PCR used the same RNA samples (three mixed samples from

each treatment group). All of the qRT-PCR data are shown as the mean ± standard error; n = 3. Their expression relative to β-actin was quantified by qRT-PCR.

of action for the active compound in mulberry leaf powder
(Figure 11), as well as for the differential expression of proteins
caused by the disorder of glucose metabolism pathways and
inflammatory signaling. According to a study by Sia et al.
(Sia and Weinem, 2005), the overexpression of the Tap1 gene
leads to incorrect antigen processing, disruption of self-peptide
presentation, and reduction of cell surface expression of MHC
class 1 molecules. The genetic control of insulin-dependent
diabetes mellitus (IDDM) mainly depends on the HLA gene in
the MHC, while the TAP1 gene is involved in its regulation
(Caillat-Zucman et al., 1992), andTT TAP1 may induce insulin-
dependent diabetes mellitus. It has also been previously reported

that TNF-α may play an independent role in the pathogenesis of
IDDM (Yu et al., 1999).

Ubiquitin D (UBD) expression is upregulated in the
pathogenesis of diabetes, and UBD inhibits the activity of insulin
receptor substrates 1 and 2 (IRS1 and IRS2), diminishing their
ability to accept insulin, which leads to the downregulation
of PI3KR1 expression and causes insulin resistance. The
upregulation of lymphocyte antigen 6A (LY6A) and the
downregulation of CYP51A1 can activate the expression of
TNF-α and NF-κB, leading to inflammation. The growth factor
overexpression of Grb10 can block the signal between insulin
and insulin receptor, inducing insulin resistance. Insulin-like
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FIGURE 10 | The expression patterns of differentially expressed genes associated with the onset of diabetes are shown; expression was determined by qRT-PCR and

Western blot, with RNA samples and protein positives from three mixed samples per treatment group. All of the qRT-PCR data are shown as the mean ± standard

error; n = 3. Their expression relative to β-actin was quantified by qRT-PCR.

FIGURE 11 | Diagram illustrating a hypothetical mechanism of action for the differential expression of protein that occurred after treatment with mulberry leaf powder.

The red circles represent the active compound in the mulberry leaf component.

growth factor II (IGF-2) upregulates the activity of IRS1 and
IRS2 by activating the expression of tyrosinase and it can also
affect the PI3K-AKT signaling pathway, resulting in the disorder
of glycometabolism. The active compounds in mulberry leaves
regulate the expression of these different proteins to ease the
incidence of diabetes. In addition, these differentially expressed
proteins may also cause blocking of other signaling pathways,
which requires further study. In conclusion, the preliminary

mapping provided by our trial results will help us to understand
the mechanism of mulberry leaf powder in the treatment of
diabetes.

DISCUSSION

A healthy diet is an essential factor to lower the risk of
DM development. Considering adverse effects of drugs, natural
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products from traditional Chinese medicine like Mulberry
leaves have been drawn extensive attentions on preventive
and therapeutic interventions for DM (Yan et al., 2016).
Using network pharmacological analysis, Ge et al. found that
components of mulberry leaves can relieve the symptoms
of diabetes through the action of target proteins in various
metabolic pathways (Ge et al., 2018). However, the active
compound with hypoglycemic activity of mulberry leaves are still
unknown.

Among them, 1-deoxynojirimycin (1-DNJ) is a polyhydroxy
alkaloid derived from mulberry leaves (Huang et al., 2014). As
an analog of D-glucose, it has potent α-glycosidase inhibitory
activity and effectively reduces postprandial blood glucose levels.
A large number of scientific experimental results (Ji et al., 2016)
have shown that the hypoglycemic effect of mulberry leaves can
be achieved through the following two ways: (1) DNJ substances
contained in mulberry leaves prevent the production of new
glucose by inhibiting the activity of disaccharidases; and (2) the
fagomine alkaloid in mulberry leaves stimulates the beta cells to
secrete insulin so that the glucose in the blood is metabolized,
and the synthesis of glycogen is promoted at the same time,
finally achieving the purpose of lowering blood sugar (Hunyadi
et al., 2013). Numerous clinical trials have shown that DNJ
strongly inhibits the disaccharidase activity inside the human
digestive tract, such as that of sucrase or isomaltose enzyme, and
it also reduces the possibility of the conversion of disaccharides
in the body to glucose, but it has no effect on sugar absorption
at the same time. The hypoglycemic mechanism of fagomine in
mulberry leaves involving the increase of insulin release is similar
to that of glibenclamide, which is generally believed to play a
role in the small intestine after oral administration and delay the
absorption of carbohydrates in food, thus achieving the effect of
lowering blood glucose (Hunyadi et al., 2013). Clinical studies
have shown that DNJ can inhibit the absorption of sucrase,
maltase, isomaltase, trehalase, and lactase by small intestine
microvilli and it has the strongest inhibitory effect on sucrase,
but it does not inhibit α-amylase or cause sugar absorption
disorders. Therefore, the main goal of diabetes treatment is to
maintain normal blood glucose levels. During the treatment of
type II diabetes, DNJ can be used alone or in combination
with insulin secretion or sensitizing agents depending
on the cause and existing metabolic disorders. Another
function of α-glucosidase inhibitors is to reduce carbohydrate
absorption in the intestine and lower blood glucose levels
(Król et al., 2016).

In this experiment, a single intraperitoneal injection of STZ
induced diabetes in mice, which resulted in high blood sugar,
insulin resistance, and other symptoms of diabetes. The amount
of blood sugar in these mice sharply increased and serum
insulin decreased 72 h after the injection. After 10 weeks of
administration to diabetic mice, the mulberry leaf powder had
a positive effect on fasting blood glucose and insulin levels.
After mulberry leaf administration, diabetic mice experienced a
significant increase in body weight compared to the DC group
(Figure 1). It has also been reported (Pelantová et al., 2016) that
after a certain period of treatment, body weight decreased but
the other physiological indexes were significantly different. Yet

another study (Liu et al., 2015) reported no significant difference
during the first week of treatment, with DNJ-treated diabetic
mice exhibiting a significantly reduced body weight from the
second week in a dose-dependent manner. Do et al. (2015)
concluded that the final body weight of the high-fat group
(38.08 g) was significantly higher than that of the control group
(30.00 g) or DNJ group (34.01 g).

Our results are consistent with previous findings (Aramwit
et al., 2013), although our treatment span of 10 weeks may be
longer than other studies. Therefore, on the basis of comparing
the results of previous studies, we can conclude that the aqueous
solution of mulberry leaf powder has little effect on weight
regulation in mice. Previously, Reed et al. (2000) injected normal
rats with STZ to induce the development of diabetes mellitus.
Compared with the fasting blood glucose of normal rats, the
fasting blood glucose of STZ-injected rats was significantly
increased, and decreased pancreatic β-cell function and increased
insulin resistance were observed in STZ-induced diabetic rats.
Thus, STZ can be used to produce a hyperglycemic animal
model with the administration of a single high dose, and type
II or type I diabetic animal models can also be produced using
a variety of low-dose STZ treatments. In addition, mulberry
leaf powder application significantly improved glucose tolerance
in diabetic mice, indicating that the construction of a diabetic
mouse model basically meets the experimental requirements.
In this experiment, feeding mulberry leaf water solution (80
mg/kg) to diabetic mice significantly reduced fasting blood
glucose (FBG) and increased serum insulin levels, resulting
in reduced insulin resistance and improved insulin receptor
sensitivity. Mulberry leaf as a traditional Chinese medicine
treating diabetes mainly by enhancing the insulin sensitivity of
peripheral tissues.

Previously published studies (Aramwit et al., 2011) reported
that mulberry aqueous solution can inhibit TNF-α-induced NF-
κB activation and Lectin-like Oxidized Low Density Lipoprotein
Receptor-1 expression in vascular endothelial cells. Asai et al.
(2011) showed that long-term intake of mulberry leaf extract
enriched in DNJ can improve postprandial glucose levels
in individuals with impaired glucose metabolism. Toshiyuki
et al. (2007) found that mulberry aqueous ethanol extract
effectively reduced postprandial blood glucose and increased
insulin concentrations in healthy subjects. Sheng et al. (2017)
showed that mulberry leaf is effectively used in TCM for the
treatment of diabetes. Mulberry leaf is effective due to its
mechanism of action, which involves attenuating NEFA (non-
esterified fatty acid) signaling as well as regulating gut microbiota
in STZ-induced diabetic rats, stimulating the release of insulin
to enhance insulin sensitivity in peripheral tissues (Beck-Nielsen
et al., 1979), and inhibiting glycogenolysis and gluconeogenesis
(Carvalho-Martini et al., 2006).

Hamdy et al. (Hamdy, 2012) reported that mulberry leaf
extract given to type II diabetic rats can reduce blood glucose
levels, regulate oxidative stress levels, increase hexokinase and
glycogen synthesis activity, and reduce glucose metabolism in
the liver via a reduction of glucose-6-phosphatase activity.
Andallu et al. (2001) found that oral administration of
mulberry leaf extract reduced blood glucose, triglycerides,
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very low density lipoprotein (VLDL) cholesterol, low density
lipoprotein (LDL) cholesterol, and fatty acids in patients
with type II diabetes. Aramwit et al. (2011) also found that
mulberry leaf powder can effectively reduce blood lipids in
patients with mild hyperlipidemia, and mulberry leaf treatment
more effectively inhibits triglycerides and LDL than dietary
control. From this, it can be seen that the anti-diabetic
mechanism of mulberry leaves appears to be multidirectional,
of which the most effective is DNJ, a nitrosyl sugar that
mainly inhibits alpha-amylase and galactosidase (Hunyadi
et al., 2012), while the polysaccharide is an α-glucosidase
competitor. In addition, mulberry leaves contain phenolic
substances with strong antioxidative capacity to reduce oxidative
stress and related complications of diabetes (Katsube et al.,
2006).

In the current study, diabetic mice exhibited constant
hyperglycemia during the entire experiment compared to normal
mice. After 10 weeks of mulberry leaf powder administration,
FBG was significantly reduced compared with the diabetic group
and the control group (Figure 2). Previous studies have also
reported a significant reduction in FBG in diabeticmice following
antidiabetic drug administration (Toshiyuki et al., 2007). Serum
insulin was monitored 10 weeks after treatment with mulberry
leaf powder. The average insulin level in diabetic mice was lower
than that in the normal and treatment groups (1.23 and 1.28
µg/L, respectively) (Figure 3). Lack of early insulin secretion is
a classic deficiency of type II diabetes and may lead to high FBG
concentrations and postprandial hyperglycemia (Yi et al., 2012).
Therefore, our results are basically consistent with the reduction
in serum insulin levels as previously reported with other diabetic
model mice (Shibata et al., 2007).

The pathogenesis of diabetes is a complex process involving
the regulation of many genes. In order to identify the process
of diabetes mellitus and the DEGs after mulberry leaf powder
treatment, the liver tissues of normal mice, diabetic mice, and
mulberry leaf powder-treated diabetic mice were collected and
sequenced. According to the gene expression analysis, there
were significant DEGs among the groups. In this experiment,
we measured gene transcripts in the liver from the three
groups of mice, focusing on genes involved in the balance
of glucose metabolism, inflammation, and insulin signaling.
The results showed that there was a significant difference
between the diabetic group and the normal group and the
mulberry group. Compared with the normal group, mulberry
leaves significantly restored the transcription level of these
genes. We also selected more significant DEGs for qRT-
PCR to verify the transcriptional level of these genes and
transcriptome sequencing differences. Here, we selected 27 DEGs
that may participate in glucose metabolism and are related
to inflammation. According to our analysis, most DEGs were
significantly upregulated when compared to diabetic groups and
normal groups. After comparing the control mice with the
mice that were treated with mulberry leaves, we found that
most of the significantly DEGs gradually recovered to normal
levels of expression. Based on these findings, we have suggested
that changes in the mRNA levels that lead to these DEGs
may be due to the restoration of gene expression caused by

the treatment with mulberry leaves. This is consistent with a
previous study by Rubin et al. (2016) showing that the expression
of DEGs in diabetic nephropathy mice returned to normal
levels after pigment epithelium-derived factor (PEDF) peptide
treatment.

The ubiquitinated protein (UBD) downregulates the insulin
receptor substrate protein (IRS2) in differentially expressed
proteins validated by Western blot, leading to a decrease in
the sensitivity of the body to insulin, which can result in the
development of diabetes (Cort et al., 2014). Insulin-like growth
factor 2 (IGF2) can activate tyrosine kinase upregulation by
binding to IGF1, and it also leads to a decrease in the activity
of insulin receptor substrate (IRS1), which can result in the
development of diabetes (Su et al., 2016). IGF2, produced and
secreted by adult β-cells, also acts as an autocrine activator of the
β-cell insulin-like growth factor receptor signaling pathway and
it is also capable of activating the expression of IGF-IR and AKT
kinases. In addition, the overexpression of IGF2 leads to the de-
differentiation of β-cells in vivo and pancreatic islet dysfunction
caused by endoplasmic reticulum stress, making the islets more
likely to initiate β-cell damage and immune attack. Casellas et al.
(2015) showed that islet insulin-like growth factor (IGF2) may
lead to the development of diabetesmellitus. Further experiments
by Mu et al. (2015) showed that IGF2 activity is upregulated and
can activate PI3K/AKT signaling. Besides, Ong et al. found that
either genetic or pharmacological activation of Akt protected the
heart against acute ischaemia-reperfusion injury by modulating
mitochondrial morphology (Ong et al., 2015). Our validation of
IGF2 showed that it is highly expressed in the liver of diabetic
mice, which is consistent with previous studies. Thus, IGF2 is
an autocrine ligand of the β-cell IGF1R receptor, and GLP-1
enhances the autocrine activity by enhancing the expression of
IGF-1R, promoting the transcription of endothelial growth factor
(EGFR), and activating phosphoinositide kinase (PI3K) (Honey
et al., 2014).

Stem cell antigen 6 complex (LY6A) induces the expression
of interleukins, such as lymphokines, TNF-α, IL-6 and IL-
9, resulting in the production of inflammatory signals (Chen
et al., 2003); growth factor receptor binding protein 10 (Grb10)
binds to and inhibits the activated receptor tyrosine kinase
and simultaneously inhibits insulin binding to insulin-like
growth factor (IGF-1), which interferes with signal transduction
and increases receptor degradation. Blocking the association
of insulin and insulin receptor substrates 1 and 2 prevents
their tyrosine phosphorylation. Research by Yang et al. (2016)
showed that Grb10 expression was significantly elevated in the
kidneys of diabetic mice compared to non-diabetic mice, whereas
treatment with catalpol significantly abolished the increase in
Grb10 expression in diabetic kidneys. In addition, a study
by Ren et al. (2016) found that CYP51A1 (lanosterol 14-α-
demethylase) is involved in the metabolism of sulfonylureas
in type II diabetes and can cause changes in the amount of
glycosylated hemoglobin (HbA1c); Ding et al. (2015) found
that CYP51A1 is involved in cholesterol metabolism. In the
current study, the expression of CYP51A1 was inhibited, which
will cause the upregulation of the NF-κB signaling pathway,
leading to the upregulation of TNF-α, which will then trigger
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an inflammatory reaction and aggravate the symptoms of
diabetes.

It is well-known that the most important reason for the
development of diabetes is that insulin resistance leads to
impaired insulin secretion due to the impaired insulin signaling
pathway, which leads to hyperglycemia. The insulin receptor
is also a tyrosine kinase receptor that mediates the pleiotropic
effects of insulin (Liu et al., 2016). Insulin binding leads to
the phosphorylation of several intracellular substrates, including
the insulin receptor substrate (IRS) (Fritsche et al., 2008).
Insulin exerts its physiological functions through the insulin
or insulin-like growth factor (IGF) signaling system. In this
signaling system, insulin regulates metabolic processes, whereas
insulin-like growth factors primarily promote cell division and
differentiation. Insulin receptor substrate 2 (IRS2) plays a crucial
role in the IN/IGF signaling system. The interaction between
IGF2 and UBD causes a decrease in IRS expression, which
results in the activation of the PI3K-AKT PKB pathway; this
pathway is responsible for most of the metabolic effects of
insulin and impairs the expression of certain genes. Therefore,
the inactivation of IRS may lead to disorders in glucose and lipid
metabolism and other effects caused by damage resulting from
excess insulin.

CONCLUSION

Based on RNA-Seq transcriptomics, we identified some
differentially expressed genes involved in the pathogenesis of
diabetes and elucidated the potential molecular mechanism
caused by mulberry leaf powder in diabetic mice. The active
ingredients inmulberry leaf powder exerted their effects by acting
on UBD, IGF2, Grb10, and other target proteins, including the
prevention of inactivation of inducible insulin receptor substrate
(IRS), which normally would result in insulin resistance when
inactivated. Finally, we present a hypothetical model for how
mulberry leaf attenuates diabetes (Figure 11) that will help us to
understand more about the molecular mechanisms of diabetes.
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