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Abstract

Dietary polysaccharides are effective in mitigating hyperglycemia, insulin resistance, and improving the condition
of people with type 2 diabetes mellitus (T2DM). Our investigation explored the changes in the normal microbi-
ome that occur upon high-fat diet feeding and how dietary Dendrobium officinale polysaccharides (DOP) can ben-
efit the treatment of T2DM by mitigating gut microbial dysbiosis. In addition, we have evaluated the changes in
lipid metabolism in T2DM mice. Results suggest that HFD feeding (8 weeks) and streptozotocin (120 mg/kg b.w)
result in insulin resistance, hyperlipidemia, and gut microbial dysbiosis associated with T2DM. Treatment with
DOP results in improved glucose and insulin tolerance, as well as a better plasma and tissue lipid profile. In addi-
tion, histopathological and molecular changes support the biochemical observations. Results of gut microbiome
studies based on 16S rRNA sequencing suggest that DOP plays a role in improving the population of beneficial
bacterial species. In summary, DOP attenuated hyperlipidemia by regulating gut microbial dysbiosis in T2DM.

Keywords: Dietary polysaccharides; Firmicutes/Bacteroidetes; Gut microbial dysbiosis; Insulin resistance; Type 2
diabetes mellitus.

Introduction use, alcohol consumption, and a lack of physical activity

(Kheriji et al., 2023). An unhealthy dietary habit can lead

The global predominance of diabetes mellitus in adults
(aged 20 to 79) is projected to be 10.5%, affecting roughly
530 million people worldwide (Sun et al., 2022). In par-
ticular, type 2 diabetes mellitus (T2DM) is considered a
potential health concern affecting people from different
regions. T2DM impacts an individual’s everyday func-
tions and quality of life, and in the worst-case scenario,
leads to death. The aspects that contribute to the onset
and progression of T2DM vary, including changes in
dietary habits, high basal metabolic index (BMI), tobacco

to a high BMI and obesity, which in turn increases the
risk of developing insulin resistance in various tissues
and T2DM (Ruze et al., 2023). Upon obesity, adipose
tissue releases multiple hormones, pro-inflammatory
cytokines, fatty acids, and other factors contributing to
insulin resistance (Wondmbkun, 2020). The oversecretion
of insulin by beta cells in response to insulin resistance
and hyperglycemia results in the failure of beta cells.
Hence, hyperglycemia, insulin resistance, and beta-cell
dysfunction are the key factors to be studied in T2DM.
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The treatment methods for T2DM include a healthy
diet, changes in physical activities, oral antidiabetic
medications (sulfonylureas, meglitinides, thiazolidinedi-
ones, a-glucosidase inhibitors, DPP IV inhibitors, etc.),
and bariatric surgery (laparoscopic sleeve gastrectomy,
Roux-en-Y gastric bypass, and adjustable gastric band-
ing) (Chong et al., 2024).

Although the treatment methods mentioned above pro-
vide significant improvement in T2DM management,
interest in dietary-mediated changes in T2DM pathol-
ogy has garnered much attention because of their ease of
accessibility and lack of harmful effects. In our previous
studies, we have demonstrated the antidiabetic efficacy of
various dietary phytochemicals and polysaccharides, as
well as their ability to regulate gut microbial populations
beneficially (Jayachandran et al., 2019; Jayachandran
et al., 2020; Jayachandran et al, 2023; Li et al., 2021;
Zhao et al., 2020). Through modulation of gut micro-
biota diversity, dietary polysaccharides can exhibit
prebiotic-like properties, potentially treating T2DM
(Cunningham et al., 2021). This was demonstrated in our
previous study on dietary polysaccharide Konjac gluco-
mannan, which exhibited antioxidant, anti-inflammatory,
antihyperlipidemic, and antidiabetic efficacy (Li et al,
2021; Zhao et al., 2020). In addition, KGM significantly
regulates the beneficial bacterial flora in the gut, thereby
improving gut health and T2DM (Jayachandran et al.,
2023). Similarly, in this study, we postulate the investiga-
tion of the outcomes of DOP on T2DM mice.

DOP is a biologically active polysaccharide extracted
from Dendrobium officinale and used as a potential
herbal medicine in traditional Chinese medicine (Liu
et al., 2020). DOPs are water-soluble, non-starchy poly-
saccharides that constitute approximately 20% of the
total extract (Wu et al, 2023). Studies indicate that
the major composition of DOP consists of 1,4-B-D-
glucose, 1,4-B-D-mannose, and O-acetate groups (Liu
et al., 2023). Research from other groups and our pre-
liminary study has indicated that DOP possesses sev-
eral health-benefiting properties, including antioxidant,
anti-inflammatory, antidiabetic, immunomodulatory,
and anticancer effects (Xu et al., 2022). Notable studies
have found that DOPs are resistant to regular digestion
processes, and actual metabolism occurs in the large
intestine through gut microbes (Li et al., 2019). This
gut microbial-mediated metabolism of DOPs yields
oligosaccharides and various short-chain fatty acids
(SCFAs). These metabolic products are recognized for
their role in regulating gut microbiota and for enhanc-
ing overall health. A decline in harmful gut bacterial
flora, including Escherichia and Staphylococcus, and an
increase in beneficial bacterial flora, such as Bacteroides,
Bifidobacterium, Lactobacillus, ~Akkermansia, and
Prevotella, are the primary reasons that could make
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the DOP a potential prebiotic in disease intervention
(Wu et al., 2023).

Although numerous studies have studied the potential
health benefits of DOP in experimental animals, research
on its antihyperlipidemic effects in the context of gut
microbial regulation, with evidence from molecular path-
way changes, is lacking. Hence, we have designed this
experiment to explore the antihyperlipidemic effects of
DOP on HFD/STZ-induced T2DM mice. Furthermore,
we planned to examine the changes in gut microbial dys-
biosis that favor the management of T2DM. The final
results of this experiment could aid in categorizing the
prebiotic role of DOP in regulating the gut microbial
population and provide a more effective treatment strat-
egy for preventing T2DM.

Experimental Materials and Methods
Polysaccharides and general chemicals

DOP was purchased from Baicao Organism, China. Key
chemicals, such as streptozotocin (STZ) and pioglitazone
(PIO), were purchased from Sigma-Aldrich, Shanghai,
China. The general chemicals were acquired from Shang
hai Macklin Biochemical Co., Ltd. (Shanghai, China).

General characteristics and acclimatization of mice

The male C57BL/6N mice (n=24) with healthy con-
ditions (20 g to 25 g) and normal glucose levels were
used for this study. The 6- to 8-week-old mice were pro-
cured from the Shanghai Model Organisms Center, Inc.,
Shanghai, China. The experimental animal house of
Shanghai Tenth People’s Hospital was utilized to access
pathogen-free polypropylene cages, which were obtained
with prior permission to perform the animal study, in
accordance with the guidelines of the ethical commit-
tee (SHDSYY-2023-1981). Throughout the experimental
period, the mice were given unlimited access to water
and food. The National Institute of Health animal usage
protocol was strictly adhered to. Before the actual experi-
ments, we acclimated the mice for 2 weeks.

T2DM induction and experimental grouping

Following a previous study, we have developed a mouse
model (Male C57BL/6N mice) of T2DM (HFD+STZ)
(Wang et al., 2021). A high-fat diet (HFD) was pur-
chased from Open-Source Diets, Research Diets, New
Brunswick, NJ, USA, and its composition is as follows:
5.24 kcal/g, 60% kcal (fat), 20% kcal (carbohydrates),
and 20% kcal (protein). The experimental animals were
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divided into four groups. Group 1: control mice fed
with a standard pellet diet throughout the experimental
period. Group 2: diabetic mice fed with HFD through-
out the experimental period and given STZ (120 mg/kg
b.w) one time after 8 weeks of of HF feeding. Group 3:
diabetic mice fed with HFD (8 weeks)/STZ and treated
with DOP (80 mg/kg b.w) (28 days). Group 4: diabetic
mice fed with HFD (8 weeks)/ STZ and treated with PIO
(10pg/kg b.w) (28 days). The dose of DOP (80 mg/kg b.w)
was determined based on preliminary studies (data not
shown). Diabetic mice, defined by fasting blood glucose
levels greater than 300 mg/dL, were included in the study.

Animal dissection and sample preservation

Once the experimental procedure was completed,
mice were kept fasting overnight. We have used chloral
hydrate (24 mg/kg b.w) to anesthetize the mice and killed
them by cervical decapitation.

Blood and tissue sample collection

Using heparinized tubes, fresh blood samples were
obtained from each animal, and the plasma was then
obtained. Tissue samples were washed (saline) thor-
oughly to remove the blood stains and stored at —80 °C
for molecular assays. Fresh tissue samples were homoge-
nized and used for biochemical assays.

Tissue homogenate preparation

Lipid extraction from mouse tissues was performed
using the Folch et al. (1957) protocol. Tissues were rinsed
with ice-cold saline and then homogenized in a chlo-
roform: methanol mixture (2:1, v/v). After 24 hours at
RT, the extraction was repeated four times. The pooled
extracts were washed with 0.7% potassium chloride, and
the upper aqueous layer was removed. The organic phase
was collected, and chloroform was evaporated before
lipid analysis.

Collection of fecal sample for 16S rRNA sequencing
After overnight fasting, fecal samples were gathered in
a sterile container. The collected samples were stored
at—80 °C prior to the experiments.

Oral glucose tolerance test (OGTT)

An OGTT was conducted according to the earlier pro-
cedures described by Du Vigneaud and Karr (1925).

Animals were fasted overnight to prepare for the test,
the blood of mice was collected at “0” minute, and
blood glucose levels were noted. Furthermore, a glu-
cose solution (2 g/kg body weight) was administered,
and glucose levels were monitored at defined time
points (0, 30, 60, 90, and 120 minutes) using an Accu-
Chek glucometer (Roche Diagnostics, Mannheim,
Germany).

Insulin tolerance test (ITT)

Similar to OGTT, animals were kept fasting overnight
before the ITT, blood glucose values were noted at “0”
minute, and mice were given an insulin injection (1-1.2
units/kg) intraperitoneally. The insulin doses were
measured based on the weight of the different mice.
Post-injection, glucose levels were measured using the
Accu-Chek Glucometer at the following time intervals:
0, 30, 60, 90, and 120 minutes.

Plasma and tissue lipid profile

The lipid profile diagnosis kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) was used to
analyze plasma total cholesterol (TC), triglycerides (TG),
high-density lipoprotein (HDL), and low-density lipo-
protein (LDL). Very low-density lipoprotein (VLDL) was
measured as TG divided by 5. We have analyzed the TC
and TG in the liver homogenate.

Histopathological analyses

H and E staining of liver and adipose tissue

Liver and adipose tissues were used for performing H&E
staining. After dissection, the respective tissue samples
were fixed in 10% formalin. 5 mm-thick tissue segments
were made from paraffin-embedded tissue blocks. The
slides were then stained with hematoxylin and eosin as
per standard procedure, and images were captured at
200x magnification.

Oil red O staining of the liver

The liver sections (frozen) were cut at 8 to 10 mm and
then air-dried. The dried slides were then fixed in a for-
malin solution. Followed by washing for 1-10 minutes
with running tap water. Rinse the slides with 60% isopro-
panol, and then stain the slides with Oil Red O solution
(prepared at the time of the experiment) for 15 minutes.
Once the incubation time is complete, rinse the slides
with 60% isopropanol and stain them with alum hema-
toxylin (approximately 5 dips). Finally, rinse the stained
slides with water and mount the slides with an aqueous
mount and coverslip.
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Gene sequencing analyses

Extraction of DNA and PCR amplification

Total microbial genomic DNA was extracted from fecal
samples using the E.ZN.A.° Soil DNA Kit (Omega
Bio-Tek, Norcross, GA, USA) following the manufac-
turer’s instructions. The DNA samples were stored at
—-80°C prior to the experiments. The concentrations of
the DNA samples were assessed using the NanoDrop®
ND-2000 spectrophotometer (Thermo Scientific Inc.,
USA). The V3-V4 hypervariable region of the bacte-
rial 16S rRNA gene was amplified using the primer pair
338F (5'-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5'-GGACTACHVGGGTWTCTAAT-3’) on an ABI
GeneAmp® 9700 PCR thermocycler (ABI, CA, USA), as
previously described by Liu et al. (2016). The composi-
tion of the PCR mixture is as follows: Each 20 pL. PCR
reaction mixture contained 10 ng of template DNA, 4 uL
of 5x FastPfu buffer, 2 puL of 2.5 mM dNTPs, 0.8 pL each
of forward and reverse primers (5 (M), 0.4 puL of FastPfu
DNA polymerase, and nuclease-free water (ddH,O) to
adjust the final volume. The amplification settings are as
follows: 1. Denaturation at 95 °C for 3 min, 2. Denaturing
at 95 °C for 30 s (27 cycles), 3. annealing at 55 °C for 30s,
4. extending at 72 °C for 45 s, 5. The extension was per-
formed at 72 °C for 10 minutes, followed by a cooling
step to 4 °C. The Triplicate of each sample was utilized
for the amplification. Using 2% agarose gel. The final
PCR product was separated on a 2% agarose gel, refined
using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA), and quantified using
the QuantusTM Fluorometer (Promega, USA).

llumina MiSeq sequencing

Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai,
China) has merged purified amplicons in equimolar
proportions and executed paired-end sequencing on an
Illumina MiSeq PE300 platform or NovaSeq PE250 plat-
form (Illumina, San Diego, USA), following established
methods. The NCBI Sequence Read Archive (SRA) data-
bank now holds the raw sequencing reads.

Bioinformatics

Raw paired-end reads were quality-filtered using Fastp
(v0.19.6) (Chen et al., 2018) and subsequently merged
with FLASH (v1.2.7) (Magoc and Salzberg, 2011).
Trimming was performed at positions where the average
quality score within a 50 bp sliding window fell below
20. Reads shorter than 50 bp or containing ambiguous
nucleotides were removed from further analysis. Merged
reads with =10 bp overlap and <0.2 mismatch rate
were retained. High-quality reads were clustered into
Operational Taxonomic Units (OTUs) at 97% similarity
using UPARSE (v7.1) (Edgar, 2013). For each OTU, the
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sequence with the highest abundance was selected to rep-
resent the cluster and classified taxonomically using the
RDP Classifier (version 2.2) (Wang et al., 2007) against
the SILVA 16S rRNA database (version 138) (Quast et al.,
2013) with a confidence threshold of 0.7.

Functional prediction of microbial communities was
performed using PICRUSt2 (Douglas et al., 2020) based
on representative OTU sequences. The pipeline uti-
lizes HMMER, EPA-NG, Gappa, Castor, and MinPath
to assign sequences to a reference tree, normalize gene
copy numbers, and predict gene family and pathway
abundances. Microbial community composition was pro-
filed at both the phylum and genus levels. A community
heatmap and cladogram were generated to visualize tax-
onomic differences, and the Microbial Dysbiosis Index
(MDI) (Gevers et al., 2014) was calculated to evaluate
imbalance in microbial profiles. Data analyses were car-
ried out on the Majorbio Cloud Platform (https://cloud.
majorbio.com).

Statistical analyses

One-way and two-way analysis of variance (ANOVA)
and multiple comparisons among different groups were
calculated using GraphPad Prism 8.0.2. The mean * stan-
dard deviation (S.D.) indicates the entire data set of total
mice. The p<0.0001 signifies a considerable difference in
statistical analysis between different groups. A bioinfor-
matics study of the gut microbiota was performed via the
Majorbio Cloud platform.

Alpha diversity indices, including Shannon index and
Chaol richness, were analyzed using Mothur (v1.30.1)
(Schloss et al., 2009). Differences between groups were
assessed using the Kruskal-Wallis H test. Beta diversity
was evaluated based on Bray—Curtis dissimilarity and
visualized using Principal Coordinates Analysis (PCoA)
at the OTU level and hierarchical clustering at the
species level, both implemented via the Vegan package
(v2.5-3) inR.

Results

Effect of DOP on OGTT

A regular test to check the body’s capability to handle a
glucose load is the OGTT. The control group (group 1)
exhibited a gradual increase until 30 minutes, after which
it started to decline. The diabetic group (group 2) showed
a rise from 30 min and maintained this rise, without a
considerable decline, even at 120 min. Conversely, upon
treatment with DOP (80 mg/kg b.w.), the mice showed
a considerable decrease after a peak at 30 minutes.
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A comparable outcome was achieved in treatment with
PIO (10 g/kg b.w.) (Figure 1A).

Effect of DOP on ITT

The ITT is a basic screening test used to evaluate insu-
lin action in patients with diabetes and assess insulin
resistance. Our results suggest that the control group
(Group 1) exhibits a gradual increase until 30 minutes,
followed by a decline up to 120 minutes. The diabetic

maintained this rise, without a considerable decline, even
at 120 minutes. However, upon treatment with DOP
(80 mg/kg b.w), the mice showed a considerable decrease,
reaching a peak at 30 minutes. A-like effect was attained
in mice given PIO (10 ug/kg b.w) (Figure 1B).

Effect of DOP on plasma lipid profile

Dyslipidemia raises the risk of cardiovascular disease
in diabetes mellitus. Figure 2 exhibits the plasma lipid

group (group 2) showed a rise from 30 minutes and profile (TC, TG, LDL, HDL, and VLDL). Diabetic mice
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Figure 1. This figure illustrates the glucose and insulin tolerance tests performed. (A) Oral glucose tolerance test of con-

trol and experimental mice. Values were given as means * S.D. for three mice in each group. At the time point “0” minutes, a
significant difference of <0.0001 (****) was observed in Control vs T2DM and Control vs T2DM+DOP. A significant difference
of 0.0008 (***) was observed between the Control and T2DM+PIO groups. A significant difference of 0.0067 (**) was observed
between T2DM and T2DM+PIO. No significant difference was observed between T2DM and T2DM+DOP, or between T2DM+DOP
and T2DM+PIO. At the time point “30” minutes, a significant difference of <0.0001 (****) was seen in control vs T2DM, Control
vs T2DM+PIO, and T2DM vs T2DM+PIO. There was a significant difference of 0.0004 (***) in Control vs T2DM+DOP, 0.0062 (**)
in T2DM vs T2DM+DOP, and 0.0206 (*) in T2DM+DOP vs T2DM+PI0. At the time point “60” minutes, a significant difference of
<0.0001 (****) was observed in Control vs T2DM, Control vs T2DM+DOP, Control vs T2DM+PIO, and T2DM vs T2DM+PIO. A signif-
icant difference of 0.0002 (***) was observed between T2DM and T2DM+DOP, and 0.0040 (**) between T2DM+DOP and T2DM+PIO.
At the time point “90” minutes, a significant difference of <0.0001 (****) was seen in all comparisons except T2DM+DOP vs
T2DM+PIO (0.0055). At the time point “120” minutes, a significant difference of <0.0001 (****) was seen in all the comparisons.
(B) Insulin tolerance test of control and experimental mice. Values were given as means * S.D. for three mice in each group.
At the time point “0” minutes, a significant difference of <0.0001 (****) was seen between the control vs T2DM, Control vs
T2DM+DOP, Control vs T2DM+PIO, and T2DM vs T2DM+PIO. A significant difference of 0.0004 (**) was observed between T2DM
and T2DM+DOP. There was no significant difference between T2DM+DOP vs T2DM+PIO. At the time point “30” minutes, a signif-
icant difference of <0.0001 (****) was observed among all comparisons except the T2DM+DOP vs T2DM+PIO (No significance).
A similar pattern was seen at time points 60, 90, and 120.
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Figure 2. This figure depicts the plasma lipid levels in different experimental groups. The statistical difference <0.0001 (****)
indicates a significant difference among the groups. The groups with a statistical difference (**) with a p-value (0.00691) in total
cholesterol (T2DM+DOP vs T2DM+PI0), a statistical difference (*) with a p-value (0.0118) in HDL (T2DM+DOP vs T2DM+PI0), and
no significant difference in LDL (T2DM+DOP vs T2DM+PIO) were noted.

exhibit significantly elevated plasma lipid levels (TC, TG,
LDL, and VLDL) compared to control mice (p < 0.0001).
Meanwhile, diabetic mice treated with DOP (80 mg/kg
b.w) showed a decrease in the concentrations of plasma
lipids (TC, TG, LDL, and VLDL). The results are compa-
rable to those of diabetic mice given PIO (10 pg/kg b.w).
Meanwhile, HDL levels were decreased in diabetic mice
and increased upon treatment with DOP (80 mg/kg b.w.)
and PIO (10 pg/kg b.w.).

Effect of DOP on tissue lipid profile

Figure 3 illustrates the TC and TG levels in the liver of
experimental mice. Control mice show normal TC and
TG levels. Meanwhile, diabetic mice show a substantial
(p < 0.0001) increase in TC and TG compared to control
mice. The diabetic mice treated with DOP (80 mg/kg b.w)
have shown a significant (p<0.0001) decrease in liver TC
and TG. Similar results were achieved in diabetic mice
treated with PIO (10 pg/kg b.w).

Effect of DOP on tissue morphology

Hematoxylin and eosin staining of liver and adipose tissue
Hematoxylin and eosin staining helps identify alterations
in the structure of cellular components, aiding in the dif-
ferentiation between healthy and diseased conditions.
Control mice show regular hepatic cells with clear nuclei.
Diabetic mice show inflammatory infiltrations, lipid
accumulation, and necrosis. The treatment of diabetic
mice with DOP (80 mg/kg b.w) and PIO (10 pg/kg b.w)
has reduced inflammatory infiltrations, lipid accumula-
tion, and necrosis in the liver.

Similar to the liver, adipose tissue shows changes in dif-
ferent groups. Control mice show normal adipocytes of
regular size. Diabetic mice showed that the size of adi-
pocytes was increased comparatively to control mice.
Diabetic mice fed with DOP (80 mg/kg b.w.) exhibit
anti-obesity effects through decreased adipocyte size. A
similar change in size was seen in diabetic mice treated
with PIO (10 ug/kg b.w) (Figure 4A).
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Figure 3. This figure illustrates the total cholesterol and triglyceride levels in the liver tissue of experimental mice. The statisti-
cal difference <0.0001 (***) indicates a significant difference among the groups. The groups with statistical significance (**) with
a p-value of 0.0032 in total cholesterol (T2DM+DOP vs T2DM+PI0) and no statistical significance in triglyceride (T2DM+DOP vs
T2DM+PI0) were noted.
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Figure 4. This figure illustrates the histopathological changes in the liver and adipose tissue of control and experimental
mice. (A) Hematoxylin and eosin staining of the liver and adipose tissue (20x). (B) Oil red O staining of the liver (10x). (C) Quan-
tification of stained area in Oil red O staining. Values were given as means # S.D. for three mice in each group. **indicates the
significant difference with p-value 0.0002 (Control vs T2DM), **indicates the significant difference with p-value 0.0090 (Control
vs T2DM+DOP), *indicates the significant difference with p-value 0.0035 (Control vs T2DM+PIO), *indicates the significant dif-
ference with p-value 0.0306, and ns indicates no significant difference among the groups.
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Oil red O staining of the liver

The lipid substances in cells and tissues are identified
efficiently using the special staining method Oil Red
O. Figure 4B shows the Oil Red O staining in the liver
of control and experimental mice. The control mice
illustrate a regular liver histology with no hepatic lipid
accumulation. In contrast, the diabetic group exhibits
increased hepatic lipid accumulation, as indicated by the
presence of red-stained lipid droplets throughout the
liver. The diabetic mice treated with DOP (80 mg/kg b.w.)
have shown an anti-obesity effect by reducing hepatic
lipid accumulation and improving tissue morphology.
Similar treatment effects were achieved in diabetic mice
treated with PIO (10 pg/kg b.w.).

Effect of DOP on fecal microbiota

Effect of DOP on alpha diversity

The diversity found inside a particular area or ecosys-
tem is referred to as alpha diversity. Metrics like cover-
age, ACE, Shannon, Chao, and Simpson are frequently
employed. Our study results suggest that diabetic mice
exhibit greater microbial diversity compared to control
mice. Similarly, diabetic mice treated with DOP (80 mg/
kg b.w.) exhibited significant changes in the microbial
population, compared to diabetic mice (Figure 5A).

—

A)
Kruskal-Wallis H
test for sobs index

Kruskal-Wallis H
test for chao index

T p=0.002233 p=0.00129
3 300 400 Z 300
2 250 S 250
'_
O 200 300 5 200
© 150 200 5 150
2 100 3 100
E 5 100 2 50
2 @ 9
@ 0@&&@ Oodg o < @
N Y
SR 0&,9)913 SRR
S O N N
Y ,\q,o;(lz <KV

(B) Hierarchical clustering tree on Species lovel
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Effect of DOP on beta diversity

The variation in microbial composition between sam-
ples is known as beta diversity. Sample hierarchical
clustering, sample distance heatmap graph, PCA analy-
sis, PCoA analysis, NMDS analysis, NCM analysis, and
ANOISM analysis are the methods to study beta diver-
sity. Our results indicate that diabetic mice exhibit sub-
stantial differences in beta diversity compared to control
mice. Meanwhile, diabetic mice treated with DOP (80
mg/kg b.w.) and PIO (10 pg/kg b.w.) have shown a var-
ied microbial composition compared to diabetic mice
(Figures 5B,C).

Effect of DOP on other bacterial analysis parameters

In addition to alpha and beta diversity, several other
parameters, including the flora characterization index,
species composition analysis, and functional prediction
analysis, were also measured. Our results suggest that
diabetic mice exhibit differences compared to control
mice in all these parameters. In brief, functional predic-
tion analysis indicates a significant change in carbohy-
drate, lipid metabolism, and other pathways associated
with T2DM in diabetic mice. Significant changes were
seen in diabetic mice treated with DOP (80 mg/kg b.w)
and PIO (10 pg/kg b.w) (Figure 6A). Similarly, species
composition analysis reveals changes in species compo-
sition across different experimental groups (Figure 6B).
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Figure 5. The figure depicts the changes in bacterial diversity by 16S rRNA sequencing. (A) alpha diversity-inter group differ-
ences by Kruskal-Wallis H test. (B) Beta diversity index- sample hierarchical clustering at the species level. (C) Beta diversity

index-PCoA analysis on the OTU level.
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Microbial dysbiosis in T2DM mice is significantly
greater compared to control mice and DOP-treated mice
(Figure 6C). Species composition analysis and multiple
group difference analysis were mentioned in Figure 7A

and Figure 7B.

Discussion

T2DM was developed in experimental mice via a HFD
and STZ. The characteristic features of HFD-/STZ-
mediated T2DM are pancreatic beta-cell impairment and
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insulin resistance (Dludla et al., 2023). An 8-week HFD
has induced a state of insulin resistance in experimental
mice. In addition, a single dose of STZ (120 mg/kg b.w)
has caused considerable damage to the insulin-secreting
cells. This combined action reflects metabolic charac-
teristics typical of T2DM in mice. Along with hypergly-
cemia, hyperlipidemia remains a key feature of T2DM
because of HFD feeding (Galicia-Garcia et al., 2021). A
growing body of evidence suggests that the composition
profile of the microbiota influences indicators of dys-
lipidemia and cholesterol metabolism (Ma et al., 2021;
Vourakis et al., 2021). Hence, there is a strong association
between T2DM, lipid metabolism, and gut microbes.

Hyperglycemia is a primary characteristic feature of
diabetes mellitus, resulting from either reduced insu-
lin secretion or a lack of insulin action. Diabetes melli-
tus affects various metabolic pathways and dysregulates
various proteins and genes (Khoshnejat et al., 2020). We
previously reported that DOP significantly regulates
hyperglycemia by altering the dysregulated insulin sig-
naling pathway (data not shown). In addition, this time,
we have studied the oral glucose tolerance and ITTs to
determine the effects of HFD/STZ on developing [-cell
damage, insulin resistance, and the capability of DOP to
avert B-cell damage and insulin resistance. Control mice
show a normal rise in glucose levels, peak at 30 minutes,
and start to decline by 120 minutes. Diabetic mice exhibit
a sharp rise in blood glucose, with no significant decline
observed at 120 minutes, indicating their inability to
manage hyperglycemia. Mice treated with DOP (80 mg/
kg b.w.) have shown significant insulin sensitivity com-
pared to diabetic mice. Similar results were seen in dia-
betic mice treated with PIO (10 pug/kg b.w.) (Figure 1A).
The ITT shows similar changes (Figure 1B) in the oppo-
site direction.

Hyperglycemia and dyslipidemia are strongly associated
with endothelial dysfunction of T2DM (Dhananjayan
et al., 2016). Insulin resistance—related increases in free
fatty acids are thought to be the cause of the lipid alter-
ations linked to diabetes mellitus (Shetty & Kumari,
2021). In our study, control mice showed normal lipid
profiles in plasma and liver. Diabetic mice show an
upsurge in TC, TG, LDL, and VLDL. Meanwhile, the
HDL levels were drastically diminished. Diabetic mice
treated with DOP have shown a significant decline in
TC, TG, LDL, and VLDL levels. The levels of HDL were
observed to increase in diabetic mice compared to those
in nondiabetic mice. Similar results were observed in dia-
betic mice treated with PIO (10 ug/kg b.w.) (Figure 2).
Our results were similar to those of polysaccharide KGM,
which demonstrated an antilipidemic effect in diabetic
rats (Jayachandran et al., 2023). Disturbances in lipid
metabolism may lead to modifications in the intestinal
environment, potentially resulting in internal microflora
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dysbiosis (Jia et al., 2021). In this context, our 16S rRNA
sequencing results suggest that lipid metabolism is sig-
nificantly altered in the diabetic group and improves
upon treatment with DOP (Figure 6A).

In addition, changes in the histology of liver and adi-
pose tissue because of high-fat feeding were studied
using hematoxylin and Eosin and Oil red O staining. Our
results suggest that control mice exhibit normal liver and
adipose tissue architecture. Meanwhile, diabetic mice
show significant changes in the liver, such as a fatty liver
condition. Diabetic mice treated with DOP and PIO have
significantly prevented the further progression of fatty
liver and helped to reverse it. Similar effects of HFD were
observed in the adipose tissue, and treatment with DOP
significantly regulated the size of adipose tissue, similar
to that of control mice. The results are similar to those of
diabetic mice given PIO. QOil red O staining facilitates the
precise study of lipid accumulation in various tissues. In
our study, control mice show no trace of lipid accumu-
lation with regular liver histology; in contrast, diabetic
mice show a sign of fatty liver by high staining reactivity
with Oil red O. Diabetic mice treated with DOP (80 mg/
kg b.w) have reduced the effects of the HFD, which was
visualized through its histology. Similar positive regula-
tion was seen in diabetic mice treated with PIO. In this
context, Lycium barbarum polysaccharide treats HFD-
driven hepatic steatosis, as evidenced by Oil Red O stain-
ing (Jia et al., 2016) (Figure 4).

The association between dyslipidemia, gut microbiota,
and human health is strong and supported by several
studies (Lei et al., 2022; Zhou et al., 2023). Microbial dys-
biosis, resulting from disruptions in the normal micro-
flora, is a key feature of T2DM (Zhou et al., 2022). We
have studied the microbial dysbiosis index, and the
results suggest that a significant dysbiosis occurred
between the experimental groups, indicating the effects
of T2DM (Figure 6C). In general, the gut microbiota
can regulate various metabolic processes and produce
metabolites that have a significant impact on human
health. In T2DM, gram-negative opportunistic infec-
tions that produce LPS are more common than those
caused by gram-positive bacteria that produce SCFA
(Agagiindiiz et al., 2023). One interesting study revealed
that T2DM patients displayed an increased Firmicutes/
Bacteroidetes ratio compared to normal individuals
(Hung et al., 2021).

In addition, T2DM patients exhibited reduced bacte-
rial diversity compared to healthy individuals. Bacterial
species such as Faecalibacterium prausnitzii and
Ruminococcus bromii (involved in SCFA synthesis) are
also found to be decreased in T2DM patients (Jandhyala
et al, 2017). Our study results indicate that diabetic
mice exhibit significant changes in bacterial diversity
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compared to other groups (Figure 5). Various indicators
were studied, and the results suggest that diabetic mice
treated with DOP (80 mg/kg b.w.) and PIO (10 pg/kg
b.w.) exhibit varied responses, which could indicate their
ability to alter gut microbial dysbiosis. In addition, the
functional prediction analysis suggests changes in vari-
ous metabolic pathways, including carbohydrate, lipid,
and other pathways associated with endocrine diseases
(Figure 6A).

Conclusion

Overall, we have interpreted the effects of HFD intake in
experimental mice and the relationship between T2DM,
dyslipidemia, and gut microbiota. We have studied the
oral glucose and insulin tolerance in different groups, and
our DOP treatment results suggest its efficiency. In addi-
tion, we have evaluated the antihyperlipidemic effects
of DOP using plasma and tissue lipid profiles. Further,
a change in the bacterial populations in the treatment
group indicates its ability to alter gut microbial dysbio-
sis. Meanwhile, our results highlight the potential role
of DOP in the management of T2DM and also inform
future directions. Precisely, importance should be given
to studying the complete role of microbial metabolites
such as SCFAs, which play a critical role in the host
inflammation and metabolic processes. Exploring these
metabolite profiles could provide a deeper understanding
of the mechanistic basis for DOP’s therapeutic effects.
To summarize, our research suggests that DOP may play
a multifaceted part in controlling hyperlipidemia, gut
microbial balance, and glucose tolerance in individuals
with type 2 diabetes. In addition to confirming DOP’s
clinical suitability, future studies in the areas mentioned
earlier may aid in the development of innovative treat-
ments for metabolic disorders that target the microbiota.
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