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The present study aimed to explore the possible mechanisms underlying Dendrobium officinale leaf poly-
saccharides of different molecular weight to alleviate glycolipid metabolic abnormalities, organ dysfunction and
gut microbiota dysbiosis of T2D mice. An ultrafiltration membrane was employed to separate two fractions from
Dendrobium officinale leaf polysaccharide named LDOP-A and LDOP-B. Here, we present data supporting that oral
administration of LDOP-A and LDOP-B ameliorated hyperglycemia, inhibited insulin resistance, reduced lipid
concentration, improved p-cell function. LDOP-A with lower molecular weight exhibited improved effect on
diabetes than LDOP-B, concurrent with increased levels of colonic short-chain fatty acids (SCFAs) i.e., butyrate,
decreased ratio of Firmicutes to Bacteroidetes phyla, and increased abundance of the gut beneficial bacteria i.e.,
Lactobacillus, Bifidobacterium and Akkermansia. These results suggest that LDOP-A possesses a stronger effect in
ameliorating T2D than LDOP-B which may be related to the distinct improved SCFAs levels produced by the
change of intestinal flora microstructure.

Introduction butyrate producers, and with relative increase in the ratio of Firmicutes

to Bacteroidetes phyla (Gastaldelli, Gaggini, & DeFronzo, 2017; Lee

Type 2 Diabetes (T2D), characterized by lack of insulin or inability of
peripheral tissues to respond to insulin adequately, is growing in inci-
dence and prevalence worldwide (Moini, 2019). Besides hyperglycemia,
the T2D phenotype often exhibits hyperlipidemia, dysfunction of energy
metabolism and heart disease, and kidney failure (Fan & Pedersen,
2021). With further research on the relationship between intestinal
microbiota and host metabolic health, the change in structure of gut
microbiota has been suggested to be closely related with the occurrence
and development of T2D (Fan & Pedersen, 2021). Some researchers
have demonstrated that T2D is associated with a depletion in bacterial

et al., 2019). In fact, some of the anti-hyperglycemic effects of metfor-
min, the most commonly used anti-diabetes drugs is mediated via the
enhanced production of short chain fatty acids (SCFAs) and unconju-
gated bile acids in the intestine and subsequent activation of intestinal
gluconeogenesis (Sun et al., 2018). Several studies also suggest that
short-chain fatty acid receptors FFA2 (GPR43) and FFA3 (GPR41) have
been implicated in metabolic diseases such as type 2 diabetes and in
regulation of appetite. (Kobayashi et al., 2017)

In recent years, increasing interest has been given towards the use of
natural bioactives in plant materials to prevent and treat T2D owing to
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their relative safety. Some natural plant polysaccharides are indigestible
carbohydrates with complex molecular structures, mostly digested and
utilized by colonic microorganisms (Xie et al., 2018). Several studies
have investigated the natural polysaccharides in diet found to decrease
fasting blood glucose, insulin, glycated serum protein, serum lipids level
(Chen et al., 2019; Gao et al., 2018). Moreover, polysaccharide in-
terventions have been suggested as a beneficial method in altered gut
microbiota linked with the promotion of the beneficial bacteria prolif-
eration, increased concentrations of SCFAs, regulation of cytokines
expression and improvements of energy metabolism (Kjolbaek et al.,
2020). Consequently, changes in intestinal microflora regulated by
polysaccharides have also become a new target in the prevention and
treatment of T2D. The connection between T2D amelioration and
changes in colon flora change induced by polysaccharides remains to be
completely deciphered.

Dendrobium officinale (stems), an important edible-medicinal plant
enriched in polysaccharides as the main bioactive ingredient found to
act as prebiotic properties and alleviate symptoms related to diabetes
(Kuang et al., 2020). Typically, Dendrobium officinale leaves are
considered a waste with considerable biomass and recently found to
encompass chemical constituents similar to those found in stems sug-
gestive for its medicinal value (Liu et al., 2020). Whether polysaccharide
extracted from Dendrobium officinale leaves exhibit a similar effect to
that in stems for T2D treatment has yet to be determined (Hsieh et al.,
2008). Furthermore, accumulating evidence have shown that the mo-
lecular weight (Mw) of the polysaccharides affect their hypoglycemic
ability and fermentation ability. For example, insulin and its low mo-
lecular derivatives have different butyrate-producing ability (Pylkas
et al., 2005). Similarly, differential SCFA levels was observed from the
fermentation of guar gum with different molecular weights (Fu et al.,
2019). However, there is no report on the difference in structure and
molecular weight of Dendrobium officinale leaf polysaccharide involved
in microbiological digestion metabolism and its impact on subsequent
functions.

Our previous study revealed that oral administration of 200 mg/kg/
day Dendrobium officinale leaf aqueous extract altered intestinal flora
with significant positive immunoregulatory effects. In the present study,
the hypoglycemic effect and modulation of fat and glucose homeostasis
of two LDOPs with different molecular weight were systematically
confirmed herein, as evidenced by decreased FBG level, increased
glucose tolerance and the improvement of pancreas, liver and colon
function in a high-fat diet (HFD) and streptozotocin (STZ)-induced
diabetic mice. The effect of LDOPs on microbiota composition and
production of SCFAs were also investigated, and its relationships with
diabetes management were inter related.

Materials and methods
Materials

Dendrobium officinale leaves were collected from Yueqing county
(Wenzhou, China) in July of 2020. Metformin (BR, 97%) was obtained
from Sangon Biotech Co., Ltd (Shanghai, China). DEAE Cellulose-52 was
purchased from Yuanye Bio-Technology Co., Ltd (Shanghai, China) and
Sephadex G-200 was purchased from Aladdin Bio-Chem Technology Co.,
Ltd (Shanghai, China). Dextran standards (5000, 11600, 23800, 48600,
80900, 148000, 273000, 409800, 667800 Da), STZ (>75% a-anomer
basis), glucose (AR, 99%), and insulin (BR, 27U/mg) were all purchased
from Sigma-Aldrich (Missouri, USA). Antibodies against GRP43, insulin
and glucagon as well as their isotype control antibodies were purchased
from Proteintech (Chicago, USA). GRP41 and GAPDH antibodies was
purchased from Abcam (Cambridge, USA). Acetic acid, propionic acid,
butyric acid, isobutyric acid, valeric acid, and isovaleric acid (>99.5)
were purchased from Thermo Fisher Scientific (Waltham, USA).
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LDOPs preparation and composition detection

Polysaccharide was extracted as previously described with a slight
modification (Ke et al., 2020). After grinding, the leaves of Dendrobium
officinale were soaked in 85% ethanol for 12 h in the ratio of 1:20 (w/v),
for 3 times. Then filter by suction, and the filter residue was dried in the
fume hood. The dried powder was extracted twice by magnetic stir with
distilled water (1:30, w/v) at 70°C, each for 2 h. After centrifugation at
5000g for 20 min, the protein in supernatant was removed with Sevag’s
method. Retained aqueous phase was concentrated, and a five-fold
volume of anhydrous ethanol was slowly added to the concentrated
solution and stored overnight at 4°C. The floccule precipitate obtained
after centrifugation at 5000g for 10 min was lyophilized to obtain the
crude polysaccharide (LDOP).

LDOP was resuspended in distilled water and separated by ultrafil-
tration (Xie et al., 2014). Continuous ultrafiltration was carried out
through the membrane with the membrane cartridge of 100 kDa
(PES10-1812), under the pressure of 0.5 MPa and flow rate of 30 L/h
until maximum permeate yield was reached. Permeate and retentate
solution (LDOP-A permeate, LDOP-B retentate) were collected sepa-
rately and lyophilized same as above. Three milligrams of two poly-
saccharide solution (20 mg/mL) were loaded on an anion DEAE
Cellulose-52 column (1.6 x 60 cm), followed by elution with distilled
water and 0.4 mol/L NaCl solution sequentially at a flow rate of 1 mL/
min. The same fractions from each sample were combined, concen-
trated, and then dialyzed (1000 Da MWCO). Two polysaccharides
fraction was further purified through a Sephadex G-200 column (0.5
mL/min flow rate with distilled water and 0.3 mol/L NaCl solution),
yielding the polysaccharides LDOP-A and LDOP-B after lyophilization.

Total sugar content was determined by measuring eluent absorbance
at 490 nm according to the phenol-sulfuric acid method, using glucose
as a standard (Rao & Pattabiraman, 1989). Total flavonoid content was
measured using the method detailed by Kim, Jeong, and Lee (Tomas
et al, 2018). The polyphenol content was determined via the
Folin—Ciocalteu assay (Fecka et al., 2021). The absorbances of the so-
lutions above were determined spectrophotometrically with GENESYS
150 ultraviolet-visible spectrophotometer (Thermo Scientific, USA).

HPLC, FTIR and SEM analysis

The molecular weight of LDOP-A and LDOP-B were determined ac-
cording to the method of Chen et al (2018). High-performance liquid
chromatography (LC-10A, Shimadzu, Japan) equipped with a refractive
index detector (RI-10A, Shimadzu, Japan) was used to determine the
retention times of samples. The BRT105-104-102 (8 x 300 mm) column
was eluted with NaCl solution (0.05 M) flow rate of 0.6 mL min~ . The
linear regression curve was calibrated using the dextran standards. The
calibration curve of glycans (IgMw-RT: y = -0.1985x + 12.509, R? =
0.9964) is calculated. The molecular weight of LDOP-A and LDOP-B was
calculated from the above calibration curve.

The monosaccharide composition was determined using HPLC as
previously described with some modifications (Yang et al., 2020b).
Dried samples (100 mg) were dissolved in 5 mL of 2 M trifluoroacetic
acid (TFA). The mixed solution was hydrolyzed at 120 °C for 2 h. After
the solution was cooled to room temperature, the reaction mixture was
purged by N5 to remove TFA and the residue was redissolved in 4 mL of
ultrapure water. 1 mL sample solution was mixed with 400 pL of 1-
phenyl-3-methyl-5-pyrazalone (PMP) methanol solution (0.5 M) and
400 pL of NaOH solution (0.3 M), left to react in a water bath set at 70 °C
for 2 h. Subsequently, the sample solution was washed three times with
chloroform following the addition of 500 pL HCI solution (0.3 M), and
the supernatant was collected by centrifugation at 500 x g for 20 min.
The derivative supernatant was filtered using 0.22 pm membrane and
analyzed using HPLC (U3000, ThermoFisher, USA) with C18 column (5
pm, 4.6 mm x 250 mm, Thermo Fisher, USA) and detected using an
ultraviolet detector at 245 nm. The HPLC analysis conditions were as
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follows: column temperature, 30 °C; mobile phase, 0.1 M phosphate
buffer (A, pH = 6.4) and acetonitrile (B); flow rate, 1.0 mL min — 1. The
gradient elution program was set as follows: 0-34.5 min, 82% A;
34.5-45 min, 20-50% A; 45-51 min, 50% A; 51-53 min, 50-82% A,
53-58 min, 82% A.

Dried polysaccharide samples (2 mg) were ground with 100-200 mg
KBr powder and then pressed into flake for FTIR determination on Nicol
et iS50 spectrometer (Thermo Scientific, USA) record FTIR spectrum
ranging 4000-500 cm ™ _.

The morphologies of polysaccharides samples were observed by
SEM. Su8020 SEM scanning electron microscope (Hitachi, Japan) was
used to observe the sample’s surface at 10 kV acceleration voltage and
image magnifications of 2000 x .

Animal experiments

LDOP-A/B treatment

Male C57BL/6 mice (7 weeks old, 20 + 2 g) were obtained from
Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai, China). All mice
were permitted to drink regularly freely. This experiment was approved
by the ethics committee of Zhejiang University of Technology, China.

T2D was induced in mice by a high-fat diet (HFD, 60% energy from
fat) together with STZ injection. After a week of adaption, 8-week-old
C57BL/6 male mice were fed with normal chow (NC) diet or an HF
diet for 56 days. T2D mice were induced as described previously with
slight modification (Ru et al., 2020), HF-fed mice were injected with
100 mg/kg body weight of the STZ solution (500 mg/L in 0.1 M cit-
rate-phosphate buffer, pH 4.5) after fasting for 12 h. After 5 and 7 days,
the fasting blood glucose (FBG) levels were determined. The mice with
FBG levels of two days both > 11.1 mol/L were considered as the T2D
mice and randomly divided into four groups (n = 8). After that, each
group were all fed with NC diet.

Dosage information

For the treatment, mice were orally administered daily LDOP-A (200
mg/kg/day), LDOP-B (200 mg/kg/day), metformin (200 mg/kg/day) or
with saline for the controls for 4 weeks according to a previous study (Ru
et al., 2020), which was equivalent to 16.3 mg/kg/d in humans. Poly-
saccharides and metformin were suspended in distilled water, and then
administered by intragastric gavage in a volume of 10 mL/kg.

Sample collection and biomarkers determination

Feces were collected before euthanized and stored at —80 °C for
further studies. All mice were fasted for 12 h and anesthetized with 4%
chloral hydrate after the last blood glucose test, and blood was taken
from the abdominal vein. Blood samples were collected and centrifu-
gation under the condition of 4 °C, 4000 R/min, for 10 min, the upper
serum was taken after centrifugation. The liver, kidney, intestine, fat
and muscle tissues were taken, the floating blood on the surface of the
tissue was washed with pre-cooled normal saline, the surface of the
tissue was dried with filter paper, and the weight was recorded. Colonic
contents were also collected in centrifuge tubes and stored at — 80°C
until DNA extraction.

Parameters such as FBG, body weight, food and water intakes were
measured weekly. Blood glucose levels were measured by glucometers
and test-strips (Accu-Chek, Roche Diagnostics, Switzerland), and the
blood was taken from the tail tip with rid of the first drop of blood.
Serum total cholesterol (TC), Triglyceride (TG), low-density lipoprotein
cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c) was
assessed by kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Serum insulin concentration was assessed according to the
manufacturer’s protocol (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

Glucose tolerance test was performed by oral glucose tolerance test
(OGTT) according to (Wang, 2021). A few days before the mice were
killed, 5 mice near the average value of blood glucose in each group
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were selected and orally administrated with glucose at concentration of
1 g/kg BW after fasted for 14 h. The blood glucose level was determined
at —60, 0, 15, 30, 60, 90 and 120 min after glucose administration. The
glycemic index was calculated by adding the glycemic values from all
time points multiplied by the duration of the test. The area under the
concentration-time curve (AUC) were calculated for glucose concen-
tration using the trapezoidal method. The homeostasis model
assessment-insulin resistance (HOMA-IR) and f-cell sensitivity (HOMA-
) were calculated.

Histolopathological examination

The liver and colon samples were homogenized with PBS buffer (pH
= 7.4) and centrifuged at 4°C, 14,000 rpm for 15 min. The supernatant
was collected and used to measure inflammatory markers using ELISA
assays. Interleukin-6 (IL-6) and tumour necrosis factor o« (TNF-a) were
determined by ELISA kit (Neobioscience Biotechnology Co., Ltd,
Shanghai, China).

According to the reported method (Shang et al., 2021), pancreas,
liver and colon of mice were dehydrated, transparentized and embedded
in paraffin and cut into slices of 4 ym thick. Subsequently, the pancreas,
liver and intestine samples were stained with hematoxylin and eosin
(H&E), periodic acid-Schiff (PAS) and oil red O (ORO), respectively. For
immunofluorescence staining, the pancreas slices were pre-treated as
described above and stained with primary antibodies against insulin and
glucagon overnight at 4 °C. All images were captured under the bright
field microscope (Olympus, CX22LED, USA) and analyzed by Image-J
software. The severity of T2D was assessed based on a method
mentioned in previous published (Moini, 2019).

Determination of SCFAs in feces

GC (Agilent 7890A, USA) is used to determine the SCFAs concen-
tration efficiency. 0.1 g fresh colon content samples were suspended in a
phosphoric acid solution (pH = 7.6, 0.01 M, 1 mL). After fully homo-
geneous and centrifugation at 10,000 rpm/min for 10 min, supernatant
was collected and passed through a 0.2 pm aqueous membrane for
further analysis. Oven temperature was increased from 60 to 100 °C at 5
°C/min, then to 145 °C at 10 °C/min. The peak area was quantified to
mmol/mL and then calculated as mmol/mg feces.

Determination of GPR41 and GPR41 expression

The total protein of colon tissue was extracted by total protein
extraction kit (Thermo Scientific Pierce, Shanghai), with the total pro-
tein quantified using BCA protein assay kit (Beyotime Biotechnology,
Shanghai). Equal amounts of loaded proteins were separated by 10%
SDS-PAGE, were then transferred to a PVDF membrane after electro-
phoresis. Blots were blocked with 5% nonfat dry milk for 1 h at room
temperature, and then incubated with a primary antibody (1:1000) for
one night at 4°C, followed by incubation with a secondary antibody
(1:5000) for 1 h at room temperature. Protein signals were visualized by
enhanced chemiluminescence using ECL DualVue WB Marker (General
ElectricCo., Shanghai) for 1 min and exposed to X-ray film. Signal in-
tensities of all bands were quantified by densitometry with Image J
software.

DNA extraction and 16sRNA sequencing

Microbial genomic DNA of each colon content sample was extracted
by a fast DNA stool mini kit (QIAamp, QIAGEN, Germany). After DNA
samples were prepared, genomic DNA was extracted by 1% agarose gel
electrophoresis and quantified using a Qubit and NanoDrop. The V4
hypervariable regions of the bacteria 16S rRNA gene were amplified by
PCR using primers 341F (5'-CCTAYGGGRBGCASCAG-3') and 806R (5'-
GGACTACNNGGGTATCTAAT-3') (Mgller et al., 2013). After purified
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with a DNA Purification Kit (TIANGEN, Beijing), Final PCR products
were quantified by qubit3.0 fluorometer (Agilent Technologies, USA).
The library of mixed samples was constructed by paired-end sequencing
(2 x 250 bp) on an Illumina Truseq DNA (San Diego, USA) according to
standard protocols (Zhu et al., 2021).

Statistical analysis

Data were analyzed by using Origin 2021 software. The statistical
differences between groups were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple-comparisons tests.
Significant difference was set as *P < 0.05, **P < 0.01, and ***P < 0.001
for comparison with the model group.

Food Chemistry: X 13 (2022) 100207

Operational taxonomic units (OTUs) were defined as the minimum of
97% sequence similarity. The alpha diversity was calculated, the OTU
table was rarefied at an even sampling depth of 7050 sequences/sample.
Species richness was estimated using Chaoland the number of observed
species diversity was analyzed using Shannon (Quast et al., 2013). PCA
statistical analysis and mapping were performed with R language.

Results
Structural characterization of LDOP-A and LDOP-B

Although the alcohol-soluble substances, proteins and oligosaccha-
rides were removed by pretreatment, the residual constituents with
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hypoglycemic function may still remain in LDOPs. Consequently, the
composition of LDOP-A and LDOP-B were determined to identify
structures or groups mediating for the biological effects. The purity of
polysaccharides was determined at 86.34% and 92.21%, respectively,
with trace amounts of flavonoids and polyphenols detected in both
samples (<0.01%). HPLC result showed LDOP-A being composed of
glucose, mannose, glucuronic acid, and galactose at a molar ratio of
3.2:2.6:1.0:0.7. In contrast, LDOP-B was comprised of mannose, glucose,
galactose, glucuronic acid, and arabinose at a molar ratio of
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8.8:1.0:0.7:0.1:0.1.

As shown in Fig. 1A, only a single peak with a molecular weight of
9.91 kDa was observed in LDOP-A, while in LDOP-B a main peak was
detected followed by several smaller peaks, whose average molecular
weight was estimated to be 147.45 kDa. The strong absorption charac-
teristic peaks of polysaccharides were detected at 3360 cm ™!, 2930
cm™! and 1403 cm ™! suggestive for the presence of O—H bond C—H and
COO- in both LDOP-A and LDOP-B (Fig. 1B). Weaker 1403 cm ! peak
intensity in LDOP-A indicates that there are few p-glucans, which is
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abundant in LDOP-B (Fig. 1B). The tight configuration and micropores
of LDOP-A reflect that it may have numerous highly branched poly-
saccharide chains, while LDOP-B has an irregular shape structure with
flat and smooth surface and a few flaky structures (Fig. 1C). Further,
detailed characterization of the polymers using other spectroscopic
techniques i.e., NMR should aid to provide unequivocal structural
assignment of these polymers.

LDOPs ameliorated hyperglycemia and insulin sensitivity in T2D mice and
mitigates energy metabolic dysfunction

In order to elucidate the role of LDOP-A and LDOP-B in controlling
glucose homeostasis and insulin sensitivity, the FBG levels, insulin level
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and oral glucose tolerance were measured. Met was used as a positive
drug control. Relative to T2D model group, the FBG of 4-week LDOP-A
and LDOP-B treated mice were significantly reduced in varying degrees
(Fig. 2A, both p < 0.001). LDOP-A even achieved a comparable hypo-
glycemic effect with metformin at the fourth week (p > 0.05). Similarly,
serum insulin level was also significantly decreased after oral adminis-
tration of LDOP-A and LDOP-B (by 33.5% and 24.8%, both p < 0.001)
compared with the model group (Fig. 2B). The oral glucose tolerance of
LDOP-A and LDOP-B treated groups were better at individual time
points, with AUC during 120 min showing a decrease by 54.2%, 24.8%
(Fig. 2C, D), indicating that they can enhance the body’s ability to
regulate increase in blood glucose level. Compared with model group,
LDOP-A-administrated and LDOP-B-administrated mice possess higher
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Fig. 3. Restoration of pancreatic islet function by 4-week LDOP administration in T2D mice. (A) Pancreatic tissue was stained with (H&E) and double-
immunostained with anti-insulin antibody (red) and anti-glucagon antibody (green) while the nuclei were counterstained with DAPI in blue. (B) The ratio of in-
sulin positive p-cell area to islet area (n = 5). (C) The ratio of glucagon positive a-cells to islet area (n = 5). (D) The ratio of insulin positive p-cell area to glucagon
positive a-cells (n = 5). Quantification of islet area was calculated based on H&E staining of pancreatic section. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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HOMA-B (Fig. 2E) and lower HOMA-IR (Fig. 2F).

Since T2D is a systemic metabolic disease, the regulatory effects of
LDOP-A and LDOP-B on obesity and dyslipidemia of T2D mice were
investigated. After diabetic model was established, many of the meta-
bolic indicators were attenuated or reversed by 4-weeks metformin or
the LDOPs administration with marked prevention in rapid body weight
and epididymal fat loss (Fig. 2G and J). Meanwhile, metformin showed
the most obvious inhibitory effect on appetite of T2D mice, followed by
LDOP-A, which shows a significant difference with LDOP-B (Fig. 2H, p
< 0.001). Both LDOP-A and LDOP-B treatment showed a hyoplipdemic
action manifested by decrease in serum lipids (Fig. 2I). Compared with
the model group, LDOP-A treatment decreased serum concentration of
TG and HDL-c (by 42.2% p < 0.01, by 27.4p < 0.05, respectively) and
increased the LDL-c levels (by 34.5% p < 0.05), while treatment of
LDOP-B only reduced that of TG (by 33.3% p < 0.05) (Fig. 2I).

LDOPs improved islet morphology and f-cell function in T2D mice

Combined treatment of HFD and STZ is known to cause destruction
of B-cells and decrease in the mass of islets (Wang et al., 2019). In the
normal mice, islet cells were regularly distributed and uniform in size. In
contrast, the size of islet cell was inconsistent, the pancreatic duct was
dilated and proliferated in the model group (Fig. 3A). The morphology
of pancreas in LDOP-A group was markedly improved, the size of islet
cells returned to uniform, and LDOP-B also has a slight role in alleviating
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the pathological changes (Fig. 3A). Moreover, the quantification of
insulin® -cell area calculated based on these digitized images showed a
1.07-, 1.34-, and 1.37-fold rise in Met, LDOP-A and LDOP-B compared
with model group mice, respectively (Fig. 3B). Contrary to insulin™
B-cell area, LDOP-A and LDOP-B decreased the ratio of glucagon™ a-cells
to islet area by 70.3% (p < 0.001) and 43.1% (p < 0.001) (Fig. 3C). The
ratio of insulin™ f-cells area to glucagon™ a-cells area was significantly
increased by LDOP-A (4.49 times of the model group, p < 0.001), higher
than that increased by LDOP-B (2.30 times, p < 0.05) and metformin
(1.36 times, p > 0.05) (Fig. 3D).

LDOPs recovery liver morphology and regulated hepatic glucose
metabolism in T2D mice

Next, the effects of LDOPs on the morphology of hepatocytes,
glycogen and fat in liver and inflammatory cytokines levels were
analyzed to assess its impact on metabolic function of liver (Song et al.,
2017). H&E staining showed the liver cells arranged irregularly, round
in cell morphology, and extensive vacuolization appeared in the cyto-
plasm, suggesting that T2D mice induced serious liver injury (Fig. 4A).
Staining of the livers with PAS and oil red O (Fig. 4A) revealed a
decrease of liver glycogen in hepatocytes of T2D mice and an accumu-
lation of microvesicular fat. These abnormalities mentioned all mark-
edly improved in LDOP-A treated mice and slightly improved in LDOP-B
treated mice. Hepatic glycogen content of liver showed a 1.81-, 1.8-, and
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Fig. 4. Effects of LDOP on liver morphology, liver glycogen and liver fat. (A) H&E, PAS, Oil Red O staining of liver. (B) Glycogen content in liver cells (n = 8). (C)
Expression level of IL-6 in liver (n = 8). (D) Expression level of TNF-« in liver (n = 8). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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1.3-fold rise in Met, LDOP-A, and LDOP-B group mice compared with
model group mice, respectively (Fig. 5B). Meanwhile, the expression
levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-a) were increased in model mice. Both
IL-6 and TNF-a in LDOP-A group were significantly lowered (p < 0.05
and p < 0.01), and only TNF-a were lowered in LDOP-B group (p <
0.05).

LDOPs upregulates butyrate production accompanied by an increase in the
SCFA receptor and enhance intestinal physical barrier in T2D mice

As we know, SCFAs can reduce the pH of the colon, inhibit patho-
gens, and regulates intestinal mucosal barrier function (Xie et al., 2019).
Concentrations of SCFAs in faeces (formic acid, acetic acid, propionic
acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid), as
major microbial fermentation products of diets, were measured to
display the possible regulation effects of LDOP-A and LDOP-B (Liang
et al., 2020). GC analyses revealed that 4 weeks of metformin or LDOP-A
treatment restored SCFAs production (by 50.2% and by 48.6%, both p <
0.05), which had been reduced in response to diabetes. LDOP-A-treated
diabetic mice exhibited more colonic SCFAs content than that in LDOP-
B-treated mice (24.03 and 18.11 mmol/mg, respectively) (Fig. 5 A). At
the same time, compared with the diabetic group, the fecal butyric acid
content of LDOP-A group was significantly increased by 24.5% (p <
0.05) (Fig. 5 A). However, there was no significant difference in the
amount of total SCFAs and butyric acid content between LDOP-B-treated
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group and the T2D model group (Fig. 5 A). Receptors for SCFAs, GPR41
and GPR43, were both expressed in L cells in colon and anti-
inflammatory effects can be exerted by binding and activating GPR41
and GPR43 (J. Liu et al., 2020). Compared with T2D group, the
expression of GPR41 and GPR43 were significantly upregulated in
LDOP-A group, while the increase was less evident in case of LDOP-B-
treated group (Fig. 5 D, E).

Generally, several common chronic disorders that appear to be
characterized by a relative disruption of the gut barrier (Luck et al.,
2019). H&E staining showed a small amount of inflammatory cell
infiltration in the model diabetic group, but it was not detected in other
groups (Fig. 5B). This suggests that both LDOP-A and LDOP-B exhibit
anti-inflammatory effects on colon. Furthermore, TNF-a levels of LDOP-
A and LDOP-B treated groups were significantly decreased (p < 0.001)
in the colon, indicating that they might possess the potential to attenuate
colon inflammation (Fig. 5C).

LDOPs restores diabetes-induced gut microbial dysbiosis

It was logical to assess how LDOPs alter the global structure of the
gut microbiota to evaluate its effect on improving intestinal flora
disturbance in T2D. At the phylum level, a significant increase in Bac-
teroidetes abundance (both p < 0.001) and a decrease in Firmicutes
abundance (both p < 0.001) was found in LDOP-A and LDOP-B group
compared to T2D mice (Fig. 6A, C). However, compared with Firmicum
to Bacteroides ratio 0.84 of LDOP-A, the proportion of LDOP-B was 1.20,
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Fig. 5. LDOP upregulates acetic acid, propionic acid and butyric acid production accompanied by an inflammation relief and of colon in T2D diabetic mice. (A) SCFA
concentration in faeces measured by GC. Effects of LDOP administration on intestinal mucosal morphology(n = 8). (B) H&E staining of colon. (C) TNF-a in colon and
serum(n = 8). (D) Western blot of GPR41 and GPR41. (E) Quantitative analysis of GPR41 and GPR43 expression in western blot.
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Fig. 6. LDOP restored the diabetes-
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which was less different from 2.01 of the model group. The genus-level
analysis revealed that the abundance of Streptococcus showed significant
increase (p < 0.001) while those of Clostridiales, Akkermansia, Bifido-
bacterium and Lactobacillus were decreased by the T2D, and recovered
after LDOP-A treatment (Fig. 6A, D).

T2D induce the growth of species with a pro-inflammatory action,
such as Proteobacteria, Corynebacteriales and Alistipes, with a significant
reduction in the SCFAs-producing taxonomies endotoxin produced by
these harmful bacteria can cause inflammation and reduce the

sensitivity of the insulin receptor (Shin, Whon, & Bae, 2015). The
intervention of metformin significantly increased the abundance of
Roseburia (Fig. 6D), leading to an increase in the production of butyric
acid (Kasahara et al., 2018). Butyric acid has anti-inflammatory effect,
which may inhibit the activity of histone deacetylase, leading to histone
hyperacetylation, thereby inhibiting activation of nuclear factor- k B.
Lactobacillus and Bifidobacterium (Fig. 6D), related to revoking insulitis
and p-cell destruction associated with increased IL-10 secretion (de
Oliveira, 2019), were promoted by LDOP-A. In addition, the OTU of
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microbiota in the diabetic group was significantly decreased and to be
reversed by the oral administration of LDOP-A but not by LDOP-B
(Fig. 6B).

Discussion

We observed changes of gut microbiota composition and derived
microbial compounds by interventions of polysaccharide from Den-
drobium officinale leaves in T2D mice, and its action mechanism in
relation to insulin resistance and hypoglycemia in diabetic rats. Den-
drobium officinale leaves polysaccharides have been extensively inves-
tiagated in literature (Ke et al., 2020; Wang, 2021), but to our
knowledge, this is the first detailed study to assess the effects of two
components of LDOPs with different molecular weights on hyperglyce-
mia and its associated dysfunction, as well as their effect on the gut
microbiota in T2D mice.

LDOPs are the most abundant and promising bioactives in Den-
drobium officinale leaves. Their different polysaccharide structural
composition may lead to varies anti-diabetic activities and SCFAs pro-
ducing effects, exemplified in either monosaccharide type and or
glycosidic linkage composition, molecular weight (Pan, 2014). Poly-
saccharide with different molecular weight (Mw 28.34 kDa, 41.14 kDa
and 91.8 kDa) were separated from Dendrobium officinale leaves by
Zhang et al (Zhang et al., 2018) and Yang et al (Yang et al., 2020b), but
their hypoglycemic activities and antidiabetic effect have not been
elucidated. Two kinds of Dendrobium officinale leaves polysaccharides
fractions with different molecular weights (Mw 147.45 kDa and 9.91
kDa, termed LDOP-A and LDOP-B) were obtained by ultrafiltration in
this study, and their effects in treatment of T2D in mice have been
studied comprehensively (Fig. 1A). Typically, high molecular weight
polysaccharides are not conducive to readily cross cell-membranes, and
it is more difficult to be consumed with less chance to exert their bio-
logical activities (Zhang et al., 2019), and in accordance to our results.
Meanwhile, the LDOP-B also exerted strong anti-inflammatory effect
inside the colon, which may be due to its high mannose content.

In our study, LDOP-A and LDOP-B were confirmed to improve
glucose homeostasis and insulin resistance (Fig. 2C-F), with LDOP-A
found more effective than that of LDOP-B. Changes in body weight,
food intake and lipogenesis of mice between groups suggested that
LDOP-A modulates energy homeostasis of T2D, with effect of LDOP-A
better than that of LDOP-B (Fig. 2 G-J). Serum lipids analysis indi-
cated that the disturbing degree of fat (TG, LDL-C, HDL-C) metabolism
was mitigated by bothLDOP-A and LDOP-B treatment (Fig. 2I), and in
accordance with the results obtained by Yang et al. (2020a). Meanwhile,
no dramatic change of body weight and blood sugar be seen with LDOP-
A and LDOP-B administration suggesting that LDOP-A and LDOP-B had
no obvious toxic effect on mice.

According to the observation of pancreatic staining, LDOP-A and
LDOP-B both reduced pancreatic cells damage and protected insulin-
producing pancreatic p-cells, even better than that of metformin.
LDOP-B has similar proportion of insulin positive area as LDOP-A, but its
glucagon™ area showed no significant difference with the diabetic group
(Fig. 3B, C). The increased liver glycogen level indicates that the LDOP-A
treatment lowered hepatic glucose output. LDOP-A also improved liver
inflammation and lipid accumulation, which was not observed in LDOP-
B group (Fig. 4A). All to conclusively suggestes that LDOP-A may inhibit
glycogen decomposition or promote a large amount of blood glucose to
synthesize glycogen to reduce blood glucose. Together, these results
suggest that LDOP-A may improve host glucose homeostasis involved in
biochemical pathways related to glucagon-like peptide 1 (GLP-1)/in-
sulin, glycolysis/gluconeogenesis, lipogenesis and lipid export from the
liver (Xie et al., 2020), and protection of impaired islet function and
B-cell function is protected from further damage.

Microbial metabolites are important mediators of microbial-host
crosstalk impacting host glucose metabolism. At the intestinal level,
butyrate plays a regulatory role on the transepithelial fluid transport,
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ameliorates mucosal inflammation and oxidative status and reinforces
the epithelial defense barrier (Canani et al., 2011). T2D patients are
characterized by a dramatic decrease in butyrate levels, which has been
demonstrated as an important factor in maintaining intestinal health
and participating in immune regulation and intestinal barrier function
adjustment (Jia et al., 2017). Thus, targeted restoration of the SCFAs
production may provide a novel method to manage T2D. The production
of acetic acid and butyric acid increase the secretion of GLP-1 and
peptide YY (PYY) in the intestine, thus promoting insulin secretion and
improving type 2 diabetes (Fan & Pedersen, 2021; Kasahara et al.,
2018). Although polysaccharides were difficult to be digested in the
gastrointestinal tract, they can be fermented by microorganisms in the
colon to regulate the structure of the host’s intestinal flora (Ulven,
2012), and likely to moreover exert systemic actions (Elshahed et al.,
2021). LDOP-A supplementation modulated colon environment man-
ifested by increase in intestinal immunity and SCFAs level, especially
that of butyrate (Fig. 5A). However, the effect of LDOP-B on short chain
fatty acids was not significant. It was also reported that FFA2 (GPR43)
and FFA3 (GPR41) are activated by acetate, propionate, and butyrate
and mediate SCFA-promoted GLP1 release from mixed colonic cultures
under in vitro conditions (Tolhurst et al., 2011). Supplementation with
LDOP-A tripled the expression of GPR41, whereas GPR43 expression
was 1.5 times higher than T2D group (Fig. 5 D, E). These observations
indicate that LDOP-A have potential as a GPR41 and GPR43 agonist for
the treatment of type 2 diabetes and related metabolic diseases. Thus,
we speculate that different contents of SCFAs produced by intervention
of LDOP-A and LDOP-B may lead to varying degrees of decreasing sus-
ceptibility to inflammation inside the colon and improvement of T2D
partly via bile acid metabolism.

Changes in intestinal bacteria composition can likewise regulate the
production of lipopolysaccharide and SCFAs, further affecting the ab-
sorption of sugars and energy (Puddu et al., 2014). Based on the obvi-
ously different effects of LDOP-A and LDOP-B on hyperglycemic, glucose
homeostasis, tissue dysfunction and SCFA production, the impact of
LDOP-A and LDOP-B on intestinal flora homeostasis was further assessed
as part of this study. Loss of the fragile equilibrium was observed in the
diabetic group, termed dysbiosis as manifested by decrease in healthy
bacteria concurrent with an increase in the number of harmful bacteria i.
e., Proteobacteria (Fig. 6 C-E). These may serve as an initiating or rein-
forcing factor in T2D and whether be used routinely for diabetes prog-
nosis in humans should be considered in the future. LDOP-A exerted an
increased effect on the diversity of intestine flora, though with no sig-
nificant difference between LDOP-B and the diabetic group, which may
result in a different effect on other symptoms of T2D mice and likely to
also account for results of SCFAs in both LDOP-A and -B treated groups.
Except for metformin treatment group, LDOP-A changed the gut
microbiota most. LDOP-A group was found lower Firmicutes to Bacter-
oidetes ratio and higher abundance of beneficial bacteria such as
Akkermansia, Bifidobacterium and Lactobacillus than LDOP-B group
(Fig. 6 A-E).

Jia et al (2017) reported that a butyrate-producing bacteria supple-
mentation can reverse the tendency of gut butyrate to decrease in mice
as induced by HF and streptozotocin, thereby leading to an anti-diabetic
effect. Here, we observed that LDOP-A changed the structure of the gut
microbiota as evidenced by increased abundance of some beneficial
bacteria i.e., Lactobacillus, Bifidobacterium, Akkermansia and some
butyrate-producing flora i.e., Clostridiales. At the same time, LDOP-B was
not found to increase butyrate-producing bacteria and ultimately lead to
an increase in butyric acid level (Fig. 6 A, D). To sum up, this suggests
that the differential effects between LDOP-A and LDOP-B may be partly
attributed to the distinct SCFAs content produced by the change of in-
testinal flora structure.

Conclusion

In conclusion, two polysaccharides, LDOP-A and LDOP-B, were
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separated from LDOP by ultrafiltration, novel effects linking LDOP-A
and LDOP-B with alleviated hyperglycemia and other symptoms of
T2D were reported. Due to the significant restoration of diabetic syn-
drome, modification of morphology and function of the islet, liver and
colon, reduced levels of inflammation, as well as modulation of gut
microbiota composition, LDOP-A and LDOP-B are suggested as a dietary
supplement and/or potential drug to alleviate T2D. LDOP-A showed
better effects than LDOP-B in controlling fasting blood glucose and
hypolipidemic, improving islets and liver function and reducing of
inflammation, and finally promoting SCFAs level, especially butyrate,
produced by the structural changes of intestinal flora. These results
extendthe anti-hyperglycemic effect of Dendrobium officinale poly-
saccharide action mechanisms, classically ascribed to be used for the
recovery of islet cells and present an added value for Dendrobium offi-
cinale leaves polysaccharide in T2D management.
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