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ARTICLE INFO ABSTRACT

Article history: The aim of this study was to investigate the role of Dendrobium officinale crude polysaccharides (DOPS) and
Received 5 January 2024 D. officinale purified polysaccharides (DOPS100) in attenuating immune dysfunction in subfertile mice. The
Received in revised form 14 February 2024 results of the study revealed several noteworthy findings. First, DOPS and DOPS100 treatments led to
Accepted 11 April 2024 significant improvement in weight gain and reversal of fatigue-related behaviors compared to the normal

group. Second, both DOPS and DOPS100 showed effectiveness in reducing immune organ swelling,

Keywor dS . modulating immunoglobulin A (IgA) and immunoglobulin M (IgM) levels, and restoring complement (C3c
Dendrobium officinale and C4) levels. In addition, they demonstrated a significant ability to enhance the integrity of the intestinal
Polysaccharides

¢ - mechanical barrier by differentially upregulating the tight junction proteins Occludin and Zonula occludens
Intestm'al barrier 1 (ZO-1). In addition, it was found that DOPS100 specifically enhanced the CD4"-T helper 17 cell (Th17)/
Immunity regulatory T cell (Treg) immune axis in the gut, as evidenced by increased expression of forkhead box protein
Sub—tlealthy 3 (Foxp3) as well as decreased expression of retinoic acid receptor-related orphan receptor yt (RORyt), and
CD4'-Th17/Treg further modulation of interleukin 10 (IL-10), interleukin 22 (IL-22), and interleukin 17A (IL-17A) expression
levels of inflammatory factors. These findings collectively suggest that DOPS100 holds significant potential
in improving sub-healthy status by repairing the intestinal barrier, restoring local immune homeostasis, and
activating the intestinal immune regulatory network. The study’s outcomes provide valuable insights into the
therapeutic implications of DOPS and DOPS100 in addressing immune dysfunction in sub-healthy conditions.
© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction physical activity, irregular work schedules, inadequate rest, sleep
deprivation, mental stress, high levels of psychological pressure, and
prolonged negative emotions'”. Recent studies have reported that
long-term unhealthy dietary habits pose a significant risk to public
health, impairing various bodily systemic functions via multiple
pathways®*. A global survey conducted by the WHO reported that
"1 Co-first authors. only 5% of the population is considered truly healthy, with 20% is
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The World Health Organization (WHO) reports that in the current
society, due to rapid societal changes prevail, many factors contribute
to health challenges, including unhealthy dietary habits, insufficient

suboptimal health conditions. While individuals with a suboptimal
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health condition may not fulfill specific clinical diagnostic criteria for
a particular illness, their physical and psychological symptoms
warrant serious attention and proactive intervention. Hence, the
prevention and management of suboptimal health conditions should
be closely prioritized.

The intestine, the largest immune organ in the human body,
directly affects the health level of the body. Dysbiosis, local immune
dysfunction, and increased intestinal mucosal permeability can
facilitate the entry of intestinal pathogens into the bloodstream,
triggering various chronic inflammations and compromising immune
function, thereby contributing to a suboptimal health state. Several
previous studies T-cell
homeostasis plays a crucial role in mediating the occurrence and

have shown that intestinal immune
development of suboptimal health related diseases. Intestinal T cells
including CD8" and CD4" subsets, primarily consist of T helper
1 cells (Thl), T helper 2 cells (Th2), T helper 17 cells (Th17), and
regulatory T cell (Treg) populations. Th17 and Treg, the most
abundant CD4" T cell subsets in mucosal tissue, are crucial for
maintaining immune homeostasis and preventing excessive immune
responses. Dysregulation of Th17 and Treg can contribute to the
development of autoimmune diseases”™. Cytokines, such as
interleukin (IL)-10, produced by Treg according to traditional
Chinese medicine, play a privotal role in promoting Treg tolerance.
IL-10-deficient mice are more susceptible to spontaneous colonic
inflammation, leading to exacerbation of systemic immune dysfunction'.

Dendrobium officinale, extensively used in traditional Chinese
medicine, has been found to offer various health benefits, such as
immunoenhancement, antitumor activity, gastrointestinal regulation,
hypoglycemic effects, and blood pressure reduction. Complementary
medicine approaches, such as herbal formulations, can be used as
safer adjunct interventions for suboptimal health'%. Traditional
Chinese medicine cannot be separated from its core active
ingredients!""’. Polysaccharides are major components of D. officinale,
which possess pharmacological activities”. The stem polysaccharide of
D. officinale can modulate the immune response in immunosuppressed
and healthy mice. They regulate splenic proliferation, balance splenic
lymphocyte subpopulations, increase serum immunoglobulin M (IgM),
immunoglobulin G (IgG), hemolysin levels, and increase peritoneal
macrophage phagocytosis in healthy individuals!”. Additionally,
polysaccharides in the leaves of D. officinale possess anti-inflammatory
properties'!. Moreover, D. officinale polysaccharides are consumed
orally. However, their high molecular weights and unique glycosidic
linkages make absorption into the bloodstream through the
gastrointestinal tract challenging. Therefore, these polysaccharides
may exert their immunomodulatory effects by directly interacting
with the intestinal mucosal immune system!'”'%. Furthermore, a
national herbal beverage containing D. officinale crude
polysaccharides (DOPS) has been approved by the State
Administration of Market Supervision and Administration as an
immune-modulating functional food. It can modulate the immune
response in cyclophosphamide (CTX)-induced immunosuppressed
mice by restoring intestinal barrier function and regulating
dysbiosis'”. D. officinale leaf polysaccharides can alleviate gut
barrier damage and inflammation"®. Xie et al."'" reported that DOP
can effectively change intestinal mucosal structures to modulate
intestinal mucosal immune activity.

While these studies highlight the immunomodulatory properties
of polysaccharides, the molecular mechanisms underlying these

processes are yet to be elucidated. Notably, suboptimal health can
have adverse effects on the body. For instance, suboptimal health
factors can increase intestinal permeability and downregulate the
expression of YWHAZ (tyrosine 3-monooxygenase/tryptophan
5-monooxygenase)!'”). Furthermore, a high-fat diet can compromise
immune function at the intestinal and systemic levels, potentially
increasing the risk of cancer™. Therefore, addressing suboptimal
health and implementing effective interventions to improve overall
well-being is crucial.

In the present study, we aimed to address current limitations
through structured investigation into DOPS, which are hypothesized
to be bioactive fractions. Using chromatography techniques,
we initially purified the candidate polysaccharide (DOPS100).
Subsequently, we focused on characterizing its structure and
evaluating its therapeutic effects in an over-consumption of alcohol
and high sugar and fat diet (ACHSFDs)-fed suboptimal health mice.
Our results indicate that DOPS100 stimulates intestinal immune
homeostasis, tight junction protein levels, and anti-inflammatory
CD4" T cell subpopulations (Fig. 1). Consequently, it ameliorates the
suboptimal healthy status of the model mice. These initial findings
offer valuable insights into the potential clinical implications of
immunometabolic regulatory networks driven by polysaccharides.

2. Materials and methods
2.1 Chemicals and regents

The D. officinale stem was obtained from Zhejiang Senyu Co.,
Ltd. (Zhejiang, China). It was dried in a hot air oven at 60 °C for
120 min to remove moisture. After drying, the stem was pulverized
into ultrafine powder and screened through a 40-mesh sieve to obtain
a uniform particle size. The DEAE-52 cellulose and Sephadex G-100
used in the study were purchased from Shanghai Yuanye Biological
Technology Co., Ltd. (Shanghai, China).

Analytical-grade chemicals and reagents were used in all other
experiments. Hematoxylin and eosin (H&E) and periodic acid-Schiff
(PAS) were obtained from Shanghai Yuanye Biological Technology
Co., Ltd. (Shanghai, China). The Occludin, Zonula occludens 1 (ZO-1),
IL-10, IL-22, IL-17A, and pS-actin were purchased from Wuhan
Sanying (Wuhan, China). The CD4 antibody was purchased from
HuaBio (Hangzhou, China). The forkhead box protein 3 (Foxp3)
antibody was purchased from Zenbio (Chengdu, China). The retinoic
acid receptor-related orphan receptor yt (RORyt) antibody was
purchased from Bioss (Beijing, China). The horseradish peroxidase
(HRP) conjugated goat anti-rabbit IgG (H + L), the DyLight550
Conjugated AffiniPure goat anti-rabbit IgG (H + L), the 4',6-
diamidino-2-phenylindole (DAPI), and the FITC Conjugated
AffiniPure goat anti-rabbit IgG (H + L) were purchased from Boster
Biological Technology Co., Ltd. (Wuhan, China). The BCA protein
concentration assay kit was purchased from the Beyotime Institute of
Biotechnology (Nantong, China). The DAB immunohistochemistry
(IHC) color development kit and the PAGE gel fast preparation kit
was purchased from Shanghai EpiZyme Biotechnology Co., Ltd.
(Shanghai, China). The IgA and IgM enzyme-linked immunosorbent
assay (ELISA) kits were purchased from Multi sciences (Hangzhou,
China). Complement C3c Fs and complement C4 Fs were purchased
from DiaSys Diagnostic Systems GmbH. Affinity Biosciences
(Shanghai, China).
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Fig. 1 Map of the mechanism of gut CD4"-Th17/Treg immune imbalance models.

2.2 Extraction, isolation, and purification of crude polysaccharide

The DOPS (yield 27.14%) were obtained from D. officinale were
first extracted by refluxing the dried powder twice with purified water
(1:20, m/V) at 100 °C for 1.5 h each time. The resulting extraction
liquids were then vacuum filtered to retain the supernatant, combined,
and concentrated to a volume of 50 mL. Next, the concentrated
solution was slowly added to four times its volume of anhydrous
ethanol and left at 4 °C overnight for precipitation. Afterwards, the
floccule was subjected to centrifugation at 4 000 x g for 20 min to
remove the supernatant, and then lyophilized using freeze-drying.
Moreover, the crude polysaccharides were subjected to Sevag
deproteinization using an apparatus to purify them, resulting in the
isolation of the DOPS®?",

To purify DOPS further, it was redissolved in high-purity water,
filtered through a 0.45 pum membrane, and then subjected to
purification using DEAE-52 cellulose (45 mm x 200 mm). The
purification process involved sequential elution of the column with
distilled water followed by NaCl solutions of different concentrations
(0.10 and 0.50 mol/L) at a flow rate of 1 mL/min. Each fraction (10 mL
per tube) was monitored at 488 nm using the phenol-sulfuric acid
method. The dialysis and lyophilization were performed on each
fraction for additional purification. The dried polysaccharides from
each fraction were redissolved in high-purity water to a concentration of
5.0%. These polysaccharide solutions (5 mL) were then loaded into a

Sephadex G-100 column (30 mm x 320 mm) and eluted with high-purity
water at a flow rate of 10 mL/h. The eluted fractions (5 mL per tube)
were collected, concentrated, and lyophilized to obtain the DOPS100.

2.3 Structural characterization of polysaccharides
2.3.1 Physicochemical properties of DOPS and DOPS100

The contents of two polysaccharides from D. officinale were
determined using various methods. The total polysaccharides, total
glucuronic acid, total flavone, total saponin, and total phenol contents
were measured by phenol sulfuric acid, m-hydroxybiphenyl, NaNO,-
AI(NO;);-NaOH colorimetric, vanillin-perchloric acid colorimetric
method, and Folin-Ciocalteu reagent methods, respectively'.

2.3.2  Fourier transform infrared spectroscopy (FT-IR)
analysis and congo red test

The DOPS/DOPS100 (2 mg) as ground with 100 mg KBr powder
and pressed into pellets for FTIR determination in the range of
4 000-400 cm™ (Nicolet Co., USA). For the congo red test, the
DOPS/DOPS100 solutions (1 mg/mL, 2 mL) were mixed well with
congo red solution (80 mmol/L, 2 mL). NaOH solution of 1 mol/L
was added dropwise to the mixed solution to achieve NaOH
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concentrations of 0, 0.10, 0.20, 0.30, 0.40, and 0.50 mol/L respectively.
The visible spectrum was scanned at 400-800 nm using a ultraviolet-
visible (UV-Vis) spectrophotometer, and the maximum absorption
wavelength was recorded. A blank control was conducted using
congo red solution after rinsing with distilled water.

2.3.3  Monosaccharide composition analysis of DOPS and DOPS100

The monosaccharide composition was determined using a previous
precolumn derivatization high performance liquid chromatography
(HPLC) method®?". The hydrolysis of DOPS or DOPS100 acid
hydrolysis solution was performed by adding 0.50 mol/L 1-phenyl-3-
methyl-5-pyrazolone (PMP) methanol solution and heating it at 70 °C
for 90 min. Then, the hydrochloric acid solution was added and
mixed. Afterward, trichloromethane was extracted thrice and
centrifuged at 12 000 x g for 20 min to isolate the supernatant. The
resulting derivative supernatant was subjected to HPLC analysis
using an Agilent Co. HPLC system with Welch Ultimate XDB Cg
(4.6 mm x 250 mm, 5 pum, Agilent, USA) column and an ultraviolet
detector at 250 nm. The HPLC analysis conditions were as follows:
column temperature, 30 °C; mobile phase, 0.01% phosphate buffer
and acetonitrile; flow rate, 1.0 mL/min.

2.3.4 Molecular morphological analysis

The morphology of samples was observed through a field
emission scanning electron microscope (FE-SEM, HITACHI Regulus
8100, Japan) at an acceleration voltage of 20 kV. And the related
elemental distribution was analyzed with energy-dispersive X-ray
spectroscopy (EDS, Oxford Ultim Max 65, UK).

2.4 Animal experimental design

ICR male mice were obtained from the SLAC ANIMAL (Shanghai)
Experimental Animal Center Co., Ltd. (SCXK (Hu) 2022-0004). The
mice were adaptively given food and water for 3 days and maintained
at a constant room temperature of (22 + 2) °C and a humidity of
50%-70% for 12 h light/dark cycles. All experiments were performed

in compliance with the Regulation of Experiment Animal
Administration issued by the Ministry of Science and Technology of
the People’s Republic of China. The experiment received approval
from the Ethics Committee of Zhejiang University of Technology
(MG20220923012). To better simulate the adverse lifestyle of
ACHSFDs in humans, this study randomly divided all male ICR mice
into 4 groups (n = 10): normal group (NG), model group (MG),
DOPS group (100 mg/kg), and DOPS100 group (100 mg/kg). The
sub-healthy mice were induced by ACHSFDs.

After 7 weeks of modeling, the drug was administered. The
normal group was given the same volume of distilled water (10 mL/kg),
while the remaining drug were administered in equal amounts once a
day for 5 weeks. The blood was collected through the eye sockets,
spleen, thymus, colon, and ileum tissues were collected and stored in
a refrigerator at —80 °C. To view the comprehensive experimental
technical route, refer to Fig. 2 for the flowchart.

2.4.1 ACHSFDs diet design

ACHSFDs consisted of a high sugar and fat diet (Trophic Animal
Feed High-Tech Co., Ltd., Nantong, China, TP0800, 20% sucrose,
15% lard, 1.20% cholesterol, 0.20% sodium cholate, an appropriate
amount of casein, dicalcium phosphate, and stone powder, etc.) and
ethanol. The model group were given 4% ethanol for 4 consecutive
days, which was increased to 8% on the 6™ day and then increased by
4% every 3 days until reaching 50%.

2.4.2 General signs and behavior tests

The weight of mice was recorded once every 2 weeks during the
experiment. The back of mice was photographed using a thermal imaging
camera, and the back temperature was measured using FLIR ONE
software. In the last day of the experiment, the holding power of the mice
was recorded. Additionally, autonomous activity tests were conducted in
the last week of the experiment. Thirty min after administration, the mice
from each group were placed into a multifunctional mouse automatic
activity recorder to acclimate for 2 min. The locomotion activity of each
mouse was then measured and collected within 5 min.
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2.4.3  Measurement of serum immunoglobulin and serum complement

Mice were fasted overnight after undergoing a 5-week treatment.
Blood was then drawn from the ophthalmic venous plexus and
centrifuged at 3 500 r/min for 10 min to collect the serum. The
collected serum was used for detecting levels of serum complement
C3c and C4 using corresponding kits on a Hitachi 7060 Automatic
Biochemical Analyzer (Hitachi, Shanghai, China). Additionally,
levels of IgA and IgM in the serum were measured using ELISA Kkits,
following the instructions of manufacturer.

2.4.4  Histopathology assessment of immune organ

Tissues (gut, spleen, and thymus) were collected from each
mouse, and gross lesions were recorded. The collected tissues were
then fixed with a 4% formalin solution, dehydrated using different
concentrations of alcohol, and embedded in paraffin. Subsequently, 4 um
paraffin sections were prepared from the embedded tissues. Finally,
the histopathological examination of the tissue was assessed using
H&E staining, PAS staining. Briefly, the tissues of gut, spleen and
thymus were stained with H&E. The gut tissues were stained with
PAS and the nuclei were counterstained with hematoxylin. All H&E
and PAS staining were photographed with the biological microscope
(BX43, Olympus, Japan) and analysed with the Image-Pro Plus software.

Intestinal mucosal damage was evaluated using the improved
Chiu’s score®: grade 0, normal mucosa; grade 1, development of
subepithelial Gruenhagen’s space at the tip of the villus; grade 2,
extension of the space with moderate epithelial lifting; grade 3,
massive epithelial lifting with a few denuded villi; grade 4, denuded
villi with dilated capillaries; and grade 5, disintegration of the lamina
propria, ulceration, and hemorrhage. Higher scores were interpreted
to indicate more severe damage.

2.4.5 [IHC and immunofluorescence (IF) analysis

The expression of Foxp3 and RORyt proteins in the gut tissue was
evaluated using immunohistochemical staining. The paraffin tissue
sections were incubated with Foxp3 and RORjyt antibodies, followed by
incubation with a secondary antibody, goat anti-rabbit IgG. The signals
were then observed using DAB solution, and the nuclei were
counterstained with hematoxylin. Under the microscope, positive
expression appeared as a yellow color. The protein levels were quantified
by measuring the integrated option density (I0D) within the positive area.

Similarly, the expression of IL-10, CD4, Occludin, and ZO-1
proteins in the gut tissue were evaluated using IF staining. The paraffin
tissue sections were incubated with IL-10, CD4, Occludin, and ZO-1
antibodies, followed by incubation with either the fluorescein
isothiocyanate (FITC) Conjugated AffiniPure Goat Anti-Rabbit IgG
(H + L) or the DyLight550 Conjugated AffiniPure Goat Anti-rabbit IgG
(H + L) under dark conditions. The nuclei were counterstained with
DAPI staining solution. Under the microscope, positive expression
appeared as green or red color.

2.4.6  Western blot analysis

The protein concentration of the intestinal protein, extracted with
radio immunoprecipitation (RIPA) buffer, was determined using the

BCA protein assay kit. A total protein amount of 80 pg was loaded
onto a gel and separated through gel electrophoresis. Subsequently,
the proteins were transferred to a polyvinylidene fluoride (PVDF)
membrane and incubated with the primary antibody overnight at 4 °C.
Following a wash with tris buffered saline with Tween-20 (TBST),
the target proteins were incubated with the horseradish peroxidase-
conjugated secondary antibody IgG (1:5 000). The expression of CD4
protein was detected utilizing the Western blotting technique. Finally,
the results were visualized through the enhanced chemiluminescence
(ECL) Western blotting detection system. The expression level of the
target proteins was normalized against the control S-actin.

2.5 Statistical analysis

Results were statistically evaluated using SPSS Statistics 19.0.
Significant group differences were determined by Spearman
correlation tests (Student’s #-test, P < 0.05, |correlation coefficient| > 0.30).
Statistically significant was set as P < 0.05. Graphs were created
using GraphPad Prism 8.0.

3. Results

3.1 Properties of DOPS and DOPS100
3.1.1 Chemical composition

To estimate the main polysaccharide components of DOPS and
DOPS100, a suite of chemical and spectral tools were used. The study
revealed that DOPS-1 (neutral polysaccharides) accounted for the
main components of DOPS during the purification process (Fig. 3A).
Furthermore, the total glucuronic content of DOPS100 (Fig. 3B)
was significantly lower ((0.37 £+ 0.05)%) compared to DOPS
((1.15 £ 0.18)%). Similarly, the total flavonoid contents of the
purified polysaccharides were significantly reduced compared to
DOPS ((0.36 £ 0.03)% vs. (0.52 + 0.05)%, respectively; P < 0.05).
Moreover, both polysaccharides were almost devoid of total saponins
and total phenolic components.

3.1.2  Monosaccharide composition

The HPLC method of precolumn derivatization with PMP was
used to determine the monosaccharide composition of DOPS and
DOPS100. It can be seen that DOPS and DOPS100 are
heteropolysaccharides composed of mannose, glucose, and arabinose
(Fig. 3C). The molar ratio of these monosaccharide components in
DOPS is 6.00:1.00:0.05, and in DOPS100 it is 11.65:1.00:3.26.

3.1.3  Analysis of functional groups

FT-IR spectroscopy in the range of 4 000-400 cm™ was used for
the characteristic absorption analysis. The FT-IR spectra of DOPS and
DOPS100 are similar and exhibit various typical absorption bands of
polysaccharides (Fig. 3D). The broad and strong absorption band
observed at 3 366 cm™ in the 3 500-3 100 cm™ region can be attributed
to the stretching vibration of the polysaccharide hydroxyl group
(~OH) involved in hydrogen bonding. The absorption at 2 922 cm™ in the
3 000-2 800 cm™' region corresponds to the C—H stretching vibration of
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Fig.3 Schematic diagram of the purification and structural characterization results of D. officinale polysaccharides. (A) Elution profile of polysaccharides on
DEAE-52 cellulose; (B) Elution profile of polysaccharides on Sephadex G-100; (C) Monosaccharide composition analysis by HPLC; (D) FT-IR spectra;
(E) The determination of the chain conformation of polysaccharides.

the methylene group, which the bond at 1 728 cm™ is assigned to the
valence vibration of C=0. The peak at 1 634 cm™ indicates the
stretching vibration of the free carboxyl group™. The C-H stretching
vibration of the methyl group is observed at 1 376 cm™, and the peaks
near 1 248 cm™ are attributed to the symmetric C—H bending vibration of
the methyl group and the C-O vibration of the O-acetyl group,
respectively®. The presence of pyranose form in the polysaccharides is
indicated by the absorption at 1 062 and 1 033 cm™'?*, The presence of
J-D-mannopyranose is revealed by the absorption peak at 874 cm™, and
the absorption peak at 614 cm™ indicates the presence of pyranose

glucose ring in the polysaccharide™.

3.1.4 Degree of esterification

The absorption peaks at around 1 728 and 1 634 cm™' indicate the
C=0 stretching vibration of esterified carboxylic groups (COO-R)
and the asymmetric stretching of carboxylate anions (COO-),
respectively™>". The esterification levels of DOPS and DOPS100

were assessed by analyzing the ratio of the peak area at 1 728 cm™
over the sum of the peak areas of 1 728 and 1 634 cm™'F*2,

The degree of esterification was analyzed and it was found to be
50.46% for DOPS and 50.03% for DOPS100 (Fig. 3D). Previous
studies have shown that the degree of esterification of polysaccharides

influences their immunomodulatory activity™*>".,

3.1.5 Spatial conformation

The chain conformation of polysaccharides in solution has a
significant impact on their biological activities. Triple-helical structures of
B-glucans have been found to exhibit enhanced biological activity™ .

To investigate the structure of the polysaccharides, the composite
solution of the polysaccharide and congo red was subjected to a
congo red test®”. The 1., values of congo red + DOPS and congo
red + DOPS100 were observed to be sequentially red-shifted and
blue-shifted (Fig. 3E), suggesting that the presence of triple-helical

conformations in both polysaccharides™”.
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3.1.6 Molecular morphology

SEM was applied in the study to observe the surface morphology
of DOPS and DOPS100. The results revealed that a loose filamentous
crosslink with cobweb fragments can be seen in DOPS, and the
DOPS100 surface is smoother and exhibits fewer pores and cracks in
its cross-section compared to DOPS (Figs. 4A-C, a-c). Additionally,
white spots were observed on the surface. On the other hand, DOPS
exhibited an irregular granular shape with internal small holes, which
could possibly be attributed to the aggregation of polysaccharide
molecules. The EDS spectrum (Figs. 4D, d, E, e) further supported
these findings by showing that DOPS100 mainly consisted of carbon
and oxygen. Based on these observations, it can be deduced that
DOPS100 was successfully purified”®.

DOPS

Fig. 4 Representative SEM images and EDS of DOPS and DOPS100. (A, a)
300x%, (B, b) 1 000%; (C, ¢) 2 000x%; (D, d) Scan imagery of EDS; (E, ¢) Maps of
the distribution of elements spectrum curves.

A @ NG © MG *DOPS -+DOPS100

3.2 Animals experiments

3.2.1 Effects of DOPS and DOPSI100 on general signs and
behavior in sub-health mice

Indications pertaining to the physical realm hold the potential to unveil
the comprehensive state of an organism. For instance, variations in body
weight offer glimpses into the intricate balance of caloric equilibrium
maintained over the course of time. Grip and vertigo time are measures
that quantitatively assess symptoms like fatigue and dizziness. Compared
with the normal group, the model group showed significant decreases in
trends of body weight and holding power after 12 weeks of modeling
(P < 0.01) (Figs. 5A, B), as well as significant increases in dizziness time
and back temperature (P < 0.01) (Figs. 5C-E). Compared with the model
group, the DOPS100 riser the trends of body weight (Fig. 5A), both DOPS
and DOPS100 significant increases holding power of the sub-healthy mice
after 5 weeks of administration (Fig. SB). More and more, both DOPS and
DOPS100 significant decreases in back temperature and dizziness time
(P<0.01, 0.05) (Figs. 5C-E).

The effects of DOPS and DOPS100 on anxiety and exploratory
behaviors in sub-healthy mice was evaluated using the autonomous
activity experiment. Locomotive movements of mice in the model group
were significantly reduced compared to the normal group (P < 0.05)
(Figs. SF-H), and the time spent not moving was significantly higher
(P < 0.05) (Fig. 5I). Comparison with the model group, the DOPS group
exhibited significantly higher movement speed and distance (P < 0.05)
(Figs. 5G, H), and the immobility time of DOPS and DOPS100 groups
was notably decreased (P < 0.05) (Fig. SI). The polysaccharides-
intervened (DOPS and DOPS100) groups exhibited an excellent healthy
function on the above-mentioned changes, implying that polysaccharides
have benefits on the mental changes caused by sub-healthy.

3.2.2  Effects of DOPS and DOPSI100 on immune organ in
sub-healthy mice

Thymus and spleen play an important role in immunoregulation, and
their indexes serve as significant indicators of immune function.
Compared with the normal group, the spleen index significantly increased
(P <0.01) (Fig. 6C), and the thymus index of the model group tended to
increase by 16.82% (Fig. 6D). H&E staining of the thymus and spleen
revealed that the thymic lobules of the model group showed indistinct
structural characteristics, including an indistinct boundary between the
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cortex and medulla, and an enlarged medullary region. Similarly, the
splenic tissues of the model group exhibited scattered white medullary
structure and germinal centers, along with a reduced number of
lymphocytes (Figs. 6A, B). These findings suggest that long-term
unhealthy diet habits lead to immune organ damage in model group.

After 5 weeks of drug administration, the spleen index significantly
reduced in the DOPS100 group (P < 0.05) (Fig. 6C), and there was also a
tendency to reduce the thymus index by 10.61% (Fig. 6D). There were
tendency to reduce the spleen index and the thymus index in DOPS group.
H&E staining showed that the intervention of DOPS and DOPS100
improved the thymus tissue structure in model group, leading to
normalized thymus lobules and a clear demarcation of the cortex and
medulla. The medullary area was significantly reduced. Additionally, the
spleen peritoneum of the model group tended to be complete, resulting in
a significant increase in the white medulla area and a convergence of the
germinal center. These observations indicated a better restoration of the

splenic tissue morphology (Figs. 6A, B). In conclusion, DOPS and
DOPS100 could improve immune organ injury in sub-healthy mice.

3.2.3  Effects of DOPS and DOPSI00 on serum immune
indices in sub-healthy mice

Serum immunoglobulin and complement play crucial roles in the
humoral immune response. The results demonstrated that compared to
the normal group, serum levels of IgA and IgM in the model group
significantly decreased (P < 0.05) (Figs. 6E, F), and levels of
complement C3c and C4 significantly increased (P < 0.01) (Figs. 6G, H)
in model group. Following 5 weeks of administration, compared with the
model group, DOPS and DOPS100 significantly increased serum levels
of IgA and IgM levels (P < 0.01, 0.05) (Figs. 6E, F), while significantly
decreasing the complement C4 level (P < 0.05) (Fig. 6H). Moreover,
DOPS100 significantly reduced the complement C3c level (P < 0.05),
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Fig. 6 Effects of DOPS and DOPS100 on serum immune indices and immune organ in sub-healthy mice. (A-B) Representative graph (200x) of H&E staining of
the spleen and the thymus, respectively (scale bar = 100 um); (C-D) The indexes of the spleen and thymus, respectively; (E) Serum IgA; (F) Serum IgM;
(G) Serum complement C3c¢; (H) Serum complement C4. Compared with the NG *P < 0.05, **P < 0.01; compared with the MG *P < 0.05, *P < 0.01.

and there was a trend of reducing the complement C3c level in the
DOPS group (Fig. 6G). The discoveries suggested that both DOPS and
DOPS100 to modulate the levels of serum immune factors and
complement to improve the humoral immune function.

3.2.4  Effects of DOPS and DOPS100 on reshaping intestinal
mechanical barriers in sub-healthy mice

Intestinal mechanical and immune barriers maintain intestinal health
by preventing pathogenic microorganisms and toxins from entering the
body through the synergistic formation of an intestinal barrier by
physical structure and immune function. H&E staining of intestinal
tissues showed that in the normal group, the villi were neatly arranged
and of moderate length, and the ileal epithelial cells were structurally
intacted and arranged in phase (Fig. 7A). However, in the model group
after 12 weeks of modeling, the length of villi was significantly shorter
and the depth of crypt was significantly increased (P < 0.01) (Figs. 7B, C).
Additionally, the ratio of villous height/crypt depth (VH/CD) was
significantly lower (P < 0.01) (Fig. 7D), and the pathological score of
intestinal tissue was significantly increased (P < 0.01) (Fig. 7E).
The expression levers of tight junction proteins, including Occludin

(Figs. 7F, G) and ZO-1 (Figs. 7L, M), were assessed through IF analysis
and found to be significantly reduced (P < 0.01, 0.05) (Figs. 7F-M).
These findings suggest that long-term “ACHSFDs” can cause damage to
the tight junctions of the colon and disrupt the intestinal mechanical
barrier function, resulting in the translocation of intestinal pathogenic
bacteria into the bloodstream.

Compared with the model group, after 5 weeks of drug
administration, DOPS significantly decreased the pathological score
of intestines (P < 0.01) and significantly increased the VH/CD ratio
(P < 0.01). In particular, DOPS100 not only significantly improved
the aforementioned indicators but also significantly reduced the depth
of crypt (P < 0.05) (Figs. 7A-E). The results demonstrated a
significant increase in Occludin expression in ileum tissue following
treatment with DOPS100 (P < 0.01). Additionally, the expression
level of ZO-1 was found to be significantly elevated in both colon and
ileum tissue (P < 0.01) when compared to the model group (Figs. 7H-K).
Moreover, DOPS significantly increased the expression levels of ZO-1
in both mouse ileum and colon tissue (P < 0.01, 0.05) (Figs. 7J, K). It
suggested that DOPS and DOPS100 could improve the pathological
and physiological state of the intestine, regulate the expression of
intestinal tight junction proteins, and enhanced the intestinal mechanical
barrier in sub-healthy status.
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3.2.5 Effects of DOPS and DOPS100 on reshaping intestinal
immune barriers in sub-healthy mice

Alkaline phosphatase staining is used to observe changes in the
intestinal alkaline phosphatase (IAP) levels. The study found that after
12 weeks of modeling, the expression of IAP in colon and ileum in the
model group was significantly reduced (P < 0.01) compared with the
normal group (Figs. 8A-C). Alcian blue (AB) and PAS (Figs. 8D, G)
staining of intestinal tissues (ileum and colon) further showed that the
glands and intraepithelial goblet cells in the normal group were normal
and tightly arranged, with a flat mucosal surface. However, in the model
group, the glands were ruptured abnormally, and some of the
intraepithelial goblet cells were disorganized and sparsely arranged.
There were significantly decreased in both goblet cells and mucus
secretion (Figs. 8E, F, H, I) in the model group after 12 weeks of
modeling compared with that in the normal group (P < 0.05).

Compared with the model group, after 5 weeks of administration,
both DOPS and DOPS100 could significantly enhance the expression
level of IAP (P < 0.01) (Figs. 8A-C). Further AB and PAS staining
showed that after treatment with DOPS and DOPS100, there was a

IAP stain

Number of goblet cell in ileum

Number of goblet cell in ileum
o
S

discernible improvement in both the abundance of intestinal epithelial
goblet cells and the structural integrity of tissue glands, albeit to varying
degrees (Figs. 8D-I). The results show that DOPS and DOPS100 could
improve the intestinal immune barriers in sub-healthy mice.

3.2.6  Effects of DOPS and DOPSI00 on reshaping the
CD4"-Th17/Treg pathway in sub-healthy mice

The balance of intestinal CD4"-Th17/Treg is essential for the
regulation of autoimmune response and metabolic disorders. Foxp3
and RORyt, which are nuclear transcription factors of Treg and Th17
respectively. Western blot showed that the expression level of Foxp3
protein in the colon of model group was significantly reduced
(P < 0.05) (Figs. 9A, D). Additionally, the expression level of CD4
protein exhibited a declining pattern (Figs. 9A, C). This phenomenon
was also confirmed by IF or ITHC staining (Figs. 9E, F). And the
expression level of RORyt protein was significantly increased in the
model group (P < 0.01) (Figs. 9A, B). These findings suggest that the
long-term poor diet of “ACHSFDs” may cause abnormalities in
intestinal CD4 " T-cell and Th17/Treg immune balance.
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After 5 weeks of drug administration, compared with the model
group, DOPS and DOPS100 could significantly increase the expression
of CD4 protein in colon (P < 0.01, 0.05) (Figs. 9A, C). The protein
expression of Foxp3 was significantly increased (P < 0.01) (Figs. 9A, D).
The expression of RORyt protein was significantly decreased (P < 0.01,
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0.05) (Figs. 9A, B). Similar results were found by IF and ITHC of CDA4,
Foxp3, and RORyt in intestine (Figs. 9E-G). These results suggested that
DOPS and DOPS100 may remodel intestinal CD4-Th17/Treg immune
homeostasis and maintain intestinal health by regulating the expression
of intestinal CD4, Foxp3 and RORyt proteins in model mice.
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3.2.7  Effects of DOPS and DOPSI00 on the expression of

CD47-Th17/Treg-related cytokine proteins in sub-healthy mice

Further studies examined on the expression of CD4'-Th17/Treg-
related cytokine proteins, serum and intestinal levels of IL-10, IL-22, and
IL-17A, in sub-healthy mice. Compared to the normal group, intestinal the
expression levels of anti-inflammatory factors of IL-10 (Figs. 10A, D, E)
and IL-22 (Figs. 10C, H, I) significant decreased (P < 0.01, 0.05), as well
as serum IL-22 (Fig. 10K). And the intestinal the expression levels of
pro-inflammatory factor of IL-17A significant increased (P < 0.01)
(Figs. 10B, F, G), as well as serum IL-17A (Fig. 10J).

Tleum

Interestingly, this condition can be counteracted by DOPS and
DOPS100, both of which are capable of enhancing the expression
levels of intestinal anti-inflammatory factors IL-10 (P < 0.01, 0.05)
(Figs. 10D, E) and IL-22 (P < 0.01) (Figs. 10H, I) proteins while
reducing the expression levels of pro-inflammatory factor IL-17A
(P < 0.01, 0.05) (Figs. 10F, G) proteins. Additionally, the levels of
serum IL-22 and IL-17A (P < 0.01, 0.05) (Figs. 10J, K) exhibited an
improvement following DOPS and DOPS100 administration. These
results substantiated the DOPS and DOPSI100 contributed to
ameliorating intestinal inflammation and reestablishing intestinal
immune homeostasis.
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4. Discussion

The crude polysaccharide (DOPS) was extracted from the
ultrafine powder of D. officinale stems and further purified using
DEAE-52 cellulose and Sephadex G100 columns to obtain
DOPS100. Structural characterization of DOPS100 revealed no
significant difference in the total polysaccharide content compared
with  DOPS and DOPS100. Polysaccharides with triple-helical
structures are known for their excellent biological activities. The
results of the congo red test suggest that DOPS and DOPS100 may
possess good anticomplementary activities. However, DOPS100
exhibited significantly lower total glucuronides and total flavonoids
than DOPS, indicating the removal of most acidic polysaccharides
and total flavonoids components during the purification process. This
resulted in a purer sample for subsequent in vivo experiments.
Additionally, DOPS100 contained minimal total saponin and total
phenol components, further increasing its purity for subsequent
in vivo experiments to verify the drug efficacy.

The immunostimulatory activity of polysaccharides is closely
associated with their properties such as chemical composition,
glycosidic bonding, conformation, and degree of esterification!**",
Polysaccharides with molecular weights more than 100 kDa possess
excellent immunostimulatory activity™”. Additionally, Lu et al.""
reported that a high content of mannose in DOP improves antitumor
activity. The glucomannan-rich structure of DOPS can effectively
inhibit the proliferation of pathogenic bacteria, alleviate inflammation,
improve the integrity of the intestinal mucosa, and increase
nutrient absorption*?,

However, although polysaccharides from different purification
levels of D. officinale have similar composition and structural
characteristics, they have different effects on bioactivity. The structural
differences, such as the higher proportion of mannose monosaccharide
composition and lower degree of esterification in purified DOPS100,
result in significant differences in biological activity. Hence,
performing a thorough investigation into the structural characteristics
and mechanisms of immunoreactivity is imperative for completely
understanding the structure-immunoreactivity relationship. In the present
study, we performed in vivo experiments using an anthropomorphic
poor diet-induced immunocompromised mouse model, administering
DOPS and DOPS100. We found that both types of polysaccharides
can improve the suboptimal health status of the model mice to
different degrees, alleviating symptoms such as fatigue and abnormal
metabolic indexes. Analysis of the effects of polysaccharides on the
humoral and cellular immune functions of the model revealed that the

[43]

poor diet led to immune organ damage™, resulting in decreased

concentrations of immunoglobulins IgA and IgM and abnormal
activation of the serum complement system™*~*. DOPS100 significantly
reversed these phenomena, indicating stronger activity in cellular and
humoral immunity compared with DOPS.

A well-functioning intestinal barrier is crucial for the normal
functioning of all organs and systems in the human body™’*. The
intestinal surface, which is the internal surface of the organism,
exchanges complex information every day with several substances,
including food components and microorganisms. It mainly depends
on the intestinal barrier to decide whether these substances should
enter the body. The intestinal barrier is composed of the following
four parts: biological barrier, mechanical barrier, chemical barrier,
and immune barrier. The mechanical barrier is composed of mucosal
epithelial cells and their intercellular tight junction proteins, whereas
the immune barrier is composed of intestinal tissues such as intestinal
epithelial cells, lymphoid tissues, and mesenteric lymph nodes™*".

The length of the villi is significantly associated with the number
of cells in their intestinal epithelium. When the villi are short, fewer
mature villous cells are present and nutrient uptake is reduced.
Additionally, the depth of crypts reflects the rate of cell production,
and the cells continuously migrate and differentiate from the base of
crypts to the end of villi to supplement the normal shedding of villous
epithelium. Villous height/crypt depth the functional status of the
small intestine. Furthermore, an increase in the ratio indicates an
improved mucosa, digestion and absorptive function, as well as
accelerated growth and development. Conversely, a decrease in the
ratio suggests a decrease in the digestive and absorptive function and
mucosal damage. Tight junction proteins, such as Occludin and ZO-1,
contribute to the stabilization of intercellular tight junctions and
optimize the intestinal barrier function. ZO-1 is crucial for effective
mucosal repair. A previous study showed that polysaccharides exert
their immunomodulatory activities by triggering intestinal mucosal
immunity rather than being directly absorbed into the blood™”. In the
present study, we found that oral administration of DOPS and
DOPS100 improved the intestinal immunity of mice by restoring
abnormal intestinal villus length and crypt depth, increasing the
number of intestinal mucosal cuprocytes, and remodeling the
intestinal mechanical barrier through upregulated expression of
intestinal tight junction proteins ZO-1 and Occludin. Altogether,
DOPS100 treatment is generally better than DOPS.

CD4" T cells are important elements of immune response and
immune regulation and hold immense significance in intestinal
immunity. In the intestinal environment, these cells can transform into
various subsets, including Treg and effector T cells such as Th17.
Two important transcription factors, Foxp3 and RORyt, play crucial
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roles in controlling the differentiation and functionality of Treg and
Th17, respectively. The activities of these transcription factors are
crucial for maintaining the balance between intestinal immunity and
combating infections®™'. Alcohol consumption decreased intestinal CD4
levels, thus compromising host gut immunity™”.

Th17 can trigger different autoimmune diseases, which are
crucial for host defense against extracellular pathogens. The
differentiation, proliferation, and secretion of Thl7 are tightly
regulated by many factors, such as transforming growth factor-f
(TGF-B), IL-6, IL-21, IL-23, signal transducer and activator of
transcription 3 (STAT3), RORyt, and RORa. These factors facilitate
the differentiation of CD4" T cells into Th17%*., Th17 produce many
transcription factors, such as IL-17A, IL-17F, IL-22, and IL-21, exerting
predominantly proinflammatory effects®*?. CD4" Treg, the most prevalent
type currently studied, promote differentiation via STATS and Foxp3,
and exert immunomodulatory functions via direct cell-to-cell contact
inhibition, secretion of inhibitory cytokines (such as IL-10 and TGF-p),
and induction of apoptosis®">".

Western blotting and IHC analyses showed a significant reduction
in the protein levels of CD4, Foxp3, IL-10, and IL-22 in the gut,
accompanied by a notable increase in the protein levels of RORyt and
IL-17A. This suggests that a poor diet may affect the CD4"-Foxp3/RORyt
immune axis. The dysregulation of this immune axis inhibits the
activation of Treg, compromising the secretion of anti-inflammatory
cytokines and promoting an increase in the autoimmune response of
Th17. Consequently, the excessive secretion of proinflammatory
factors induces disturbances in intestinal immune function. Further
experimentation showed that DOPS and DOPS100 suppressed the
proliferation and differentiation of Th17 within the intestinal mucosa
of the model mice. Additionally, these compounds improved the
immunomodulatory abilities of Treg, thus shifting the intestinal
CD4"-Foxp3/RORyt immune axis towards equilibrium. Further
improvements in the aberrant expression of anti-inflammatory and
proinflammatory factors resulting from the excessive consumption of
fatty glycol wine were observed. This finding reveals the potential of
DOPS to regulate intestinal immune balance by modulating the

intestinal CD4"-Foxp3/RORyt signaling pathway in model mice!®"".

5. Conclusion

The DOPS100 and DOPS exert excellent benefits on the health
status and immunity of immunocompromised model mice induced by
poor dietary habits. This was evidenced by the improvement in
general symptoms of suboptimal health, improvement of humoral and
cellular immune functions in the model mice, increase in intestinal
immune CD4" T cells and Treg, increase in anti-inflammatory factors
IL-10 and IL-22, and decrease in proinflammatory factor IL-17A.
Furthermore, DOPS and DOPS100 could remodel the intestinal
barrier and restore intestinal CD4™-Th17/Treg immune homeostasis
via intestinal immunity. The novelty of this study lies in elucidating
the mechanism underlying DOPS in improving immunity via
gut-immune homeostasis.

Altogether, the results immunoregulatory
properties of DOPS, highlighting the potential for research and
development of functional foods and pharmaceuticals derived from
D. officinale. DOPS100 exerted superior activities compared with
DOPS. Nevertheless, additional research is warranted to elucidate the
mechanisms by which DOPS are absorbed and utilized in the

confirmed the

intestine. Furthermore, how they modulate the suboptimal health
states of the body through their effects on intestinal homeostasis
should be investigated.
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