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ABSTRACT

In this study, a water-soluble novel polysaccharide called TPS was successfully prepared and isolated from
Liubao tea. The optimal extraction conditions resulted in a yield of 10.70% for the crude TPS. The purified
TPS exhibited unique physicochemical properties and structural characteristics. It was identified as an
acidic polysaccharide with trace binding proteins, with a —4)-a-D-Galp-(1—) residue. The purified TPS
had a dense and uneven appearance, potential crystallisation characteristics, and structural stability.
Importantly, it demonstrated the ability to inhibit glucose transport in Caco-2 cells by down-regulating the
expression of sodium/glucose cotransporter 1 (SGLT1) and glucose transporter 2 (GLUT2), leading to a
hypoglycemic effect. These findings highlight the potential of TPS from Liubao tea as a functional food or
additive with hypoglycaemic properties.
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1. INTRODUCTION

Diabetes mellitus, a prevalent metabolic disorder characterised by elevated blood glucose levels,
presents a global public health concern (Zhu et al,, 2021a). Although conventional approaches to
diabetes management include medication, diet, and lifestyle adjustments (Zhu et al., 2020c),
there is a growing interest in investigating the therapeutic potential of bioactive compounds
derived from plants to complement existing treatments (Jones et al., 2019).

Liubao tea (LBT), a fermented dark tea from Guangxi province, China, has gained recogni-
tion for its cultural significance and sensory qualities (Zhu et al., 2021a, 2021b). Recent studies
have revealed the presence of bioactive components in LBT, including polyphenols, alkaloids,
pigments, and polysaccharides (PS), which contribute to its potential health benefits (Zhu et al.,
2021a, 2021b; Wu et al., 2021). Despite its unique properties, the health effects and active
constituents of LBT have received limited exploration compared to other dark teas (Zhu
et al.,, 2021b).

PS, as a prominent bioactive component in tea, has gained considerable attention for its
potential therapeutic effects, particularly in the management of diabetes (Wang et al., 2022). Tea
PS derived from LBT has shown diverse bioactivities and potential for developing functional
foods and therapeutics targeting metabolic diseases (Qin et al., 2021; Qiu et al., 2022). Optimis-
ing the extraction process is crucial to maximise the yield, purity, and bioactivity of LBT-PS
(Zhu et al,, 2021¢; Wang et al., 2022). Additionally, a comprehensive understanding of their
chemical composition and structural characterisation is essential for establishing structure-
activity relationships and identifying potential applications in diabetes management.

This study employed hot water extraction to optimise the extraction process of LBT-PS, and
their physicochemical composition and structural properties were thoroughly analysed. Addi-
tionally, the hypoglycaemic activity of the PS was preliminarily evaluated and mechanistically
analysed.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents

Liubao brick tea (LBT) was provided by Guangxi Wuzhou ShengyuanTea Co., Ltd (Wuzhou,
China). DMEM complete medium was purchased from HyClone Co. (Los Angeles, USA).
CCK-8 determination kit was purchased by Solarbio Co. (Beijing, China). SGLT1 and GLUT2
polyclonal antibodies were purchased from Abcam Co. (CA, USA). All other chemicals and
solvents were of analytical grade.

2.2. Polysaccharide preparation and purification

2.2.1. Optimal extraction and purification of TPS. The Liubao brick tea (LBT, 3a, aged for
8 years), also known as Qiulan brick tea, mainly underwent three main steps, including stacking
fermentation, steaming compression, and aging storage. The aging storage phase further con-
sisted of three stages, including semi-cellar aging in the early stage, dry warehouse aging in the
middle stage, and plate warehouse aging in the later stage. The dried LBT was subjected to two
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rounds (4 h/occasion) of pretreatment with 85% ethanol to remove small-molecule impurities.
The resulting residue was extracted with deionised water, and the supernatant was concentrated,
followed by overnight storage with ethanol. The resulting precipitate was collected, and the
extraction parameters including temperature (60-100 °C), liquid-solid ratio (5:1-30:1), and
ethanol concentration (20-90%) were varied. The obtained pellet was treated with 15% tri-
chloroacetic acid to remove proteins, followed by dialysis (cutoft of 3,500 Da, 48 h) and lyophi-
lisation to obtain crude tea PS (TPS). A response surface methodology (Design-Expert 8.0.6
Trial, State-Ease, MN, USA) based on a central composite design (CCD) was used to analyse the
effects of extraction parameters on the yield of crude TPS (Table S1), with a total of 17
experiments conducted. The detailed factors and levels used in the experiments are listed in
Supplementary Table S2. Supplementary Tables can be found on the server of the Publisher.

Polysaccharide purification was performed as described by Zhu et al. (2019). The eluted
fraction by 0.2 M NaCl was collected and used for further analysis.

2.3. Physicochemical composition

2.3.1. Chemical composition. The phenol-sulphuric acid method (Zhu et al., 2021c) was uti-
lised to determine the total sugar content, while the meta-hydroxyphenyl method was used to
measure the uronic acid content (Zhu et al.,, 2021c). The recognised Bradford method was
employed to quantify the protein content (Zhu et al., 2020c).

2.3.2. Monosaccharide composition. The monosaccharide composition was measured accord-
ing to previous reports (Zhu et al., 2020c). Initially, 5 mg of the sample was hydrolysed in 2 M
trifluoroacetic acid for 2 h at 121 °C, dried with nitrogen, and washed with methanol. The dried
residue was then dissolved in deionised water, filtered through a microporous 0.22-pm filter, and
analysed using an anion-exchange chromatography system from Thermo Fisher Scientific (LA,
USA) and a CarboPac PA-20 anion-exchange column (150 X 3.0 mm). Additionally, fucose
(Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (Glc), xylose (Xyl), mannose
(Man), fructose (Fru), ribose (Rib), galacturonic acid (GalA), glucuronic acid (GulA), mannur-
onic acid (ManA), and guluronic acid (GlcA) were utilised as monosaccharide standards.

2.3.3. Molecular weight (MW). As previously reported (Zhu et al., 2019), dextran standards
were used to establish a standard curve.

2.4. Spectral analysis

2.4.1. Fourier-transform infrared (FTI-IR) spectroscopy. A systematic scan of the PBS sample,
which was mixed with 100 mg of KBr powder, was conducted using an infrared spectrometer
(PE-1730, manufactured in Massachusetts, USA). The scan encompassed a range of wave

numbers from 4,000 cm ™! to 400 cm ™.

2.4.2. Nuclear magnetic resonance (NMR) spectroscopy. To obtain the NMR spectra, 20 mg of
polysaccharide samples were dissolved in D,O and subjected to three rounds of lyophiliaation.
The final product was reconstituted in 0.5 mL of D,0. The Avance III HD spectrometer (Bruker
in Billerica, MA, USA) was used to collect the "H and ?C NMR spectra.
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2.5. Structural properties

2.5.1. Scanning electron microscopy (SEM). The surface morphology of the sample was exam-
ined using a HITACHI SU8010 scanning electron microscope (manufactured by JEOL in Tokyo,
Japan) at magnifications of 10,000 X and 15,000 X. Prior to imaging, 2 mg of the sample was
affixed to a metal block using conductive adhesive and gold was deposited on its surface.

2.5.2. X-ray diffraction (XRD). The X-ray diffraction was conducted by a D8 ADVANCE
X-ray diffractometer (Bruker, Billerica, Massachusetts, USA) with the following settings: tube
voltage of 35 kV, tube current of 100 mA, scattering angle ranging from 5 to 70°, and an angle
step of 0.05°.

2.5.3. Thermogravimetry (TG). The thermal stability of TPS was evaluated using a Simulta-
neous Thermal Analyser (NETZSCH STA 449F3, Selb, Free State of Bavaria, Germany). A 10-mg
sample was subjected to heating at a rate of 10 °C per min under nitrogen protection, and its
thermal behaviour was recorded over a temperature range of 30-800 °C.

2.6. Hypoglycaemic evaluation

2.6.1. Cell culture. Caco-2 cells (Chinese Academy of Science, Shanghai, China) were seeded in
DMEM complete medium and then incubated at 37 °C and 5% CO..

2.6.2. Cytotoxicity assay. Cytotoxicity assay was conducted according to a report by Zhu et al.
(2021c) with a slight modification. Briefly, Caco-2 cells were seeded in 96-well plates at a density
of 1 X 10* cells/well and incubated for 48 h. After removing the medium, the cells were treated
with various concentrations of TPS (200, 400, 600, 800, 1,000, 1,200 pg mL™}) for 24 h. The
normal control (NC) group received no sample treatment. Following that, the medium was
replaced with a 10% CCK-8-containing medium and incubated for 1h. The absorbance at
450 nm was measured.

2.6.3. Glucose transport determination. Caco-2 cells were seeded at a density of 1 X 10° cells/
well on 12-well Transwell® plates and cultured for 21d to form a dense monolayer. The dif-
ferentiation of the cell monolayer was evaluated by measuring the transmembrane resistance.
Subsequently, 0.5 mL of DMEM complete medium containing 25 mM glucose was added to the
apical compartment, and 1 mL of PBS was added to the basolateral compartment. The cell
monolayers were incubated with the corresponding interventions for 2 h. The glucose content
in the basolateral compartment was measured using a glucose assay kit. The positive control was
acarbose (200 pg mL "), and the negative controls were phlorizin (1 mM) and phloretin (1 mM)
as SGLT-1 and GLUT-2 inhibitors, respectively. The sample groups were treated with different
concentrations of TPS (200, 400, and 600 pg mL™}), and the model control (MC) group received
no sample treatment.

2.6.4. RT-qPCR and western blotting. RT-qPCR and western blotting assays were performed

according to a previous report (Zhu et al., 2021a). The sequences of all primers used for
RT-qPCR are displayed in Table S3.
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2.7. Statistical analysis

The statistical data, obtained from three independent experiments, are presented as mean + SD.
The differences among the groups were analysed using a one-way ANOVA test, and a P-value of
less than 0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Optimal extraction

The single-factor experiment (Fig. 1A-C) demonstrated that extraction temperature, liquid-
solid ratio, and ethanol precipitation concentration significantly influenced the yield of crude
TPS. It could be seen from Fig. 1 that the temperature of 85 °C, the liquid-solid ratio of 12.5, and
the ethanol concentration of 65% were the optimum single factor parameters. Based on optimal
conditions, a CCD regression model was established (Table S2). The TPS yield ranged from
7.89% to 10.75%, indicating the substantial impact of different factors and levels on the crude
TPS vyield. The relationship between the TPS yield (Y) and the experimental factors could be
explained by the quadratic regression equation (Table S4). The analysis of variance showed
effectiveness, good fit of the model, and high reliability. Individual factor analysis revealed the
liquid-solid ratio (B) having the greatest impact. The response surface and contour plots showed
that the interaction between the liquid-solid ratio and extraction temperature was the strongest.
The binomial regression model predicted the optimal process conditions for crude TPS extrac-
tion as 83.73 °C, 13.48:1, and 71.78%, resulting in a yield of 10.79%. Experimental validation
under the optimised conditions (84 °C, 14:1, and 72%) confirmed the reliability of the model,
with a measured yield of 10.70 + 0.03%.

3.2. Preliminary physicochemical composition

The purified TPS (referred to as TPS hereafter) resulted in an assayed yield of 2.06%. Chemical
composition analysis (Table S5) showed that it contained 93.17% total sugars and 0.95% water-
soluble proteins, indicating the presence of bound proteins even after impurity separation. The TPS
had a uronic acid content of 29.98%, indicating it was an acidic polysaccharide. The monosaccharide
composition analysis (Fig. 2A) showed that TPS contained Fuc, Rha, Ara, Gal, Glc, Xyl, Man, GalA,
and GlcA, with a molar ratio of 1.21:16.80:21.78:27.47:10.03:3.70:12.78:3.57:2.65. The MW distribu-
tion analysis (Fig. 2B) showed that TPS consisted of two different distributions: 8.75 X 10’ Da
(3.81%) and 8.87 X 10° Da (96.19%). In comparison to TPS extracted from most green teas using
hot water, the MW of TPS obtained from LBT was smaller, which could be attributed to the
fermentation process during LBT production. Due to the non-fermented nature of green tea, the
MW of TPS in Liubao tea is reduced through a process of deep fermentation (Qin et al,, 2021).

3.3. Physiochemical and structural properties

The FT-IR spectrum of TPS (Fig. 2C) displayed several characteristic absorption peaks of PS
bound to trace proteins, including 3,400-3,300 cm™ ', 2,921 cm ™', 1740 cm ™', 1,600 cm™ ", 1,400
cm ', and 1,050 cm ™! (Zhu et al., 2020a, 2020b, 2022). In the "H NMR spectrum of TPS (Fig. 3A),
a signal peak with a chemical shift value of 5.06 suggested the presence of a-D-Galp-(1-H-1,
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Fig. 2. Anion-exchange chromatography of monosaccharide compositions (A), HPGPC profile (B), and
FT-IR (C) of TPS

which was further supported by the '>C NMR spectrum (106.99 ppm) (Fig. 3B) (Shen et al., 2018).
Additionally, the chemical shift between C2 and C5 indicated the presence of a (1—-4)-bond (Li
et al., 2019). Thus, it could be deduced that —4)-a-D-Galp-(1— was one of the dominant mono-
saccharide residues in TPS.

The SEM image (Fig. 4A) showed a sheet-like surface of TPS that was relatively dense and
bumpy. This uneven surface contributes to an increased specific surface area, which can enhance
its bioactivity (Zhu et al., 2021c). XRD analysis (Fig. 4B) exhibited a significant diffraction peak
at 22.5°% indicating the potential crystallisable property of TPS (Zhu et al., 2021c). TG analysis
(Fig. 4C) demonstrated that TPS experienced two phases of weight loss, with a total weight loss
of 59.62%, suggesting a favourable structural stability.

3.4. Hypoglycaemic evaluation

In vivo experiments have demonstrated the hypoglycaemic activity of LBT and its active
ingredients (Zhu et al., 2021b). Figure 5A showed that the cell viability of Caco-2 cells was
approximately 80% at concentrations of 1,000 and 1,200 pg mL™! of TPS. Based on this, con-
centrations of 200, 400, and 600 pg mL ™" of TPS were selected for subsequent experiments. By
measuring the amount of glucose transported from Caco-2 cells over a 2-h period, TPS at
concentrations of 200, 400, and 600 pgmL ™" resulted in inhibition rates of 41.89%, 57.69%,
and 68.19%, respectively (Fig. 5B). Acarbose exhibited a higher inhibition rate of 91.17%.
Phlorizin had an inhibition rate of 60.81%, similar to TPS at 400 pgmL ™" but lower than
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600 pg mL ™. Phloretin showed the lowest inhibition rate of 20.79%. These results suggested that
the inhibition of SGLT1 was involved in glucose transport inhibition, and TPS might act
similarly to phlorizin. Previous studies had reported that Liubao tea had excellent
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hypoglycaemic effects and alleviated insulin resistance, with TPS identified as a major contrib-
utor (Zhu et al,, 2021a), which was supported by our findings. The significant inhibition rate of
TPS might be attributed to its unique chemical composition and structural properties. TPS
contained a substantial amount of uronic acid, which contributed a unique five-membered or
six-membered carbon ring to regulate the activity of glucose metabolism enzymes and exerted a
hypoglycaemic effect (Zhu et al., 2021c). Additionally, the high proportion of Gal in TPS was
known to be closely related to the hypoglycaemic activity of tea polysaccharides (Zhu et al.,
2021c). Meanwhile, the lower MW of TPS further contributed to its hypoglycaemic activity (Zhu
et al,, 2021¢c; Wang et al,, 2022).

Studies have shown that SGLT1 plays a crucial role in glucose uptake and is a target for
regulating hyperglycaemia with tea extracts (Liu et al., 2021). Knockout mice lacking SGLT1
have been shown to exhibit impaired glucose and galactose absorption (Kellett and Brot-
Laroche 2005). Glucose in the intestine is transported through two mechanisms, SGLT1
facilitates active transport of glucose from the small intestinal lumen to the epithelial cells,
particularly at low glucose concentrations (Gorboulev et al., 2012). GLUT2, on the other hand,
facilitates the facilitated diffusion of glucose from epithelial cells to the interstitial space and
eventually across the basement membrane into the bloodstream (Dai et al., 2016). In our
study, TPS treatment significantly reduced the mRNA and protein expressions of SGLT1
compared to the MC group (Fig. 6). At a concentration of 600 pgmL~", TPS caused a
significant 23.67% reduction in SGLT1 mRNA expression (Fig. 6A). TPS at 400 pg mL ™'
and 600 pgmL ™" also significantly decreased GLUT2 mRNA expression (Fig. 6B). Similarly,
TPS significantly reduced the protein expression levels of SGLT1 and GLUT2 (Fig. 6C). In
diabetic models, SGLT1 and GLUT?2 expression levels were up-regulated, and the inhibition of
glucose transport mediated by SGLT1 was dependent on Na™ (Williamson 2013; Liu et al.,
2021). Additionally, the combination of green tea TPS and flavonol significantly inhibited the
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Fig. 5. Caco-2 cell viability and glucose transport. *: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P < 0.0001;
ns: not significant
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mRNA expression of SGLT1 and GLUT?2, leading to delayed blood glucose absorption (Lee
et al., 2020; Oh et al., 2021). Previous studies have shown that green tea extracts, including
TPS, can inhibit SGLT1 activity and reduce glucose transport, with SGLT1 being more sen-
sitive than GLUT?2 (Snoussi et al., 2014; Liu et al., 2021). Combining the findings of this study
and previous studies, it can be inferred that TPS primarily inhibits glucose uptake by targeting
SGLT1, with a lesser effect on GLUT?2.

4. CONCLUSIONS

The yield of LBT-TPS could be significantly improved through optimisation methods, resulting
in a purified polysaccharide with higher content. The purified TPS was an acidic polysaccharide
bound to trace proteins and primarily consisted of —4)-a-D-Galp-(1—. Moreover, it could
inhibit the expression of SGLT1 and GLUT2, leading to reduced glucose transport in Caco-2
cells and exerting a hypoglycaemic effect.
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