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A B S T R A C T

In this study, the effect of Gougunao tea polysaccharide (GTP40) on lipid metabolism in high-fat diet (HFD)- 
induced hyperlipidemic mice and its core structure were investigated. GTP40 effectively reversed the increase in 
weights of the liver and adipose tissues induced by HFD. The oxidative stress of the liver was also significantly 
alleviated following GTP40 intervention. According to the results of Real-Time quantitative Polymerase Chain 
Reaction (RT-qPCR), the genes associated with lipolysis were upregulated after GTP40 treatment, while 
lipogenesis-related genes were downregulated. Additionally, a homogeneous polysaccharide (GTP40–5P, ob-
tained by degrading GTP40 for 5 h) with a molecular weight of 27858 Da was fractionated from GTP40 by the 
partial acid hydrolysis method. GTP40–5P was mainly composed of 62.30 ± 0.70 % neutral sugar, 54.82 ± 0.51 
% uronic acid and 2.52 ± 0.74 % protein. The results of methylation and nuclear magnetic resonance (NMR) 
analysis indicated that the backbone of GTP40–5P was consisted of →4)-α-D-GalpA-(1 → 4)-β-D-Galp-(1→ units, 
with the terminal residue β-D-Galp-(1→ linked to →3,4)-α-D-GalpA-(1→ at the O-3 site, suggesting that it should 
be classified as homogalacturonan (HG)-type pectin with partial methyl esterification. These findings indicate 
that GTP40 alleviates lipid metabolism disorders in hyperlipidemic mice primarily via the AMPK signaling 
pathway. Furthermore, the elucidation of the primary structure of Gougunao tea polysaccharide enhances the 
understanding of the structure-activity relationship.

1. Introduction

Hyperlipidemia is a metabolic disease associated with lipid meta-
bolic disorders. Excessive intake of a high-fat diet (HFD) is a key factor in 
inducing hyperlipidemia, and also serves as a risk factor for various 
diseases, such as obesity, type 2 diabetes mellitus (T2DM), metabolic 
dysfunction-associated steatotic liver disease (MASLD), hypertension, 
and cancers, which seriously affect health (Broadfield et al., 2021; 
Hegazy et al., 2020; Kang et al., 2023; Perez-Luz et al., 2023; Xu et al., 
2024). AMP-activated protein kinase (AMPK) acts as an essential energy 
sensor widely distributed in diverse tissues and cells of human body and 
participates in the regulation of multiple of biological processes, 
including glucose metabolism, lipid metabolism, and protein meta-
bolism (Heidary Moghaddam et al., 2022). Research findings have 
demonstrated that dysregulation of the AMPK pathway is closely related 
to the development and progression of numerous diseases, including 

hyperlipidemia (Bian et al., 2019). It has been reported that HFD can 
further lead to the accumulation of the white visceral adipose tissue and 
subcutaneous adipose tissue, along with significant up-regulation of 
several biomarker genes associated with adipogenesis and lipogenesis, 
such as peroxisome proliferator-activated receptor-γ (PPAR-γ), sterol 
regulatory element binding transcription factor-1c (Srebp-1c), 
acetyl-CoA carboxylase alpha (ACCα), and fatty acid synthase (FAS), 
which are critical targets for lipid metabolism disorder (Yuan et al., 
2022).

Tea (Camellia sinensis) has gained popularity as an oriental leaf due 
to its numerous health benefits, and tea polysaccharides are receiving 
increasing attention because of their non-toxic nature and various bio-
logical activities, including antioxidation, antidiabetic effects, anti- 
hyperlipidemia, antitumor properties, anti-radiation capabilities, and 
et al. (Du et al., 2016). In our previous studies, a homogeneous fraction 
GTP40 was isolated from Gougunao tea, which alleviated HFD-induced 
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hyperlipidemia by reducing oxidative stress and inflammatory re-
sponses, as well as restoring the balance of the gut microbiota (Deng 
et al., 2023). Nevertheless, the effect of GTP40 on fat accumulation and 
the regulation of lipid metabolism in hyperlipidemic mice remain 
unclear.

It is widely acknowledged that the structure of polysaccharides, 
including monosaccharide composition, molecular weight, glycosidic 
linkage type, residue sequence, the number and ratio of end groups, as 
well as the degree of substitution, plays a decisive role in their biological 
activities. To better understand the structure-function relationship of 
GTP40, its primary structure was investigated. However, the large mo-
lecular weight of complex polysaccharides often poses significant chal-
lenges for elucidating their primary structures (Gloaguen et al., 1997; 
Jin et al., 2012). Consequently, various depolymerization methods have 
been developed to reduce the molecular weight of polysaccharides, 
including acid hydrolysis (Pandeirada et al., 2022), oxidative degrada-
tion (Ma et al., 2021), enzymatic degradation (Xiong et al., 2019), as 
well as ultrasound and microwave degradation (Qiu et al., 2019). 
Among them, acid hydrolysis is a cost-effective and time-saving 
approach to degrade polysaccharides by selectively removing branches 
from the sugar chains while preserving the core structure characteristics. 
For instance, Rudtanatip et al. (2022) utilized trifluoroacetic acid (TFA) 
to degrade sulphated galactose (SG) isolated from Gracilaria fisheri and 
evaluated the antioxidant and protective effects of the low molecular 
weight SG (LMSG) against H2O2-induced oxidative stress in fibroblast 
cells. Their results demonstrated that LMSG showed greater antioxidant 
activity. Similarly, Duan et al. (2024) employed TFA to degrade 
Belamcanda chinensis (L.) DC. polysaccharides (BCP), thereby improving 
its water solubility and enhancing its anti-complement activity.

In this study, the effect of GTP40 on fat accumulation and the lipid 
metabolism regulation in hyperlipidemic mice induced by HFD, as well 
as its primary structure were investigated. The results not only deepen 
the understanding of the structure-activity relationship of GTP40, but 
also help open up a new path for the deep processing and application of 
Gougunao tea as a potential natural hypoglycemic agent.

2. Materials and methods

2.1. Materials

Gougunao tea was purchased from Tanghu Town, Suichuan County, 
Jiangxi Province of China. Trifluoroacetic acid (TFA) was purchased 
from Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, 
China). The monosaccharide standards including D-fucose (Fuc), L- 
rhamnose (Rha), L-arabinose (Ara), D-mannose (Man), D-galactose 
(Gal), D-glucose (Glc), L-xylose (Xyl), D-fructose (Fru), D-ribose(Rib), D- 
galacturonic acid (GalA), D-glucuronic acid (GlcA), N-acetyl-D-glucos-
amine (GlcNAc), D-galactosamine hydrochloride (GalN), D-glucosamine 
hydrochloride (GlcN), L-guluronic acid (GulA), D-mannuronic acid 
(ManA) were from Bo Rui Saccharide Biotech Co., Ltd (Jiangsu, China). 
Dextran standards (Mw 1152, 5000, 11600, 23800, 48600, 80900, 
148000, 273000, 409800, 667800 Da) were purchased from Sigma 
Chemical Co. Ltd (St. Louis, MO, USA). All other chemicals and solvents 
used were of analytical grade.

2.2. Extraction and partial acid hydrolysis of Gougunao tea 
polysaccharides

Based on our previous research (Deng et al., 2021), Gougunao tea 
was ground into fine powder using a high-speed pulverizer (Model 
DFY-500, Dade Chinese Traditional Medicine Machine Co., Ltd, Zhe-
jiang, China), screened through a 40-mesh sieve, and then extracted 
with distilled water at 95 ◦C for 3.2 h with a solid-liquid ratio of 1:30 
(g/mL) under the optimum extraction parameters. The extraction solu-
tion was filtered, concentrated, and then precipitated under gradient 
ethanol concentrations of 20 %, 40 %, 60 %, and 80 % (v/v), 

successively. GTP40 was obtained at an ethanol concentration of 40 % 
(v/v), with a high yield of 71.4 %.

According to the method of Kang et al. (2012), 2 g of GTP40 was 
hydrolyzed with 0.1 M TFA (10 mL) at 100 ◦C for 1 h, 3 h and 5 h, 
respectively. After hydrolysis, the samples were cooled to room tem-
perature. After dialysis with distilled water (cutoff of Mw 8000–14000 
Da), three volumes of anhydrous ethanol (v/v) were added for precipi-
tation. The samples were stored at 4 ◦C overnight, and the precipitation 
was collected by centrifugation at 2683g for 15 min. The resulting 
products were named GTP40–1P, GTP40–3P, and GTP40–5P, corre-
sponding to the hydrolysis times of 1, 3, and 5 h, respectively. The yield 
is calculated as the ratio of the dry mass of the sample before and after 
hydrolysis.

2.3. Animal experiment

Fifty male C57BL/6J mice (18 ± 2 g, 6 weeks old) were purchased 
from Hunan SJA Laboratory Animal Co., Ltd (Changsha, China) with the 
license number of SCXK (Xiang) 2019–0004. All mice were housed in a 
controlled environment (24 ± 2 ◦C, 50 ± 10 % relative humidity, 12 h 
light/12 h dark cycle) with free access to food and water. After a one- 
week acclimatization period, these mice were randomly divided into 
five groups (n = 10). One group was fed with a normal diet (ND group), 
while the other groups were fed with high-fat diet (HFD group). After 7 
weeks of HFD feeding, the four HFD groups were administrated with 10 
mg kg− 1 simvastatin (SIM group), 400 mg kg− 1 of GTP40 (GTP40-L 
group), 800 mg kg− 1 of GTP40 (GTP40-H group) and physiological sa-
line (HFD group) via daily oral gavage once a day for another 8 weeks, 
respectively. The high-fat diet (H10060, 60 % of energy from fat) and 
the normal diet (H10010, 10 % of energy from fat) were purchased from 
Beijing Huafukang Biotechnology Co., Ltd., and their composition were 
detailed in Table S1. Body weight was recorded weekly. All experi-
mental procedures involving animals were conducted in accordance 
with the guidelines of the National Research Council’s Guide for the 
Care and Use of Laboratory Animals, and the Chinese Society for Lab-
oratory Animals, and were approved by the Animal Care and Use 
Committee of Jiangxi Agricultural University (No. 2022–001).

At the end of the experiment, the mice were fasted overnight with 
free access to water and then anesthetized with diethyl ether. Blood was 
collected by eyeball extirpation, followed by centrifugation at 724g for 
15 min at 4 ◦C. The serum was immediately snap-frozen in liquid ni-
trogen and then stored at − 80 ◦C. Subsequently, the mice were eutha-
nized by cervical dislocation, and the liver and adipose tissues (perirenal 
white adipose tissues, pWAT; epididymal white adipose tissues, eWAT; 
subcutaneous inguinal white adipose tissues, sWAT; and brown adipose 
tissue, BAT) were collected and weighted, these adipose tissue and liver 
indices were calculated based on the ratio of tissue weight to body 
weight. A portion of the adipose tissue was fixed with 4 % para-
formaldehyde, while the remaining portion was stored at − 80 ◦C for 
further analysis.

2.4. Liver biochemical analysis

The activities of superoxide dismutase (SOD), malondialdehyde 
(MDA), glutathione peroxide (GSH-Px), alanine aminotransferase (ALT), 
and aspartate transaminase (AST) in the liver were assayed using com-
mercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China) according to the manufacturer’s instructions.

2.5. Histological analysis of adipose tissues

The fixed adipose tissues were meticulously trimmed, dehydrated, 
embedded, sliced, stained, and sealed according to the procedure of 
pathological experimental examination. All the stained samples were 
examined under an optical microscope (Nikon Eclipse E100, Nikon, 
Japan).
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2.6. RT-qPCR analysis

Total RNA extraction from the liver, sWAT and BAT tissues, reverse 
transcription, and RT-qPCR were performed as previously described 
(Zhang et al., 2024). The mRNA expression levels of FAS, UCP1, ACCα, 
AMPK-α, SREBP-1c, Adipor1, CPT-1α, and PPARα were quantified using 
the 2− ΔΔCt method. The primers were synthesized by Beijing Genomics 
Institute, and the primer sequences were listed in Table S2.

2.7. Chemical composition analysis

The contents of neutral sugars, proteins, and glucuronic acid of 
GTP40–1P, GTP40–3P, and GTP40–5P were determined by phenol- 
sulfuric acid method (Chen et al., 2023), Coomassie brilliant blue 
method (Bradford, 1976), and m-hydroxybiphenyl method (Qiu et al., 
2022), using D-glucose, bovine serum albumin, and D-galacturonic acid 
as standards, respectively.

2.8. Determination of the molecular weight and monosaccharide 
composition

The molecular weight and monosaccharide composition of 
GTP40–5P were determined according to our previously reported 
method (Dong et al., 2024). The molecular weight was measured by a 
Shimadzu LC-10A high performance gel permeation chromatography 
(HPGPC) system (Tokyo, Japan), while the monosaccharide composi-
tion was analyzed by a high-performance anion exchange chromatog-
raphy (HPAEC) system (Thermo Fisher Scientific Inc., US) equipped 
with a pulsed amperometric detector (PAD).

2.9. Methylation analysis

The linkage types of sugar residues were determined by the 
methylation experiment. The partially methylated alditol acetates 
(PMAAs) derived from GTP40–5P were prepared strictly according to 
the method described in our previous study (Li et al., 2020). The PMAA 
solution was analyzed using a gas chromatography-mass spectrometry 
(GC-MS) system (Shimadzu GCMS-QP2010, Japan) equipped with an 
RXI-5 SIL MS capillary column (30 m × 0.25 mm, 0.25 μm film thick-
ness, Shimadzu, Japan). The temperature program was set as 
120–250 ◦C at 3 ◦C/min, maintaining at 250 ◦C for 5 min. The inlet 
temperature was 250 ◦C, the detector temperature was 250 ◦C, the 
carrier gas was helium, and the flow rate was 1 mL/min.

2.10. NMR spectroscopy analysis

50 mg of GTP40–5P was dissolved in 0.5 mL of deuterium oxide 
(D2O, 99.9 %) and freeze-dried. The dried samples were redissolved in 
0.5 mL of D2O and freeze-dried again. This operation was repeated at 
least three times until all the hydrogen (H) was substituted by deuterium 
(D). For the final time, the samples were dissolved in D2O again and 
stirred at room temperature for 3 h before NMR analysis. The 1D/2D 
NMR spectra of hydrogen spectrum (1H), carbon spectrum (13C), cor-
relation spectrum (COSY), heteronuclear single quantum coherence 
(HSQC), nuclear overhauser effect spectrum (NOESY), and hetero-
nuclear multiple bond correlation (HMBC) were measured by a 600 MHz 
Bruker spectrometer (Bruker, Germany) at 25 ◦C. Deuterated acetone 
was used as an internal standard.

2.11. Statistical analysis

Data were presented as mean ± standard deviation (m ± SD). Sta-
tistical significance was determined using one-way analysis of variance 
(ANOVA) and the LSD test to compare the differences among different 
groups by IBM SPSS Statistics 25.0. p < 0.05 indicated statistical 
significance.

3. Results and discussion

3.1. Effect of GTP40 on the liver biochemical indices

It is widely acknowledged that the liver is an active organ for lipid 
oxidation, and stimulating lipid metabolism may help inhibit the accu-
mulation of hepatic and visceral fat (Chao and Huang, 2020). SOD and 
GSH-Px are antioxidase, while MDA is a product of lipid peroxidation 
(Kim et al., 2017). These indicators can reflect the extent of oxidative 
damage. As presented in Fig. 1, 15 weeks of HFD feeding significantly 
increased the body weight in the HFD group compared with the ND 
group (p < 0.05). The liver index has no significant difference between 
ND group and HFD group (p > 0.05). However, the body weight was 
significantly reduced in both the SIM and GTP40 groups compared with 
the HFD group (p < 0.05). Additionally, after 8 weeks of GTP40 treat-
ment, SOD, AST, and GSH-Px activities in the liver increased signifi-
cantly compared with those in the HFD group (p < 0.05), whereas MDA 
levels in the liver were significantly decreased (p < 0.05). These effects 
were similar to those observed in the SIM group. However, there were no 
significant differences in ALT levels among these groups (p > 0.05). 
These results indicated that GTP40 could improve oxidative stability, 
decrease lipid peroxidation and protect the liver.

3.2. Lipid accumulation of different adipocytes

Adipose tissue is classified into white adipose tissue (WAT) and 
brown adipose tissue (BAT) (Hung et al., 2014). WAT, the primary site of 
energy storage, undergoes an increase in adipocyte size and a relatively 
high organ weight in obesity (Wang et al., 2018). BAT is a natural 
energy-consuming adipocyte tissue with a large quantity of mitochon-
dria and multi-chamber lipid droplets, being capable of generating heat 
rather than energy. As presented in Fig. 2A–E, the adipose tissue indices 
of eWAT, sWAT, and pWAT were significantly higher in the HFD group 
compared with the ND group, while BAT index was significantly reduced 
(p < 0.05). However, after the 8-week intervention of GTP40, the adi-
pose tissue indices of eWAT, sWAT, and pWAT were significantly 
decreased in both the GTP40-L and GTP40-H groups (p < 0.05), while 
the BAT index was significantly increased (p < 0.05), approaching levels 
comparable to those in the ND group. Additionally, the SIM group also 
exhibited a significant inhibitory effect on the adipose tissue indices of 
sWAT and pWAT (p < 0.05), along with an increase in the index of BAT 
(p < 0.05).

To evaluate the histological changes of adipose tissues in hyper-
lipidemic mice, eWAT, sWAT, pWAT, and BAT were stained by 
hematoxylin-eosin (H&E) staining. Compared with the ND group, the 
HFD group showed significantly enlarged fat cell size, irregular 
morphology, and decreased fat cell number under the same field of 
vision (Fig. 2F–J). The results of the SIM group were not significantly 
different from those of the HFD group (p > 0.05). Notably, both GTP40-L 
and GTP40-H interventions significantly reduced the adipocyte area 
compared with the HFD group (p < 0.05), particularly in the GTP40-H 
group. It implied that GTP40 effectively reduced adipose accumula-
tion in HFD-induced hyperlipidemic mice.

3.3. Effect of GTP40 on the expression of genes associated with lipid 
metabolism in the liver and adipose tissue

To investigate the potential molecular mechanism of GTP40 in 
ameliorating the lipid metabolism disorders in hyperlipidemic mice fed 
with HFD, the expression levels of several representative lipid 
metabolism-related genes in the liver and adipose tissue were investi-
gated. Adipor1 is an upstream regulator of AMP-activated protein kinase 
(AMPK) that promotes its activation (Okada-Iwabu et al., 2013). The 
phosphorylation of AMPK reduces triglyceride (TG) levels by inhibiting 
the expression of sterol regulatory element-binding protein-1c 
(SREBP-1c) and indirectly decreasing the expressions of its downstream 
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targets, fatty acid synthase (FAS) and acetyl-CoA carboxylase α (ACCα) 
(Han et al., 2019). Additionally, AMPK phosphorylation stimulates the 
expression of proliferator-activated receptor α (PPARα), which regulates 
lipid metabolism through the modulation of the downstream factor of 
carnitine palmitoyltransferase-1α (CPT-1α). CPT-1α promotes the 
transport of fatty acids (FA) into mitochondria for β-oxidation (Fan 
et al., 2022).

The RT-qPCR results (Fig. 3A–G) indicated that, with the interven-
tion of GTP40, the mRNA expressions of Adipor1, AMPK-α, PPARα, and 
CPT1α were significantly upregulated compared with the HFD group (p 
< 0.05), whereas the mRNA expressions of SREBP-1c, FAS, and ACCα 
were significantly downregulated (p < 0.05). The trend was consistent 
with the SIM group. Moreover, the activation of AMPK increases lipol-
ysis metabolism and reduces the expression levels of lipid synthesis- 
related factors such as SREBP-1c, FAS, ACCα, thereby decreasing lipid 
accumulation, consistent with the findings of Pan et al. (2018). BAT 
burns glucose and fatty acids through the action of uncoupling protein 1 
(UCP1), which decouples substrate oxidation from ATP production 
(Auclair et al., 2020). UCP1 plays a critical role in energy dissipation 
through non-shivering thermogenesis in thermogenic adipocytes (Lu 
et al., 2016). Accumulating evidence implies that activating the activity 
of BAT has emerged as an attractive approach for increasing energy 
expenditure in metabolic diseases induced by HFD (Ju et al., 2019; 
Karise et al., 2019). As shown in Fig. 3H–I, GTP40 administration pro-
duced effects comparable to those observed in the SIM group, with both 
significantly increasing UCP1 expression in sWAT and BAT (p < 0.05).

In conclusion, GTP40 exhibits a significant regulatory effect on lipid 
metabolism in hyperlipidemic mice. However, since this study did not 
assess water intake, food intake, and energy expenditure, further 
research is essential to comprehensively elucidate is underlying mech-
anism. Current evidence suggests that most polysaccharide treatments 
do not significantly affect food intake in HFD-fed mice (Yuan et al., 
2022; Zhu et al., 2018). Nevertheless, several studies have shown that 
polysaccharides can enhance butyric acid production by modulating the 
gut microbiota (Lan et al., 2022; Yang et al., 2021). By promoting 
glucagon-like peptide-1 (GLP-1) secretion and BAT activation, butyrate 
helps maintain satiety and prevents HFD-induced weight gain (Li et al., 
2018). Therefore, further investigation is warranted to examine the ef-
fects of GTP40 on appetite regulation and intestinal flora composition, 

clarifying its regulatory mechanism on lipid metabolism from the 
perspective of the gut-brain axis. Additionally, as no similar fiber control 
was included in this study, it remains unclear whether the observed 
effects are specific to GTP40 or represent a general effect comparable to 
those of other types of fibers.

3.4. The yields, molecular weights, and monosaccharide compositions

The results were summarized in Table 1. The yields of three hydro-
lyzates (GTP40–1P, GTP40–3P, and GTP40–5P) were approximately 26 
%, 25 %, and 18 %, respectively. Mw and Mn were calculated according 
to the regression equation of logMw = − 0.1889x+12.007 (R2 = 0.9943) 
and logMn = − 0.1752x+11.304 (R2 = 0.9931), where x represented the 
retention time. The polymer dispersity index (PDI, Mw/Mn) of 
GTP40–1P, GTP40–3P and GTP40–5P were 1.599, 1.545 and 1.427, 
respectively, indicating that GTP40–5P had the narrowest molecular 
weight distribution (Fig. 4A). Therefore, GTP40–5P was selected for the 
subsequent structural analysis experiments. The monosaccharide 
composition of GTP40–5P was presented in Fig. 4C. The results indi-
cated that GPT40–5P was composed of Rha, Gal, Glc, Xyl, Man and GalA 
with a molar percentage of 1.5:9.7:1.3:0.7:0.7:86.1. Thus, GTP40–5P 
was presumed to be mainly composed of GalA, which might possess a 
homogalacturonan (HG) structure.

3.5. Structure characteristics of GTP40–5P

3.5.1. Methylation analysis
Methylation analysis is a classical method to determine the types of 

glycosidic bond of polysaccharides (Yang et al., 2022). Since all the 
galacturonic acid residues were reduced to galactose before methyl-
ation, no galacturonic acid residue could be detected. As presented in 
Table 2 and Fig. 5, three types of galactose residues were identified. 
t-Galp1→ was the only terminal residue (7.6 %), →3,4-Galp1→ was the 
branching sugar residue (12.34 %), and →4-Galp1→ was the unsub-
stituted residue (80.06 %). Combined with the results of mono-
saccharide composition, GTP40–5P was presumably composed of 
→4-GalpA1→ as the backbone, with branches at O-3 terminated by 
t-GalpA or t-Galp.

Fig. 1. Influence of GTP40 on the body weight, antioxidant indices and lipid levels in liver. (A) Body weight, (B) Liver index, (C) SOD, (D) MDA, (E) GSH-Px, (F) ALT, 
and (G) AST levels in liver. Values were expressed as m ± SD (n = 6). Data with different letters varied significantly (p < 0.05). SOD, superoxide dismutase; MDA, 
malondialdehyde; GSH-Px, glutathione peroxide; ALT, alanine aminotransferase; AST, aspartate transaminase.
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Fig. 2. Changes in adipocyte tissue of mice in different groups during the experimental period. (A) The appearance of four types of adipose tissue; Indices of (B) 
eWAT, (C) sWAT, (D) pWAT, and (E) BAT; H&E staining of (F) eWAT, (G) sWAT, (H) pWAT, and (I) BAT at 200 × of magnification, and fat cells area of (J) eWAT, 
sWAT, pWAT, and BAT. Values were expressed as m ± SD (n = 5). Data with different letters varied significantly (p < 0.05). pWAT, perirenal white adipose tissues; 
eWAT, epididymal white adipose tissues; sWAT, subcutaneous inguinal white adipose tissues; BAT, brown adipose tissue; H&E staining, hematoxylin-eosin staining.
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3.5.2. 1D/2D NMR analysis
1H NMR is used to determine the type, configuration, and relative 

content of sugar residues. The number of peaks in the anomeric proton 
region reflects the number of monosaccharide residue types, and the 
relative ratio of each monosaccharide residue can be roughly estimated 
based on the peak area. A chemical shift of anomeric proton greater than 

5.0 ppm indicated an α-type configuration, whereas a signal less than 
5.0 ppm implied a β-type (Yuan et al., 2016). However, due to the in-
fluence of the carbon atoms, the proton signals of H2~H6 were severely 
overlapped in the chemical shift range of 3.0–5.5 ppm, but could be well 
separated in the COSY spectra. In Fig. 6A, four major peaks were iden-
tified at δ 5.01, 4.88, 4.56 and 4.38 ppm in the 1H NMR spectrum, which 
were labelled as Residue A, B, C, and D, respectively. The high-intensity 
peak around δ 4.70 ppm was attributed to the presence of D2O. As 
presented in Fig. 6B, the carbon signals in the 13C NMR spectrum were 
mainly distributed between δ 60–120 ppm, with a characteristic peak at 
δ 172.12 ppm corresponding to the C6 signal from uronic acids (Hong 
et al., 2022). The signal around δ 54.20 ppm was assigned to the methyl 
carbon group of methylated galacturonic acid (Li et al., 2014).

In the HSQC spectrum (Fig. 6D), a strong cross peak of the anomeric 
carbon signal (C1) at δ 101.77 ppm and its corresponding anomeric 
proton signal (H1) at δ 4.88 ppm were observed. In the COSY spectrum 
(Fig. 6C), cross peaks were found at H1/H2 (4.88/3.67), H2/H3 (3.67/ 
3.93), H3/H4 (3.93/4.38), H4/H5 (4.38/5.05). Therefore, it was inferred 
that H1, H2, H3, H4, and H5 were assigned to δ 4.88, 3.67, 3.93, 4.38, and 

Fig. 3. Effects of GTP40 intervention on the expression of lipid metabolism-related genes in the liver and adipose tissue of HFD-fed hyperlipidemic mice. Relative 
expression levels of (A) Adipor1, (B) AMPKα, (C) SREBP-1c, (D) FAS, (E) ACCα, (F) PPARα, and (G) CPT-1α in liver; Relative expression levels of UCP1 in (H) sWAT 
and (I) BAT. Data were expressed as m ± SD (n = 4). Data with different letters varied significantly (p < 0.05). Adipor1, adiponectin receptor 1; AMPKα, AMP- 
activated protein kinase alpha; SREBP-1c, Sterol regulatory element-binding protein 1c; FAS, fatty acid synthase; ACCα, acetyl-CoA carboxylase alpha; PPARα, 
peroxisome proliferator-activated receptor alpha; CPT-1α, carnitine palmitoyl transferase 1 alpha; UCP1, uncoupling protein 1; sWAT, subcutaneous inguinal white 
adipose tissues; BAT, brown adipose tissue.

Table 1 
The yields and physiochemical properties of GTP40–1P, GTP40–3P, and 
GTP40–5P.

GTP40–1P GTP40–3P GTP40–5P

Yield/% ~26.30 ~24.85 ~17.55
Neutral sugar/% 28.30 ± 0.31 49.90 ± 0.31 62.30 ± 0.70
Protein/% 6.00 ± 1.08 4.38 ± 0.98 2.52 ± 0.74
Uronic acid/% 33.62 ± 3.50 43.20 ± 0.53 54.82 ± 0.51
Mw (Da) 94244 83256 27858
Mn (Da) 60437 53873 19516
Mw/Mn 1.559 1.545 1.427
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5.05 ppm, respectively. Their corresponding carbon signals of C1~C5 
were determined to be 101.77, 69.40, 70.05, 79.15, and 72.65 ppm in 
the HMBC spectrum (Fig. 6E). However, the signal of C6 was at δ 172.12 
ppm, and an intense cross peak was observed at 3.73/54.20 ppm in the 
HSQC spectrum (Fig. 6D), which belonged to the proton and carbon 
signals of the methoxy group (Ghosh et al., 2009; Li et al., 2014), 

suggesting that Residue B was identified as →4)-α-D-GalpA-(1→, with 
partial methyl esterification of some carboxyl groups. Residues C and D 
were identified in the same manner.

HMBC and NOESY spectra were applied to identify the linkage sites 
and sequence of neighbouring sugar residues (Fig. 6F–G). Evidently, in 
the NOESY spectrum, a cross peak of H1/H4 (Residue B, δ 4.88 ppm/ 
Residue B, δ 4.88 ppm) was observed, suggesting the existence of →4)- 
α-D-GalpA-(1 → 4)-α-D-GalpA-(1 → . A cross peak of H1/H4 (Residue B, 
δ 4.88 ppm/Residue A, δ 4.39 ppm) indicated the presence of →4)-α-D- 
GalpA-(1 → 3,4)-α-D-GalpA-(1 → . Additionally, the cross peak of H1/H4 
(Residue A, δ 5.01 ppm/Residue C, δ 4.08 ppm) demonstrated the 
presence of →3,4)-α-D-GalpA-(1 → 4)-β-D-Galp-(1 → . The cross peak of 
H1/H3 (Residue D, δ 4.38 ppm/Residue A, δ 4.09 ppm) indicated the 
presence of β-D-Galp-(1 → 3,4)-α-D-GalpA-(1 → . Combining all the in-
formation from 1H, 13C, COSY, HSQC and HMBC spectra, the complete 
assignments of each residue were listed in Table 3. Therefore, it was 
inferred that the backbone of GTP40–5P was composed of →4)-α-D- 
GalpA-(1 → 4)-β-D-Galp-(1→ with partial methyl esterification, and the 
terminal residue β-D-Galp-(1→ was linked to →3,4)-α-D-GalpA-(1→ at 
the O-3 site. In conclusion, the possible repeating unit structure of 
GTP40–5P was elucidated as follows.

4. Conclusion

In this study, the effect of GTP40 on lipid metabolism in hypogly-
cemic mice induced by HFD, as well as its structural characteristics were 

Fig. 4. The HPGPC chromatogram of GTP40–1P, GTP40–3P, and GTP40–5P (A), ion chromatogram of 16 mixed standards (B) and GTP40–5P (C). GTP40–1P, 
GTP40–3P, GTP40–5P represent the degradation products of GTP40 treated with TFA for 1, 3, 5 h, respectively.

Table 2 
Methylation analysis of GTP40–5P.

Retention time (min) PMAAsa Mass fragments (m/z) Relative molar ratiob (%) Linkage pattern

24.833 2,3,4,6-Me4-Galp 43,71,87,101,117,129,145,161,205 7.60 t-Galp1→
29.040 2,3,6-Me3-Galp 43,71,87,99,101,113,117,129,131,161,173,233 80.06 →4-Galp1→
33.338 2,6-Me2-Galp 43,87,97,117,129,143,159,185 12.34 →3,4-Galp1→

a Partially methylated alditol acetate.
b Calculated according to the ratio of peak areas.

Fig. 5. Gas chromatogram of PMAAs derived from GTP40–5P.
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investigated. GTP40 significantly reduced the indices of the various 
adipose tissues, and decreased the size of adipocytes in a dose- 
dependent manner. Oxidative stress in the liver was also significantly 
ameliorated after GTP40 treatment. RT-qPCR results showed that 

GTP40 treatment upregulated genes related to lipolysis (AMPKα, 
PPARα, and CPT-1α) and downregulated genes related to adipogenesis 
(SREBP-1c, ACCα, and FAS). The results indicated that the regulatory 
mechanism of GTP40 on lipid metabolism likely involves activating 

Fig. 6. 1D/2D NMR spectra of GTP40–5P. (A) 1H NMR spectrum, (B) 13C NMR spectrum, (C) COSY spectrum, (D) HSQC spectrum, (E) HMBC spectrum, (F) NOESY 
spectrum, and (G) inferred chain structure of GTP40–5P. GTP40–5P represents the degradation product of GTP40 treated with TFA for 5 h.
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AMPK signaling pathway to enhance fatty acid oxidation and inhibit fat 
production, as well as activating BAT to induce non-shivering thermo-
genesis. Three acid hydrolysis products, namely GTP40–1P, GTP40–3P, 
and GTP40–5P were obtained by the partial acid hydrolysis method, and 
their chemical compositions were determined. GTP40–5P exhibited 
increased contents of neutral sugar, uronic acid, and protein, with a 
minimum Mw/Mn value, suggesting the most uniform molecular weight 
distribution. The backbone of GTP40–5P consisted of →4)-α-D-GalpA-(1 
→ 4)-β-D-Galp-(1→, and the terminal residue β-D-Galp-(1→ was linked 
to →3,4)-α-D-GalAp-(1→ at the O-3 site. These results contribute to 
revealing the structure-activity relationship of Gougunao tea poly-
saccharide and provide a theoretical basis for its application in the food 
and pharmaceutical industries. In addition, further investigations into 
appetite regulation, gut microbiota composition, metabolomics 
profiling, and other related factors, along with correlation analyses, 
would provide deeper insights into the lipid-lowering mechanisms of 
Gougunao tea polysaccharide.
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