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1  | INTRODUC TION

As living standards are improving, the obese population is increasing 
drastically. Obesity is mainly manifested as excessive or abnormal 

fat accumulation (Thomas, Frost, Taylor-Robinson, & Bell, 2012), and 
it has become a serious global health problem. Excess energy intake 
(Vandevijvere, Chow, Hall, Umaliet, & Swinburn, 2015), insulin resis-
tance (Kahn, Hull, & Utzschneider,  2006), inflammatory response 
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Abstract
Small-leaved Kuding tea (SLKDT; Ligustrum robustum) is a traditional Chinese tea. 
We systematically investigated the effect of SLKDT extract on obesity. SLKDT-
controlled weight gain in mice fed a high-fat diet. Tissue specimen results showed 
that the SLKDT extract alleviated liver damage and fat accumulation. Meanwhile, 
SLKDT extract improved dyslipidemia by decreasing total cholesterol, triglycerides, 
and low-density lipoprotein cholesterol levels and increasing high-density lipoprotein 
cholesterol levels. Furthermore, SLKDT extract reduced alanine aminotransferase, 
alkaline phosphatase, and aspartate transaminase levels in the serum and liver tis-
sues; decreased inflammatory cytokines, including interleukin (IL)-1β, tumor necrosis 
factor-α, interferon-γ, and IL-6; and increased the anti-inflammatory cytokines, IL-4 
and IL-10. The quantitative PCR results showed that SLKDT extract upregulated the 
mRNA expressions of peroxisome proliferator-activated receptor (PPAR)-α, lipopro-
tein lipase, carnitine palmitoyltransferase 1, and cholesterol 7 alpha hydroxylase and 
downregulated PPAR-γ and CCAAT/enhancer-binding protein-alpha mRNA expres-
sions in the obese mouse livers to reduce adipocyte differentiation and fat accumula-
tion, promote fat oxidation, and improve dyslipidemia, thereby inhibiting the immune 
response and alleviating liver injury. SLKDT shows a potential for preventing obesity 
and regulating obesity-related syndrome, so it is possible to be further developed as 
a novel treatment for fighting obesity.
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(Saltiel & Olefsky,  2017), and oxidative stress (Savini, Gasperi, & 
Catani, 2016) are all possible mechanisms by which obesity occurs and 
develops. Many studies have shown that obesity can cause lipid and 
glucose metabolism disorders, thus inducing metabolic diseases such 
as diabetes, hypertension, atherosclerosis, and non-alcoholic fatty 
liver (Boulange, Neves, Chilloux, Nicholson, & Dumas, 2016; Despres 
& Lemieux, 2006; Haslam & James, 2005; Mozaffarian, 2016). Obesity 
seriously threatens  peoples’ health  and living quality and increases 
financial burdens on families. Therefore, it is extremely important to 
study how to effectively prevent and control the occurrence of obesity 
and reduce the risk of its associated metabolic diseases.

Kuding tea is a traditional drink with a history spanning more than 
2,000 years in China. It is mainly distributed in southwestern China 
(Sichuan, Chongqing, Guizhou, Hunan, and Hubei) and southern China 
(Jiangxi, Yunnan, Guangdong, Fujian, and Hainan) (Zhu et  al.,  2009). 
Kuding teas include large-leaved Kuding tea (Ilex latifolia Thunb and Ilex 
kudingcha C.J. Tseng) and small-leaved Kuding tea (SLKDT; Ligustrum 
robustum) (Li, Xu, et al., 2013). Kuding tea tastes fragrant and bitter, 
then sweet and cool. It is a natural drink with medicinal properties. 
Kuding tea is rich in natural active components such as triterpenoids 
(Wang et al., 2012), polyphenols, and flavonoids (Liu et al., 2009); thus, 
it has remarkable biological activity and can regulate lipid metabolism 
(Fan et al., 2012), protect the cardiovascular and cerebrovascular sys-
tems (Chen, Li, & Xie, 1995), and exert hypoglycemic (Song, Xie, Zhou, 
Yu, & Fang, 2012), antioxidant (Zhang, Xu, Sun, Ye, & Zeng, 2010), and 
antibacterial effects (Lu & Huang, 2009). SLKDT is a common drink in 
daily life and is easily accepted by consumers. Compared with most 
tea leaves, SLKDT has high selenium and low caffeine contents (Yang 
& Zhu, 1996) and possesses good medicinal activity and health value. 
Studies have revealed the effects of SLKDT on hypolipidemia and 
weight loss (Xie et al., 2015; Yang et al., 2015), but systematic research 
on the anti-obesity effects and mechanisms of SLKDT remains limited. 
Therefore, it is extremely significant to deeply study the active com-
ponents of SLKDT and its anti-obesity effects and mechanisms, to de-
velop SLKDT as a functional drug or food for preventing and treating 
obesity.

In this study, obesity models were established by a high-fat 
diets, and SLKDT extract was used to intervene. We observed body 
weights and pathological sections and measured the relevant bio-
chemical indicators in the serum and tissue to verify the effect of 
SLKDT. Lipid metabolism-related gene expressions were tested to 
clarify the SLKDT mechanism of action. This investigation provided a 
theoretical basis and experimental support for developing SLKDT as 
a natural and efficient product for preventing and treating obesity.

2  | MATERIAL S AND METHODS

2.1 | Preparation of the SLKDT extract

Dried SLKDT (100 g, from Hainan Province) was weighed and pul-
verized, and then 70% ethanol was added at a liquid/material ratio 
of 20:1. The mixed liquid was heated for 3 hr at 60°C, then cooled 

and filtered to obtain the crude extract. The extraction solution was 
purified via FL-3 macroporous resin with 70% ethanol as the elu-
ant (Mao, Liu, & Ran, 2011). When the eluant became colorless, the 
eluted solution was collected and evaporated. The residue was dried 
and smashed to obtain the SLKDT extract.

2.2 | Analysis of the SLKDT extract composition

Neochlorogenic acid (1.2  mg), rutin (1.5  mg), chlorogenic acid 
(1.2 mg), quercetin (1.7 mg), kaempferitrin (1.8 mg), isochlorogenic 
acid B (1.3 mg), cryptochlorogenic acid (1.2 mg), isochlorogenic acid 
A (1.3 mg), rhamnetin (0.7 mg), and isochlorogenic acid C (2.2 mg) 
(Beijing Putian Tongchuang Biological Technology Co., Ltd.) were 
separately weighed, and methanol (HPLC grade) was added to pre-
pare 1  mg/ml standard stock solutions. Standard stock solutions 
were mixed together, and then a mixed standard solution was ob-
tained. SLKDT extract (10 mg) was dissolved in 1 ml of dimethyl sul-
foxide, and then 1.5 ml of methanol and 1.5 ml of H2O were added. 
Samples were filtered through a microporous membrane (0.22 μm) 
to afford the test solution.

Separation chromatography was performed using an 
UltiMate3000 HPLC System (Thermo Fisher Scientific) and a Thermo 
Scientific Accucore C18 column (150  ×  1.6  mm, 2.6  µm). Mobile 
phase A was acetonitrile (HPLC grade); mobile phase B was 0.5% 
glacial acetic acid aqueous solution. The mobile phase gradient was 
0 min, 12% A; 0–15 min, 20% A; 15–35 min, 40% A; 35–45 min, 70% 
A; and 45–50 min, 100% A. The flow rate was 0.6 ml/min; the col-
umn temperature was 30°C; the detection wavelength was 359 nm; 
and the injection volume was 10 μl. Polyphenols were determined 
according to retention time and analyzed via the each component's 
chromatographic peak area.

2.3 | Animal models and treatment

Fifty healthy C57BL/6J mice (weighing 20 ± 2 g, half male and female) 
were acclimated for 1 week, then randomly divided into the normal, 
model, L-carnitine, low-concentration SLKDT extract (SLKDT-L), and 
high-concentration SLKDT extract (SLKDT-H) groups (n = 10/group 
[5 males and 5 females] per group). The normal group was supplied 
with drinking water and normal maintenance food; the other groups 
were fed a D1249251 high-fat diet (Chongqing Medical University). 
Mice in the L-carnitine group were intragastrically administered 
200  mg/kg L-carnitine daily; mice in the SLKDT-L and SLKDT-H 
groups were administered, respectively, 100 mg/kg and 200 mg/kg 
SLKDT extract by gavage daily. After 4  weeks, except the normal 
group, other groups were switched from regular drinking water to 
10% sugar water. Eight weeks later, all mice were fasted for 24 hr and 
then euthanized. Blood was obtained via the orbits, and the livers 
and epididymal fat (from the males) were collected and recorded for 
further experiments. The formula was used to calculate the organ 
index: Organ index = Organ weight (g)/Mouse body weight (g) × 100.
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2.4 | Histological analysis of the liver and 
epididymal fat

Pieces of both the liver and epididymal fat (~0.5  cm2 each) were 
fixed in 10% formalin solution for 48 hr, then dehydrated, routinely 
processed, embedded in paraffin, sectioned, and stained with he-
matoxylin and eosin. Tissue histology was examined via an optical 
microscope (BX43 microscope; Olympus).

2.5 | Measurements of TC, TG, HDL-C, and LDL-C 
levels in the serum and liver

Serum was obtained by centrifuging the plasma at 730 g for 10 min, 
and then the supernatant was collected. Serum total cholesterol 
(TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-
C), and high-density lipoprotein cholesterol (HDL-C) levels were 
measured via kits following the manufacturer's instructions (Nanjing 
Jiancheng Bioengineering Institute).

Liver homogenate (10%) was centrifuged at 730 g for 10 min to 
obtain the supernatant. TC, TG, LDL-C, and HDL-C levels in liver 
were determined following each kit's instructions (Nanjing Jiancheng 
Bioengineering Institute).

2.6 | Measurements of AKP, ALT, and AST levels 
in the serum and liver

Serum was obtained by centrifuging the plasma at 730 g for 10 min, 
and then the upper light-yellow liquid was collected. Alanine ami-
notransferase (ALT), aspartate transaminase (AST), and alkaline 
phosphatase (AKP) levels in serum were analyzed using kits (Nanjing 
Jiancheng Bioengineering Institute).

Liver homogenate (10%) was centrifuged at 730  g for 10  min 
to afford the supernatant. The levels of ALT, AST, and AKP in the 
liver were analyzed according to each kit's instructions (Nanjing 
Jiancheng Bioengineering Institute).

2.7 | Determination of serum cytokine TNF-α, 
IFN-γ, IL-6, IL-1β, IL-4, and IL-10 levels

Serum was obtained by centrifuging the plasma at 730 g for 10 min 
to collect the supernatant. The cytokine levels of interferon gamma 
(IFN-γ), tumor necrosis factor-alpha (TNF-α), interleukin (IL)-4, IL-1β, 
IL-6, and IL-10 in serum were analyzed following each kit's instruc-
tions (Beijing Chenglin Biotechnology Co., Ltd.).

2.8 | Quantitative PCR assay

Liver tissue was homogenized, and 1  ml of RNAzol reagent 
(Invitrogen) was used to extract the total RNA from the liver. And 

then the total RNA extracted was diluted to the concentration of 
1 μg/μl. One microliter of diluted total RNA extract was utilized for 
reverse transcription to synthesize the cDNA template as per the 
kit instructions (Tiangen Biotech Co., Ltd.). Ten microliter of SYBR 
Green PCR Master Mix and 1 μl of the upstream and downstream 
primers were added to the cDNA template (Table 1). The quantita-
tive PCR cycles were performed under the condition: 95°C for 30 s, 
then 40 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a 
final extension at 95°C for 30 s, followed by 55°C for 35 s. The 2−ΔΔCt 
method was utilized to calculate the relative gene expressions, in 
which GADPH served as the internal reference.

2.9 | Statistical analysis

The SPSS 17.0 (SPSS) and GraphPad Prism 7 statistical soft-
ware (GraphPad Software Inc.) were used to analyze the data. 
Experimental results are expressed as the mean  ±  SD. One-way 
analysis of variance or a t test were used for between-group com-
parisons. p < .05 was considered statistically significant.

3  | RESULTS

3.1 | Compositional analysis of the SLKDT extract

The HPLC results showed that the chlorogenic acid and its deriva-
tives were the main polyphenols in SLKDT extract (Figure  1). The 
standard spectral data showed that the polyphenol contents were 
neochlorogenic acid (11.199 mg/g), chlorogenic acid (10.837 mg/g), 

TA B L E  1   Sequences of primers used in this study

Gene name Sequence

CYP7A1 Forward: 
5′-AGCAACTAAACAACCTGCCAGTACTA-3′

Reverse: 5′-GTCCGGATATTCAAGGATGCA-3′

PPAR-γ Forward: 5′-AGGCCGAGAAGGAGAAGCTGTTG-3′
Reverse:5′-TGGCCACCTCTTTGCTGTGCTC-3′

PPAR-α Forward: 5′-CCTCAGGGTACCACTACGGAGT-3′
Reverse: 5′-GCCGAATAGTTCGCCGAA-3′

CPT1 Forward: 5′-AAAGATCAATCGGACCCTAGACA-3′
Reverse: 5′-CAGCGAGTAGCGCATAGTCA-3′

LPL Forward: 5′-AGGGCTCTGCCTGAGTTGTA-3′
Reverse: 5′-CAGCGAGTAGCGCATAGTCA-3′

C/EBP-α Forward: 5′-TGGACAAGAACAGCAACGAGTAC-3′
Reverse: 5′-GCAGTTGCCCATGGCCTTGAC-3′

GAPDH Forward: 5′-ACCCAGAAGACTGTGGATGG-3′
Reverse: 5′-ACACATTGGGGGTAGGAACA-3′

Abbreviations: C/EBP-α, CCAAT/enhances binding protein alpha; 
CPT1, carnitine palmitoyltransferase 1; CYP7A1, cholesterol 7 alpha 
hydroxylase; GADPH, glyceraldehyde-3-phosphate dehydrogenase; 
LPL, lipoprotein lipase; PPAR-α, peroxisome proliferator-activated 
receptor alpha; PPAR-γ, peroxisome proliferator-activated receptor 
gamma.
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cryptochlorogenic acid (8.874  mg/g), isochlorogenic acid A 
(11.124 mg/g), isochlorogenic acid C (11.840 mg/g), isochlorogenic 
acid B (14.967 mg/g), and rutin (0.454 mg/g). Quercetin, rhamnetin 
and kaempferitrin were undetected.

3.2 | Effect of the SLKDT extract on mouse 
body weight

Weight gain increased dramatically in the model group in the early 
stages but increased gradually in the normal group throughout the 

test period (Figure 2). After experiment, the body weight of model 
group was obviously higher than that of normal group (p  <  .05). 
And compared with the model group, the body weight of mice in 
L-carnitine group and SLKD-H was decreased (p < .05). The effect of 
SLKDT-H was similar to that of L-carnitine.

3.3 | Liver and epididymal fat indexes

The liver and epididymal fat indexes are shown in Table 2. The data 
vary between different groups, but there is no significant difference 

F I G U R E  1   Polyphenols constituents of SLKDT extract. Standard chromatograms (up); SLKDT extract polyphenols chromatograms 
(down): 1. neochlorogenic acid; 2. chlorogenic acid; 3. cryptochlorogenic acid; 4. rutin; 5. kaempferitrin; 6. isochlorogenic acid B; 7. 
isochlorogenic acid A; 8. isochlorogenic acid C; 9. quercetin; 10. rhamnetin. SLKDT, small-leaved Kuding tea
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between the groups. It may be that the weight of the organs did not 
change significantly in this experiment, so the treatment group did 
not show obvious effects.

3.4 | Histopathological examination of the liver and 
epididymal fat

Figure  3a shows that the hepatocyte boundaries in the normal 
group were clear, with a few small vacuoles. Compared with the 
normal group, hepatocytes in the model group were large and 
swollen, and the number of lipid droplets was significantly in-
creased. After treatment with L-carnitine and SLKDT, the num-
ber of lipid droplets in hepatocyte was reduced, and hepatocyte 
was arranged in an orderly arrangement, which has cellular mor-
phology. The SLKDT-H extract was more effective than was the 
SLKDT-L extract.

Figure 3b shows that the adipocytes of the epididymal fat sec-
tions were large and highly saturated compared with those of the 
normal group. After treatment, the adipocytes in the L-carnitine 
and SLKDT groups were smaller than those of the model group. The 
shape of the adipocytes in the SLKDT-H group was nearly the same 

as that in the normal group, revealing that the high concentration has 
better performance.

3.5 | TC, TG, LDL-C, and HDL-C levels in the mouse 
serum and liver tissue

Blood lipid levels can reflect systemic lipid metabolism. The levels 
of TC, TG, and LDL-C in serum and liver tissue of mice in the model 
group were increased, and the HDL-C level was decreased compared 
with those of the normal group (Tables 3 and 4; p < .05), thus reveal-
ing an abnormal lipid metabolism. The SLKDT extract significantly 
increased the HDL-C level and decreased the TC, TG, and LDL-C lev-
els in the serum and liver tissues (p <  .05). The effect of SLKDT-H 
was comparable with that of L-carnitine as a whole.

F I G U R E  2   Body weight gain. The data are shown as mean ± SD 
(n = 10). L-carnitine, mice treated with 200 mg/kg L-carnitine; 
SLKDT-L, mice treated with 100 mg/kg SLKDT extract; SLKDT-H, 
mice treated with 200 mg/kg SLKDT extract. SLKDT, small-leaved 
Kuding tea

TA B L E  2   Liver and epididymal fat indexes of mice in each group

Group Normal Model L-carnitine SLKDT-L SLKDT-H

Liver index 4.07 ± 0.27a,a–d  4.20 ± 0.23a,a–d  4.12 ± 0.17a,a–d  4.18 ± 0.25a,a–d  4.15 ± 0.17a,a–d 

Epididymal fat 
index

1.58 ± 0.49a,a–d  2.22 ± 0.75a,a–d  1.89 ± 0.57a,a–d  1.97 ± 0.40a,a–d  1.62 ± 0.71a,a–d 

Note: Values presented are the mean ± SD (liver index: n = 10/group, epididymal fat index: n = 5/group). L-carnitine, mice treated with 200 mg/kg 
L-carnitine; SLKDT-L, mice treated with 100 mg/kg SLKDT extract; SLKDT-H, mice treated with 200 mg/kg SLKDT extract.
Abbreviation: SLKDT, small-leaved Kuding tea.
aMean values with different superscript letters are significantly different (p < .05). 

F I G U R E  3   (a) Histopathological observation of liver sections 
in mice of the different groups after staining with hematoxylin 
and eosin (H&E). (b) H&E histopathological observation of the 
epididymal fat tissue in mice of the different groups. SLKDT, small-
leaved Kuding tea



     |  4517WU et al.

3.6 | ALT, AST, and AKP levels in the mouse 
serum and liver tissues

ALT, AST, and ALP levels, as enzymatic indicators of liver function, 
can reflect the degree of liver damage. The levels of ALT, AST, and 

AKP in serum and liver were highest in the model group, indicat-
ing liver damage in the obese mice (Tables 5 and 6). Treatment with 
SLKDT and L-carnitine significantly decreased the levels of ALT, AST, 
and AKP (p < .05). The effect of SLKDT-H was similar to the levels of 
the normal group.

3.7 | The serum cytokine TNF-α, IL-1β, IFN-γ, IL-6, 
IL-4, and IL-10 levels in mice

Obesity is a state of endocrine dysfunction among adipocytes, 
which can induce metabolic inflammation in adipose tissue and grad-
ually evolve into chronic low-level inflammation. Compared with 
those of the normal group, the levels of proinflammatory factors, 
TNF-α, IL-6, IFN-γ, and IL-1β increased significantly, while the levels 
of anti-inflammatory factors IL-4 and IL-10 decreased in the model 
group (Tables 7 and 8; p < .05), indicating that the mice were in an 
inflammatory state. SLKDT and L-carnitine intervention significantly 
decreased the IL-6, TNF-α, IFN-γ, and IL-1β levels and increased the 
IL-4 and IL-10 levels (p < .05), indicating that SLKDT and L-carnitine 
inhibited the immune response. On the whole, the cytokine levels in 
SLKDT-H group were close to those in the normal group, and slightly 
better than those in L-carnitine group.

Group TC (mmol/L) TG (mmol/L) HDL-C (mmol/L)
LDL-C 
(mmol/L)

Normal 5.48 ± 0.34a,a–d  4.54 ± 0.24a,a–d  2.78 ± 0.15a,a–d  1.25 ± 0.06a,a–d 

Model 6.75 ± 0.33a,a–d  5.97 ± 0.70a,a–d  1.94 ± 0.26a,a–d  2.07 ± 0.35a,a–d 

L-carnitine 6.01 ± 0.30a,a–d  4.82 ± 0.28a,a–d  2.25 ± 0.27a,a–d  1.54 ± 0.04a,a–d 

SLKDT-L 5.88 ± 0.27a,a–d  5.47 ± 0.43a,a–d  2.29 ± 0.07a,a–d  1.60 ± 0.26a,a–d 

SLKDT-H 5.72 ± 0.17a,a–d  5.35 ± 0.16a,a–d  2.34 ± 0.14a,a–d  1.37 ± 0.16a,a–d 

Note: Values presented are the mean ± SD (n = 10/group). L-carnitine, mice treated with 200 mg/
kg L-carnitine; SLKDT-L, mice treated with 100 mg/kg SLKDT extract; SLKDT-H, mice treated with 
200 mg/kg SLKDT extract.
Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 
cholesterol; SLKDT, small-leaved Kuding tea; TC, total cholesterol; TG, triglycerides.
a–dMean values with different letters over the same column are significantly different (p < .05). 

TA B L E  3   Serum levels of TG, TC, 
HDL-C, and LDL-C in mice of each groups

TA B L E  4   Liver tissue levels of TG, TC, HDL-C, and LDL-C in mice of each groups

Group TC (mmol/gprot) TG (mmol/gprot) HDL-C (mmol/gprot)
LDLC (mmol/
gprot)

Normal 22.88 ± 0.58a–d,a–c  2.15 ± 0.45a–d,a–c  19.20 ± 0.63a–d,a–c  3.59 ± 0.15a–d,a–c 

Model 32.39 ± 5.04a–d,a–c  3.42 ± 0.37a–d,a–c  13.51 ± 0.90a–d,a–c  5.52 ± 0.34a–d,a–c 

L-carnitine 29.39 ± 5.66a–d,a–c  2.83 ± 0.26a–d,a–c  15.47 ± 0.86a–d,a–c  4.81 ± 0.21a–d,a–c 

SLKDT-L 26.38 ± 3.83a–d,a–c  2.65 ± 0.17a–d,a–c  16.27 ± 1.91a–d,a–c  4.09 ± 0.23a–d,a–c 

SLKDT-H 23.87 ± 1.29a–d,a–c  2.63 ± 0.21a–d,a–c  16.43 ± 1.48a–d,a–c  3.73 ± 0.24a–d,a–c 

Note: Values presented are the mean ± SD (n = 10/group). L-carnitine, mice treated with 200 mg/kg L-carnitine; SLKDT-L, mice treated with 100 mg/
kg SLKDT extract; SLKDT-H, mice treated with 200 mg/kg SLKDT extract.
Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SLKDT, small-leaved Kuding tea; TC, total 
cholesterol; TG, triglycerides.
a–dMean values with different letters over the same column are significantly different (p < .05). 

TA B L E  5   Serum levels of AST, ALT, and AKP in mice of each 
groups

Group AST (U/L) ALT (U/L) AKP (U/L)

Normal 42.75 ± 4.39a–d  10.09 ± 3.28a–d  5.90 ± 0.20a–d 

Model 72.61 ± 9.52a–d  25.27 ± 7.51a–d  11.16 ± 0.97a–d 

L-carnitine 54.51 ± 10.20a–d  10.78 ± 1.38a–d  6.95 ± 0.73a–d 

SLKDT-L 53.28 ± 4.84a–d  14.74 ± 3.11a–d  7.30 ± 0.90a–d 

SLKDT-H 51.54 ± 1.76a–d  10.81 ± 2.15a–d  6.75 ± 0.99a–d 

Note: Values presented are the mean ± SD (n = 10/group). L-carnitine, 
mice treated with 200 mg/kg L-carnitine; SLKDT-L, mice treated with 
100 mg/kg SLKDT extract; SLKDT-H, mice treated with 200 mg/kg 
SLKDT extract.
Abbreviations: AKP, alkaline phosphatase; ALT, alanine 
aminotransferase; AST, aspartate transaminase; SLKDT, small-leaved 
Kuding tea.
a–dMean values with different letters over the same column are 
significantly different (p < .05). 
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3.8 | PPAR-γ, C/EBP-α, PPAR-α, LPL, CPT1, and 
CYP7A1 mRNA expressions in the liver tissue

To explore the molecular mechanism of SLKDT in preventing obe-
sity and regulating lipid metabolism in mice, we investigated the ex-
pressions of lipid metabolism-related genes. Figure 4 shows that the 

high-fat diet enhanced the mRNA expression levels of PPAR-γ and C/
EBP-α and suppressed the mRNA expression levels of PPAR-α, lipo-
protein lipase (LPL), CPT1, and CYP7A1 in the model group (p < .05). 
SLKDT-H and L-carnitine downregulated the PPAR-γ and C/EBP-
α mRNA expressions and upregulated the PPAR-α, LPL, CPT1, and 
CYP7A1 mRNA expressions (p < .05). L-carnitine had a significant ef-
fect, and SLKDT-H was more effective than was SLKDT-L.

4  | DISCUSSION

The main blood lipid components are TG and cholesterol. Triglycerides 
are mainly involved in energy metabolism, and cholesterol is mainly 
used to synthesize cell plasma membranes, steroid hormones, and 
bile acids. Long-term high-fat diets cause obesity (Hedegaard, 2016), 
and obesity is accompanied by dyslipidemia, which involves hyper-
cholesterolemia, hypertriglyceridemia, and reduced HDL (Kotsis, 
Antza, Doundoulakis, & Stabouli,  2017). Dyslipidemia is closely 
related to the occurrence of diseases such as atherosclerosis and 
hypertension (Tonstad & Després, 2011). Many recent studies 
have shown that drinking tea regulates lipid metabolism, reduces 
TGs, TC, and LDL-C in the blood, and reduces lipid accumulation 
in other organs and tissues such as the liver and kidneys. Thus, tea 
can help lower the risks of obesity and hyperlipidemia (Chantre & 

Group AST (U/gprot) ALT (U/gprot) AKP (U/gprot)

Normal 45.85 ± 1.60a–d  185.32 ± 12.92a–d  82.79 ± 4.22a–d 

Model 80.63 ± 5.36a–d  289.60 ± 13.69a–d  162.58 ± 8.56a–d 

L-carnitine 64.51 ± 9.79a–d  198.56 ± 9.10a–d  96.49 ± 9.13a–d 

SLKDT-L 58.51 ± 13.50a–d  202.81 ± 2.87a–d  134.88 ± 8.65a–d 

SLKDT-H 55.95 ± 6.27a–d  199.17 ± 10.27a–d  89.22 ± 5.51a–d 

Note: Values presented are the mean ± SD (n = 10/group). L-carnitine, mice treated with 200 mg/
kg L-carnitine; SLKDT-L, mice treated with 100 mg/kg SLKDT extract; SLKDT-H, mice treated with 
200 mg/kg SLKDT extract.
Abbreviations: AKP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate 
transaminase; SLKDT, small-leaved Kuding tea.
a–dMean values with different letters over the same column are significantly different (p < .05). 

TA B L E  6   Liver tissue levels of AST, 
ALT, and AKP in mice of each groups

Group IL-6 (pg/mL) IL-1β (pg/mL) TNF-α (pg/mL) IFN-γ (pg/mL)

Normal 38.78 ± 1.09a–d  29.21 ± 0.36a–d  172.46 ± 7.73a–d  243.86 ± 3.89a–d 

Model 50.68 ± 1.76a–d  32.87 ± 0.68a–d  257.56 ± 12.34a–d  315.05 ± 2.02a–d 

L-carnitine 47.78 ± 1.20a–d  30.29 ± 0.72a–d  221.84 ± 8.03a–d  267.31 ± 20.94a–d 

SLKDT-L 44.38 ± 1.05a–d  30.79 ± 0.23a–d  223.39 ± 9.12a–d  295.52 ± 9.43a–d 

SLKDT-H 43.05 ± 1.47a–d  30.27 ± 2.16a–d  177.65 ± 7.69a–d  248.74 ± 12.85a–

d 

Note: Values presented are the mean ± SD (n = 10/group). L-carnitine, mice treated with 200 mg/
kg L-carnitine; SLKDT-L, mice treated with 100 mg/kg SLKDT extract; SLKDT-H, mice treated with 
200 mg/kg SLKDT extract.
Abbreviations: IFN-γ, interferon gamma; IL, interleukin; SLKDT, small-leaved Kuding tea; TNF-α, 
tumor necrosis factor-alpha.
a–dMean values with different letters over the same column are significantly different (p < .05). 

TA B L E  7   Serum levels of the cytokines 
TNF-α, IFN-γ, IL-1β, and IL-6 in mice of 
each groups

TA B L E  8   Serum levels of the cytokines IL-10 and IL-4 in mice of 
each groups

Group IL-4 (pg/ml) IL-10 (pg/ml)

Normal 70.31 ± 1.13a–d,a–c  247.24 ± 16.95a–d,a–c 

Model 53.72 ± 0.92a–d,a–c  183.34 ± 13.78a–d,a–c 

L-carnitine 66.76 ± 0.26a–d,a–c  215.86 ± 15.19a–d,a–c 

SLKDT-L 65.66 ± 1.37a–d,a–c  202.65 ± 13.09a–d,a–c 

SLKDT-H 66.06 ± 1.20a–d,a–c  217.40 ± 11.46a–d,a–c 

Note: Values presented are the mean ± SD (n = 10/group). L-carnitine, 
mice treated with 200 mg/kg L-carnitine; SLKDT-L, mice treated with 
100 mg/kg SLKDT extract; SLKDT-H, mice treated with 200 mg/kg 
SLKDT extract.
Abbreviation: IL, interleukin; SLKDT, small-leaved Kuding tea.
a–cMean values with different letters over the same column are 
significantly different (p < .05). 
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Lairon, 2002; Nagao, Hase, & Tokimitsu, 2007; Nagao et al., 2015; 
Nishiumi et  al.,  2010). The anti-obesity mechanism of tea is to in-
hibit the expression of adipogenesis-related genes (Yang, Yin, Li, & 
Chen, 2014) and fat-synthesis-related enzymes (Li, Liu, et al., 2013; 
Sung et al., 2010; Zhang, Xiao, Wang, Wu, & Tian, 2006), promote 
fat decomposition (Venables, Hulston, Cox, & Jeukendrup,  2008), 
and reduce the decomposition and absorption of fat in food (Unno 
et al., 2009). Polyphenols are the key anti-hyperlipidemic and anti-
obesity ingredients in tea (Brown et al., 2011; Uchiyama, Taniguchi, 
Saka, Yoshida, & Yajima, 2011). The principal polyphenols in SLKDT 
are chlorogenic acid and its derivatives (Wang et  al.,  2013). HPLC 
analysis indicated that the main polyphenols from SLKDT were 
isochlorogenic acid A, neochlorogenic acid, cryptochlorogenic acid, 
isochlorogenic acid B, chlorogenic acid, and isochlorogenic acid C, 
which matched the findings of a previous report (Wang et al., 2013). 
SLKDT controlled body weight gain and fat accumulation, signifi-
cantly reduced the TC, TG, and LDL-C levels, and increased the 
HDL-C level in the serum and liver tissues of mice with lipid metabo-
lism disorders. The phenolic acids may have played important roles 
in preventing obesity and regulating lipid metabolic disorders.

High-fat diets cause excessive fat accumulation in hepatocytes, 
which causes liver steatosis that develops into non-alcoholic fatty 
liver (Sookoian & Pirola, 2008). Obesity is the main cause of non-al-
coholic fatty liver. When hepatocytes are damaged, the ALT, AST, 
and AKP levels increase significantly, reflecting the degree of liver 
damage Wong, Bach, Sun, Hmama, & Av-Gay, 2011). SLKDT reduced 
the liver weight and inhibited liver lipid accumulation to the same 
extent. Liver function test results showed that SLKDT significantly 
reduced the serum ALT, AST, and AKP levels to protect against high-
fat-diet-induced liver damage.

Studies have shown that obesity induces chronic low-level 
inflammation in the body, which differs from traditional inflam-
mation that is characterized by redness, swelling, heat, and pain 
(Hotamisligil,  2006; Medzhitov,  2008). The long-term low-level 
inflammatory response is closely related to various metabolic syn-
dromes, which can induce a series of related chronic diseases such 
as cardiovascular disease, type 2 diabetes, and malignant tumors 
(Gregor & Hotamisligil,  2011; Kolb, Sutterwala, & Zhang,  2016). 
Adipose tissue is the earliest proven connection inflammation with 
obesity. In addition to storing energy, adipose tissue is an endocrine 

F I G U R E  4   mRNA expression levels of 
PPAR-γ, C/EBP-α, PPAR-α, LPL, CPT1, and 
CYP7A1 in liver tissues of the different 
groups were investigated by RT-qPCR. 
The data are shown as mean ± SD (n = 10). 
a–eMean values with different letters are 
significant difference (p < .05) according 
to analysis of variance. C/EBP-α, CCAAT/
enhances binding protein alpha; CPT1, 
carnitine palmitoyltransferase 1; CYP7A1, 
cholesterol 7 alpha hydroxylase; LPL, 
lipoprotein lipase; PPAR-α, peroxisome 
proliferator-activated receptor alpha; 
PPAR-γ, peroxisome proliferator-activated 
receptor gamma; SLKDT, small-leaved 
Kuding tea
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organ that secretes many hormones and cytokines such as leptin, 
adiponectin, resistin, and inflammatory factors (Hotamisligil, 2017; 
Hummasti & Hotamisligil,  2010). Hypertrophic adipose tissue in-
creases the release of free fatty acids and inflammatory mediators 
(e.g., TNF-α, IL-6, IL-1, IFN-γ, and monocyte chemotactic protein-1 
[MCP-1]), causing the tissue to become inflamed (Hotamisligil, 2017; 
Hummasti & Hotamisligil, 2010; Oh & Olefsky, 2012). Secreted cy-
tokines can also activate immune cells and adjacent cells via the 
c-Jun N-terminal kinase and IκB kinase β/nuclear factor-κB signaling 
pathways to increase synthesis and secretion of chemokines, such 
as MCP-1, leading to proinflammatory macrophage infiltration (Oh & 
Olefsky, 2012). Compared with the normal group, the serum levels 
of proinflammatory factors TNF-α, IFN-γ, IL-6, and IL-1β in the model 
group were significantly increased, while the levels of anti-inflamma-
tory factors IL-4 and IL-10 were decreased, indicating that the model 
group mice were in an inflammatory state. SLKDT intervention sig-
nificantly inhibited obesity-induced inflammation by decreasing the 
proinflammatory factors IL-6, TNF-α, IFN-γ, and IL-1β and increasing 
the anti-inflammatory cytokines IL-4 and IL-10.

CCAAT/enhancer-binding protein-alpha (C/EBP-α) (Kaestner, 
Christy, & Lane, 1990; Liu et al., 2017) and peroxisome proliferator-ac-
tivated receptor-γ (PPAR-γ) (Hu, Tontonoz, & Spiegelman, 1995; Kang 
et al., 2018; Mueller et al., 2002) are the main transcription factors 
that induce mesenchymal stem cells to differentiate into adipocytes. 
C/EBP-α and PPAR-γ induce each other's expression and cooperate 
in activating targeted genes (Madsen, Siersbæk, Boergesen, Nielsen, 
& Mandrup, 2014; Rosen et al., 2002). PPARs regulate the expres-
sion of downstream genes that participate in lipid synthesis, storage, 
and catabolism by combining with PPAR response factors (Gross, 
Pawlak, Lefebvre, & Staels, 2017; Hu et al., 1995; Kang et al., 2018; 
Mueller et al., 2002). PPAR-γ activation promotes differentiation and 
proliferation of adipocyte, stimulates fat synthesis and storage (Xu 
et al., 2018). Conversely, PPAR-α positively regulates lipid metabo-
lism by accelerating β-oxidation of fatty acids, ketogenesis, and fatty 
acid intake to reduce fat accumulation (Ma et  al.,  2011; Ge et al., 
2016).

Carnitine palmitoyltransferase I (CPT-1) transports long-chain 
acyl-CoA to the mitochondrial inner membrane and is a key rate-lim-
iting enzyme in β-oxidation of fatty acids (Huang et  al.,  2010). 
Upregulation of CPT-1 promotes β-oxidation of fatty acids to reduce 
fat accumulation. As a rate-limiting enzyme involved in hydrolyzing 
TG, LPL catalyzes TG decomposition from chylomicron and very LDL 
into fatty acids and promotes increased HDL levels to regulate lipid 
metabolism (Graham et al., 2017; Tian et al., 2014). The genes that 
encode these two enzymes are the target genes of the PPARs sig-
naling pathway (Ashish, Rader, & Millar, 2010; Niu, Yuan, & Fu, 2010; 
Yang et al., 2018), which can affect lipid metabolism and deposition. 
Cholesterol 7 alpha hydroxylase (CYP7A1) regulates the conver-
sion of cholesterol into bile acid in the liver and is the key enzyme 
in maintaining cholesterol and bile acid homeostasis (Liu, Pathak, 
Boehmie, & Chiang,  2016). SLKDT downregulated PPAR-γ and C/
EBP-α mRNA expressions and upregulated PPAR-α, CPT-1, LPL, and 
CYP7A1 mRNA expressions to reduce adipocyte differentiation and 

fat accumulation, accelerate fat oxidation, and improve dyslipidemia, 
then inhibit the immune response and alleviate liver injury.

In conclusion, we systematically studied the effects of SLKDT on 
high-fat-diet-induced obese mice, including the ability of SLKDT to 
prevent obesity, modulate dyslipidemia and inflammation accompa-
nied by obesity, and prevent liver damage due to lipid metabolic dis-
orders. SLKDT extracts upregulated mRNA expressions of PPAR-α, 
LPL, CPT1, and CYP7A1 and downregulated mRNA expressions of 
PPAR-γ and C/EBP-α, which reduced adipocyte differentiation and 
fat accumulation, promoted fat oxidation, and improved dyslipid-
emia. SLKDT shows great potential in preventing obesity and regu-
lating obesity-related syndrome, which is conceivable to be further 
developed into anti-obesity product.

ACKNOWLEDG EMENT
This research was funded by High-level Talents Project of Chongqing 
University of Education (2013BSRC001), China.

CONFLIC T OF INTERE S T
The authors of this manuscript state that they do not have conflict 
of interest to declare.

E THIC AL APPROVAL
This study was approved by the Ethics Committee of Chongqing 
Collaborative Innovation Center for Functional Food (201907031B), 
Chongqing, China.

ORCID
Xin Zhao   https://orcid.org/0000-0001-9798-7865 

R E FE R E N C E S
Ashish, S., Rader, D. J., & Millar, J. S. (2010). The effect of PPAR-alpha ago-

nism on apolipoprotein metabolism in humans. Atherosclerosis, 210(1), 
35–40. https://doi.org/10.1016/j.ather​oscle​rosis.2009.11.010

Boulange, C. L., Neves, A. L., Chilloux, J., Nicholson, J. K., & Dumas, M. 
E. (2016). Impact of the gut microbiota on inflammation, obesity, 
and metabolic disease. Genome Medicine, 8(1), 42–54. https://doi.
org/10.1186/s1307​3-016-0303-2

Brown, A. L., Lane, J., Holyoak, C., Nicol, B., Mayes, A. E., & Dadd, T. 
(2011). Health effects of green tea catechins in overweight and 
obese men: A randomised controlled cross-over trial. British Journal 
of Nutrition, 106(12), 1880–1889. https://doi.org/10.1017/S0007​
11451​1002376

Chantre, P., & Lairon, D. (2002). Recent findings of green tea extract AR25 
(Exolise) and its activity for the treatment of obesity. Phytomedicine, 
9(1), 3–8. https://doi.org/10.1078/0944-7113-00078

Chen, Y., Li, K., & Xie, T. G. (1995). Hypotensive action of the extract of 
Kudingcha dongqingye (Ilex kudingcha). Chinese Traditional and Herbal 
Drugs, 26(2), 250–252.

Despres, J. P., & Lemieux, I. (2006). Abdominal obesity and metabolic 
syndrome. Nature, 444(7121), 881–887. https://doi.org/10.1038/
natur​e05488

Fan, S., Zhang, Y. U., Hu, N. A., Sun, Q., Ding, X., Li, G., … Ji, G. (2012). 
Extract of Kuding tea prevents high-fat diet-induced metabolic disor-
ders in C57BL/6 Mice via Liver X Receptor (LXR) β antagonism. PLoS 
One, 7(12), e51007. https://doi.org/10.1371/journ​al.pone.0051007

Ge, C. X., Yu, R., Xu, M. X., Li, P. Q., Fan, C. Y., Li, J. M., & Kong, L. D. 
(2016). Betaine prevented fructose-induced NAFLD by regulating 

https://orcid.org/0000-0001-9798-7865
https://orcid.org/0000-0001-9798-7865
https://doi.org/10.1016/j.atherosclerosis.2009.11.010
https://doi.org/10.1186/s13073-016-0303-2
https://doi.org/10.1186/s13073-016-0303-2
https://doi.org/10.1017/S0007114511002376
https://doi.org/10.1017/S0007114511002376
https://doi.org/10.1078/0944-7113-00078
https://doi.org/10.1038/nature05488
https://doi.org/10.1038/nature05488
https://doi.org/10.1371/journal.pone.0051007


     |  4521WU et al.

LXRα/PPARα pathway and alleviating ER stress in rats. European 
journal of pharmacology, 770, 154-164. https://doi.org/10.1016/j.
ejphar.2015.11.043

Graham, M. J., Lee, R. G., Brandt, T. A., Tai, L. J., Fu, W., Peralta, R., 
… Tsimikas, S. (2017). Cardiovascular and metabolic effects of 
ANGPTL3 antisense oligonucleotides. The New England Journal 
of Medicine, 377(3), 222–232. https://doi.org/10.1056/NEJMo​
a1701329

Gregor, M. F., & Hotamisligil, G. S. (2011). Inflammatory mechanisms in 
obesity. Annual Review of Immunology, 29(1), 415–445. https://doi.
org/10.1146/annur​ev-immun​ol-03121​0-101322

Gross, B., Pawlak, M., Lefebvre, P., & Staels, B. (2017). PPARs in 
obesity-induced T2DM, dyslipidaemia and NAFLD. Nature 
Reviews Endocrinology, 13(1), 36–49. https://doi.org/10.1038/
nrendo.2016.135

Haslam, D. W., & James, W. P. T. (2005). Obesity. The Lancet, 366(9492), 
1197–1209. https://doi.org/10.1016/S0140​-6736(05)67483​-1

Hedegaard, L. (2016). Food culture in obesity prevention Europe. 
The European Journal of Public Health, 26(4), 536–537. https://doi.
org/10.1093/eurpu​b/ckw048

Hotamisligil, G. S. (2006). Inflammation and metabolic disorders. Nature, 
444(7121), 860–867. https://doi.org/10.1038/natur​e05485

Hotamisligil, G. S. (2017). Inflammation, metaflammation and immu-
nometabolic disorders. Nature, 542(7640), 177–185. https://doi.
org/10.1038/natur​e21363

Hu, E., Tontonoz, P., & Spiegelman, B. M. (1995). Transdifferentiation 
of myoblasts by the adipogenic transcription factors PPAR gamma 
and C/EBP alpha. Proceedings of the National Academy of Sciences 
of the United States of America, 92(21), 9856–9860. https://doi.
org/10.1073/pnas.92.21.9856

Huang, B., Ban, X. Q., He, J. S., Tong, J., Tian, J., & Wang, Y. W. (2010). 
Hepatoprotective and antioxidant activity of ethanolic extracts of 
edible lotus (Nelumbo nucifera Gaertn.) leaves. Food Chemistry, 120(3), 
873–878. https://doi.org/10.1016/j.foodc​hem.2009.11.020

Hummasti, S., & Hotamisligil, G. S. (2010). Endoplasmic reticulum stress 
and inflammation in obesity and diabetes. Circulation Research, 107(5), 
579–591. https://doi.org/10.1161/CIRCR​ESAHA.110.225698

Kaestner, K. H., Christy, R. J., & Lane, M. D. (1990). Mouse insulin-re-
sponsive glucose transporter gene: Characterization of the gene and 
trans-activation by the CCAAT/enhancer binding protein. Proceedings 
of the National Academy of Sciences of the United States of America, 
87(1), 251–255. https://doi.org/10.1073/pnas.87.1.251

Kahn, S. E., Hull, R. L., & Utzschneider, K. M. (2006). Mechanisms linking 
obesity to insulin resistance and type 2 diabetes. Nature, 444(7121), 
840–846. https://doi.org/10.1038/natur​e05482

Kang, S. U., Kim, H. J., Kim, D. H., Han, C. H., Lee, Y. S., & Kim, C. H. (2018). 
Nonthermal plasma treated solution inhibits adipocyte differenti-
ation and lipogenesis in 3T3-L1 preadipocytes via ER stress signal 
suppression. Scientific Reports, 8(1), 2277. https://doi.org/10.1038/
s4159​8-018-20768​-5

Kolb, R., Sutterwala, F. S., & Zhang, W. (2016). Obesity and cancer: 
Inflammation bridges the two. Current Opinion in Pharmacology, 29, 
77–89. https://doi.org/10.1016/j.coph.2016.07.005

Kotsis, V., Antza, C., Doundoulakis, G., & Stabouli, S. (2017). Obesity, 
hypertension, and dyslipidemia. Springer International Publishing. 
https://doi.org/10.1007/978-3-319-47685​-8_22-1

Li, L., Xu, L. J., Ma, G. Z., Dong, Y. M., Peng, Y., & Xiao, P. G. (2013). The 
large-leaved Kudingcha (Ilex latifolia Thunb and Ilex kudingcha C.J. 
Tseng): A traditional Chinese tea with plentiful secondary metabo-
lites and potential biological activities. Journal of Natural Medicines, 
67(3), 425–437.

Li, Q., Liu, Z., Huang, J., Luo, G., Liang, Q., Wang, D., … Hu, J. (2013). Anti-
obesity and hypolipidemic effects of Fuzhuan brick tea water extract 
in high-fat diet-induced obese rats. Journal of the Science of Food and 
Agriculture, 93(6), 1310–1316. https://doi.org/10.1002/jsfa.5887

Liu, H., Pathak, P., Boehmie, S., & Chiang, J. Y. (2016). Cholesterol 7α-hy-
droxylase protects the liver from inflammation and fibrosis by main-
taining cholesterol homeostasis. Journal of Lipid Research, 57(10), 
1831–1844. https://doi.org/10.1194/jlr.M069807

Liu, H. R., Xiong, Y. Q., Zhu, X. F., Gao, H., Yin, S. J., Wang, J. F., … Yang, 
L. (2017). Icariin improves osteoporosis, inhibits the expression of 
PPARγ, C/EBPα, FABP4 mRNA, N1ICD and jagged1 proteins, and 
increases Notch2 mRNA in ovariectomized rats. Experimental and 
Therapeutic Medicine, 13(4), 1360–1368. https://doi.org/10.3892/
etm.2017.4128

Liu, L., Sun, Y., Laura, T., Liang, X. F., Ye, H., & Zeng, X. X. (2009). 
Determination of polyphenolic content and antioxidant activity 
of kudingcha made from Ilex kudingcha C.J. Tseng. Food Chemistry, 
112(1), 35–41. https://doi.org/10.1016/j.foodc​hem.2008.05.038

Lu, P., & Huang, Q. (2009). Study on in vitro bacteriostasis of the differ-
ent extract from Ilex kudingcha C.J. Tseng. Agricultural Science and 
Technology, 10(6), 125–127.

Ma, X. R., Xu, L. Y., Wang, S., Cui, B., Li, X. Y., Xu, J. M., & Ning, G. (2011). 
Deletion of steroid receptor coactivator-3 gene ameliorates he-
patic steatosis. Journal of Hepatology, 55(2), 445–452. https://doi.
org/10.1016/j.jhep.2010.11.022

Madsen, M. S., Siersbæk, R., Boergesen, M., Nielsen, R., & Mandrup, S. 
(2014). Peroxisome proliferator- activa -ted receptor γ and C/EBPα 
synergistically activate key metabolic adipocyte genes by assisted 
loading. Molecular and Cellular Biology, 34(6), 939–954. https://doi.
org/10.1128/MCB.01344​-13

Mao, L. J., Liu, X. W., & Ran, X. (2011). The extraction conditions of bio-
flavonids from Kuding Tea. Food Science and Technology, 11, 18–19.

Medzhitov, R. (2008). Origin and physiological roles of inflammation. 
Nature, 454(7203), 428–435. https://doi.org/10.1038/natur​e07201

Mozaffarian, D. (2016). Dietary and policy priorities for cardiovas-
cular disease, diabetes, and obesity: A comprehensive review. 
Circulation, 133(2), 187–225. https://doi.org/10.1161/CIRCU​LATIO​
NAHA.115.018585

Mueller, E., Drori, S., Aiyer, A., Yie, J., Sarraf, P., Chen, H., … Spiegelman, 
B. M. (2002). Genetic analysis of adipogenesis through peroxisome 
proliferator activated receptor γ isoforms. Journal of Biological 
Chemistry, 277(44), 41925–41930. https://doi.org/10.1074/jbc.
M2069​50200

Nagao, T., Hase, T., & Tokimitsu, I. (2007). A green tea extract high in cat-
echins reduces body fat and cardiovascular risks in humans. Obesity, 
15(6), 1473–1483. https://doi.org/10.1038/oby.2007.176

Nagao, T., Komine, Y., Soga, S., Meguro, S., Hase, T., Tanaka, Y., & 
Tokimitsu, I. (2015). Ingestion of a tea rich in catechins leads to a 
reduction in body fat and malondialdehyde-modified LDL in men. 
The American Journal of Clinical Nutrition, 81(1), 122–129. https://doi.
org/10.1093/ajcn/81.1.122

Nishiumi, S., Bessyo, H., Kubo, M., Aoki, Y., Tanaka, A., Yoshida, K. I., & 
Ashida, I. (2010). Green and black tea suppress hyperglycemia and 
insulin resistance by retaining the expression of glucose transporter 
4 in muscle of high-fat diet-fed C57BL/6J mice. Journal of Agricultural 
and Food Chemistry, 58(24), 12916–12923. https://doi.org/10.1021/
jf102​840w

Niu, Y. M., Yuan, H., & Fu, L. (2010). Aerobic exercise's reversal of insulin 
resistance by activating AMPK alpha-ACC-CPT1 signaling in the skel-
etal muscle of C57BL/6 mice. International Journal of Sport Nutrition 
and Exercise Metabolism, 20(5), 370–380. https://doi.org/10.1123/
ijsnem.20.5.370

Oh, D. Y., & Olefsky, J. M. (2012). Omega 3 fatty acids and GPR120. 
Cell Metabolism, 15(5), 564–565. https://doi.org/10.1016/j.
cmet.2012.04.009

Rosen, E. D., Hsu, C. H., Wang, X., Sakai, S., Freeman, M. W., Gonzalez, 
F. J., & Spiegelman, B. M. (2002). C/EBP alpha induces adipogene-
sis through PPAR gamma: A unified pathway. Genes & Development, 
16(1), 22–26. https://doi.org/10.1101/gad.948702

https://doi.org/10.1016/j.ejphar.2015.11.043
https://doi.org/10.1016/j.ejphar.2015.11.043
https://doi.org/10.1056/NEJMoa1701329
https://doi.org/10.1056/NEJMoa1701329
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.1038/nrendo.2016.135
https://doi.org/10.1038/nrendo.2016.135
https://doi.org/10.1016/S0140-6736(05)67483-1
https://doi.org/10.1093/eurpub/ckw048
https://doi.org/10.1093/eurpub/ckw048
https://doi.org/10.1038/nature05485
https://doi.org/10.1038/nature21363
https://doi.org/10.1038/nature21363
https://doi.org/10.1073/pnas.92.21.9856
https://doi.org/10.1073/pnas.92.21.9856
https://doi.org/10.1016/j.foodchem.2009.11.020
https://doi.org/10.1161/CIRCRESAHA.110.225698
https://doi.org/10.1073/pnas.87.1.251
https://doi.org/10.1038/nature05482
https://doi.org/10.1038/s41598-018-20768-5
https://doi.org/10.1038/s41598-018-20768-5
https://doi.org/10.1016/j.coph.2016.07.005
https://doi.org/10.1007/978-3-319-47685-8_22-1
https://doi.org/10.1002/jsfa.5887
https://doi.org/10.1194/jlr.M069807
https://doi.org/10.3892/etm.2017.4128
https://doi.org/10.3892/etm.2017.4128
https://doi.org/10.1016/j.foodchem.2008.05.038
https://doi.org/10.1016/j.jhep.2010.11.022
https://doi.org/10.1016/j.jhep.2010.11.022
https://doi.org/10.1128/MCB.01344-13
https://doi.org/10.1128/MCB.01344-13
https://doi.org/10.1038/nature07201
https://doi.org/10.1161/CIRCULATIONAHA.115.018585
https://doi.org/10.1161/CIRCULATIONAHA.115.018585
https://doi.org/10.1074/jbc.M206950200
https://doi.org/10.1074/jbc.M206950200
https://doi.org/10.1038/oby.2007.176
https://doi.org/10.1093/ajcn/81.1.122
https://doi.org/10.1093/ajcn/81.1.122
https://doi.org/10.1021/jf102840w
https://doi.org/10.1021/jf102840w
https://doi.org/10.1123/ijsnem.20.5.370
https://doi.org/10.1123/ijsnem.20.5.370
https://doi.org/10.1016/j.cmet.2012.04.009
https://doi.org/10.1016/j.cmet.2012.04.009
https://doi.org/10.1101/gad.948702


4522  |     WU et al.

Saltiel, A. R., & Olefsky, J. M. (2017). Inflammatory mechanisms linking 
obesity and metabolic disease. The Journal of Clinical Investigation, 
127(1), 1–4. https://doi.org/10.1172/JCI92035

Savini, I., Gasperi, V., & Catani, M. V. (2016). Oxidative stress and 
obesity. Springer International Publishing. http://link.sprin​ger.
com/10.1007/978-3-319-19821​-7_6

Song, C., Xie, C., Zhou, Z., Yu, S., & Fang, N. (2012). Antidiabetic effect 
of an active components group from Ilex kudingcha and its chemi-
cal composition. Evidence-Based Complementary and Alternative 
Medicine, 2012, 423690. https://doi.org/10.1155/2012/423690

Sookoian, S., & Pirola, C. J. (2008). Non-alcoholic fatty liver disease is 
strongly associated with carotid atherosclerosis: A systematic review. 
Journal of Hepatology, 49(4), 600–607. https://doi.org/10.1016/j.
jhep.2008.06.012

Sung, H. Y., Hong, C. G., Suh, Y. S., Cho, H. C., Park, J. H., Bae, J. H., 
… Song, D. K. (2010). Role of (-)-epigallocatechin-3-gallate in cell vi-
ability, lipogenesis, and retinol-binding protein 4 expression in ad-
ipocytes. Naunyn-Schmiedeberg's Archives of Pharmacology, 382(4), 
303–310. https://doi.org/10.1007/s0021​0-010-0547-0

Thomas, E. L., Frost, G., Taylor-Robinson, S. D., & Bell, J. D. (2012). 
Excess body fat in obese and normal-weight subjects. Nutrition 
Research Reviews, 25, 150–161. https://doi.org/10.1017/S0954​
42241​2000054

Tian, G. P., Tang, Y. Y., He, P. P., Lv, Y. C., Ouyang, X. P., Zhao, G. J., … 
Tang, C. K. (2014). The effects of miR-467b on lipoprotein lipase 
(LPL) expression, pro-inflammatory cytokine, lipid levels and athero-
sclerotic lesions inapolipoprotein E knockout mice. Biochemical and 
Biophysical Research Communications, 443(2), 428–434. https://doi.
org/10.1016/j.bbrc.2013.11.109

Tonstad, S., & Després, J. P. (2011). Treatment of lipid disorders in obesity. 
Expert Review of Cardiovascular Therapy, 9(8), 1069–1080. https://doi.
org/10.1586/erc.11.83

Uchiyama, S., Taniguchi, Y., Saka, A., Yoshida, A., & Yajima, H. (2011). 
Prevention of diet-induced obesity by dietary black tea polyphenols 
extract in vitro and in vivo. Nutrition, 27(3), 287–292. https://doi.
org/10.1016/j.nut.2010.01.019

Unno, T., Osada, C., Motoo, Y., Suzuki, Y., Kobayashi, M., & Nozawa, A. 
(2009). Dietary tea catechins increase fecal energy in rats. Journal 
of Nutritional Science and Vitaminology, 55(5), 447–451. https://doi.
org/10.3177/jnsv.55.447

Vandevijvere, S., Chow, C. C., Hall, K. D., Umaliet, E., & Swinburn, B. A. 
(2015). Increased food energy supply as a major driver of the obesity 
epidemic: A global analysis. Bulletin of the World Health Organization, 
93(7), 446–456. https://doi.org/10.2471/BLT.14.150565

Venables, M. C., Hulston, C. J., Cox, H. R., & Jeukendrup, A. E. (2008). 
Green tea extract ingestion, fat oxidation, and glucose tolerance 
in healthy humans. The American Journal of Clinical Nutrition, 87(3), 
778–784. https://doi.org/10.1093/ajcn/87.3.778

Wang, C. Q., Wang, L., Fan, C. L., Zhang, D. M., Huang, X. J., Jiang, R. 
W., … Ye, W. C. (2012). Ilelic acids A and B, two unusual triterpenes 
with a seven-membered ring from Ilex latifolia. Organic Letters, 14(16), 
4102–4105. https://doi.org/10.1021/ol301​745b

Wang, Q. C., Zhang, X., Zhang, W. Q., Sun, X. Q., Hu, B., Sun, Y., & Zeng, 
X. X. (2013). Purification and HPLC analysis of caffeoylquinic acids 

from Kudingcha made from Ilex kudingcha C. J. Tseng. Food Science, 
34(22), 119–122.

Wong, D., Bach, H., Sun, J., Hmama, Z., & Av-Gay, Y. (2011). Mycobacterium 
tuberculosis protein tyrosine phosphatase (PtpA) excludes host vac-
uolar-H+-ATPase to inhibit phagosome acidification. Proceedings 
of the National Academy of Sciences of the United States of America, 
108(48), 19371–19376. https://doi.org/10.1073/pnas.11092​01108

Xie, Z. M., Zhou, T., Liao, H. Y., Qiao, Y., Liu, S., Lu, L., … Pei, X. F. (2015). 
Effects of Ligustrum robustum on gut microbes and obesity in rats. 
World Journal of Gastroenterology, 21(46), 13042–13054. https://doi.
org/10.3748/wjg.v21.i46.13042

Xu, L., Ma, X., Verma, N. K., Wang, D., Gavrilova, O., Proia, R. L., … 
Mueller, E. (2018). Ablation of PPAR γ in subcutaneous fat exacer-
bates age-associated obesity and metabolic decline. Aging Cell, 17(2), 
e12721. https://doi.org/10.1111/acel.12721

Yang, H., Suh, D. H., Kim, E. D., Jung, E. S., Liu, K. H., Lee, C. H., & Park, 
C. Y. (2018). Metabolomic and lipidomic analysis of the effect of pi-
oglitazone on hepatic steatosis in a rat model of obese type 2 diabe-
tes. British Journal of Pharmacology, 175(17), 3610–3625. https://doi.
org/10.1111/bph.14434

Yang, Q. Y., & Zhu, D. X. (1996). Analysis on chemical components in 
Guizhou-Kuding tea (Ligustrum robustum BL.). Guizhou Agriculture 
Sciences, 3, 31–33.

Yang, R. M., Liu, F., He, Z. D., Ji, M., Chu, X. X., Kang, Z. Y., … Gao, N. 
N. (2015). Anti-obesity effect of total phenylpropanoid glycosides 
from Ligustrum robustum Blume in fatty diet-fed mice via up-regulat-
ing leptin. Journal of Ethnopharmacology, 169, 459–465. https://doi.
org/10.1016/j.jep.2014.12.066

Yang, X., Yin, L., Li, T., & Chen, Z. (2014). Green tea extracts reduce 
adipogenesis by decreasing expression of transcription factors C/
EBP alpha and PPAR gamma. International Journal of Clinical and 
Experimental Medicine, 7(12), 4906–4914.

Zhang, R., Xiao, W., Wang, X., Wu, X., & Tian, W. (2006). Novel inhibitors 
of fatty-acid synthase from green tea (Camellia sinensis Xihu Longjing) 
with high activity and a new reacting site. Biotechnology and Applied 
Biochemistry, 43(Pt 1), 1–7. https://doi.org/10.1042/BA200​50064

Zhang, W. Q., Xu, W. Q., Sun, Y., Ye, H., & Zeng, X. X. (2010). Comparative 
evaluation of antioxidant activity in vitro of aqueous extracts from 
Ilex kudingcha C.J. Tseng and Ilex latifolia Thunb leaf teas. Food 
Science, 31(23), 22–26.

Zhu, F., Cai, Y. Z., Sun, M., Ke, J. X., Lu, D. Y., & Corke, H. (2009). 
Comparison of major phenolic constituents and in vitro antioxidant 
activity of diverse Kudingcha genotypes from Ilex kudingcha, Ilex 
cornuta, and Ligustrum robustum. Journal of Agricultural and Food 
Chemistry, 57(14), 6082–6089. https://doi.org/10.1021/jf901​020hl

How to cite this article: Wu Y, Yang J, Liu X, et al. Preventive 
effect of small-leaved Kuding tea (Ligustrum robustum) on 
high-diet-induced obesity in C57BL/6J mice. Food Sci Nutr. 
2020;8:4512–4522. https://doi.org/10.1002/fsn3.1758

https://doi.org/10.1172/JCI92035
http://link.springer.com/10.1007/978-3-319-19821-7_6
http://link.springer.com/10.1007/978-3-319-19821-7_6
https://doi.org/10.1155/2012/423690
https://doi.org/10.1016/j.jhep.2008.06.012
https://doi.org/10.1016/j.jhep.2008.06.012
https://doi.org/10.1007/s00210-010-0547-0
https://doi.org/10.1017/S0954422412000054
https://doi.org/10.1017/S0954422412000054
https://doi.org/10.1016/j.bbrc.2013.11.109
https://doi.org/10.1016/j.bbrc.2013.11.109
https://doi.org/10.1586/erc.11.83
https://doi.org/10.1586/erc.11.83
https://doi.org/10.1016/j.nut.2010.01.019
https://doi.org/10.1016/j.nut.2010.01.019
https://doi.org/10.3177/jnsv.55.447
https://doi.org/10.3177/jnsv.55.447
https://doi.org/10.2471/BLT.14.150565
https://doi.org/10.1093/ajcn/87.3.778
https://doi.org/10.1021/ol301745b
https://doi.org/10.1073/pnas.1109201108
https://doi.org/10.3748/wjg.v21.i46.13042
https://doi.org/10.3748/wjg.v21.i46.13042
https://doi.org/10.1111/acel.12721
https://doi.org/10.1111/bph.14434
https://doi.org/10.1111/bph.14434
https://doi.org/10.1016/j.jep.2014.12.066
https://doi.org/10.1016/j.jep.2014.12.066
https://doi.org/10.1042/BA20050064
https://doi.org/10.1021/jf901020hl
https://doi.org/10.1002/fsn3.1758

