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This work aims to study the effect of compound green tea (CGT) on liver lipid metabolism in mice based on
metabolomics of liquid chromatography-mass spectrometry (LC-MS), and preliminarily identify potential
biomarkers and pathways of action by using a metabonomic network database to explore the lipid-
lowering effect of CGT. In this study, forty mice were randomly divided into four groups: compound tea
treatment group (DH), high-fat model control group (NK), normal control group (CK) and positive drug
group (YK). After a month of different interventions, the mice were weighed and the blood lipid indexes
were detected. In addition, differential liver metabolites were monitored by using LC-MS. The results
showed that CGT and positive drug treatment were able to decrease body weight, liver coefficient, TC,
TG and LDL levels of obese mice, while increasing HDL levels. Among the 110 compounds obtained, 54
metabolites were significantly altered in the four comparisons. More importantly, 15 remarkably
downregulated metabolites involved in Lysopc 16:1, Lysopc 18:1, and Lysopc 18:2 were found in the DH
group when the mice were treated with CGT; meanwhile, the positive drug Xuezhikang was able to
significantly downregulate 14 compounds, including (+)18-HEPE, and 6 keto-PGFle, compared with the
NK group. Besides, KEGG enrichment analysis also revealed the important metabolic pathways, such as
linoleic acid metabolism, Biosynthesis of unsaturated fatty acids, and a-linolenic acid metabolism, were
related to fatty acid metabolism. These results suggested that CGT could regulate the lipid metabolism in
the liver of hyperlipidemia mice, and may regulate 54 potential biomarkers in mice through a related

Received 4th May 2022
Accepted 11th August 2022

DOI: 10.1039/d2ra02831]

rsc.li/rsc-advances metabolic pathway to make them return to a normal state and improve the disorder of lipid metabolism.

Open Access Article. Published on 26 August 2022. Downloaded on 6/20/2026 2:48:28 PM.

(cc)

Introduction

Hyperlipidemia (HLP) is a common multiple lipid disorder
disease, which is diagnosed by the assessment of low high-
density lipoprotein and/or high total cholesterol, high low-
density lipoprotein and high triglyceride." It was found that
lipid metabolism disorders are closely related to fatty acid
metabolism, glucose metabolism, and bile acid metabolism,”
and are generally regulated by the expression of AMPKa-2, PPARa
and other genes.** The occurrence of dyslipidemia causes
excessive fat accumulation in the human body or organs,
resulting in obesity, as well as its complications such as fatty
liver, coronary heart disease, diabetes, cardiovascular and
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cerebrovascular diseases.”” HLP has become a global public risk
factor to threaten people's health in recent decades, its incidence
rate is gradually increasing and tends to be in younger people.
Common lipid-lowering drugs are accompanied by adverse
effects such as dose-dependence and liver toxicity,® thereby, the
development and utilization of natural low-toxicity or liver-
protecting nutritional preparations is urgent.

Tea is the second most popular natural non-alcoholic
beverage after water, and has been consumed all over the world
for thousands of years. Studies on both human and animals have
showed that tea consumption are associated with the blood lipid
reduction and body weight loss.”** Recently, considerable func-
tional components were identified from tea, including poly-
phenols,* catechin,” EGCG and caffeine,** which are involved in
promoting cholesterol reverse transport® through regulating key
transcription factors of lipid metabolism' and activating lipid
catabolism in liver."” Some reports have found that caffeine in tea
was able to promote lipolysis in adipocytes, and it worked with
catechins to inhibit triglyceride accumulation and adipocyte
proliferation."*'* Compound green tea (CGT), a famous folk
formula to reduce HLP, hypertension and hyperglycemia,
consists of green tea (Camellia sinensis L.) and other five herbs
(Lithocarpus polystachyus Rehd., Ilex latifolia Thunb., Mentha
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canadensis L., Nelumbo nucifera Gaertn., and Lonicera japonica
Thunb.), which are consumed by the local people. CGT, in our
previous report, proved to be able to regulate intestinal flora
imbalance caused by obesity.*® Polyphenols extracted from Ilex
latifolia Thunb. had the beneficial effect of antioxidant and anti-
inflammatory by inhibiting MAPK and NF-kB activation.”* In
addition, it has also been found that Nelumbo nucifera Gaertn.
extracts were responsible for potential efficiency on hypergly-
cemia, HLP and inflammation through stimulating glucose
consumption in HepGz2 cells, as well as inhibiting the activities of
a-glucosidase, pancreatic lipase and COX-2.*> Furthermore,
Lonicera japonica Thunb. was able to improve the abnormalities
caused by diabetes by resisting hyperglycemic activity and
inhibiting the formation of AGEs.”

Metabolomics is normal used to explore potential
biomarkers and establish the relative relationship between
endogenous substances and physiological functions of
diseases.>»* This technology has been widely used in the
research of HLP, which can provide valuable information for the
diagnosis and treatment of HLP,?® and is of great significance to
the research progress of HLP and the development of corre-
sponding drugs.”” Therefore, in this study, we investigated the
lipid-lowering mechanism of CGT, and studied the effect on
lipid metabolism in liver of hyperlipidemic mice by ultra-
performance liquid chromatography (UPLC) technology,
which provides reference for development and utilization of
CGT.

Materials and methods
Materials and reagents

CGT is composed of Duyun ancient green tea (Camellia sinensis
(L.) O. Ktze.), Duyun original tree sweet tea (Lithocarpus poly-
stachyus Rehd.), Duyun broad-leaved Kuding (Ilex Iatifolia
Thunb.), wild mint (Mentha canadensis L.), lotus leaf (Nelumbo
nucifera Gaertn.) and honeysuckle (Lonicera japonica Thunb.)
with the weight ratio of 2:1:1:1:1:1. All plant materials
were purchased from Guizhou Bishu Technology Co., Ltd,
China. SPF male KM mice were provided by Shanghai Shrek
Jingda experimental animal Co., Ltd, China. All other reagents
used in this study were of analytical grade (purity > 98%; Merck,
Germany).

Tea sample preparation

An appropriate amount of CGT was crushed and extracted in
boiling water at 100 °C for 30 min at a tea-water ratio of 1 : 10.
The tea dregs after vacuum filtration were extracted again by the
same method, and then these two extracts were combined
together. The filtrate was evaporated to a suitable concentration
with a rotary evaporator. After being frozen at —80 °C for 12 h, it
was vacuum dried for 30 h, and the final obtained dry powder
was stored at —20 °C.

Animal experiment design

The experimental protocol was approved by animal care of
Qiannan Medical College for Nationalities and institutional
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animal ethical committee (Guizhou, China). The mice were kept
in a mouse room with a temperature of 22 + 2 °C and a relative
humidity of 55 £+ 5%, allowing them to eat and drink freely.
After seven days of adaptive feeding, the mice were randomly
divided into four groups with ten mice in each group:
compound tea treatment group (DH), high-fat model control
group (NK), normal control group (CK) and positive drug group
(YK). CK group was fed with conventional diet (20.0% flour,
10.0% rice flour, 20.0% corn, 26.0% bran, 20.0% soybean, 2.0%
fishmeal and 2.0% bonemeal), while DH, NK and YK groups
were fed with high-fat diet (1.5% cholesterol, 10.0% lard, 5.0%
egg yolk powder, 0.5% bile salt and 83.0% normal diet). In
addition, mice in the CK and NK groups were given purified
water, while DH and YK groups were treated with CGT extracts
(840 mg kg™ ") and positive drug Xuezhikang (XZK) (91 mg kg™ ")
by gavage, respectively. Four groups of mice were kept sepa-
rately, the bedding material and drinking water was replaced
every two days and once a week, respectively. During the
experiment, the activity and physiological status of mice were
observed and recorded every day. The mice were weighed
weekly, the intragastric dose of positive drug XZK and CGT was
slightly adjusted according to changes in body weight. After 30
days of the experimental protocol, the mice were euthanized
after fasting for 12 h. Then, liver tissues were harvested and
blood was collected from the eyeball in heparinized tubes.

Compositions of tea extract and individual catechins for LC-
MS/MS analysis

Analysis of the individual catechins was performed according to
the method of Susanti et al.*®

100 mg of tea powder for chemical composition analysis was
dissolved in 1.2 mL of 70% methanol extract and vortexed 30 s
every 30 min for 6 times in total. Then, samples were placed at
4 °C overnight. Following centrifugation for 10 min at 12 000x g,
the supernatant was collected and filtered with a microporous
membrane (SCAA-104, 0.22 pm pore size; ANPEL, Shanghai).
Subsequently, the samples were analyzed using an UPLC-ESI-
MS/MS system (UPLC, SHIMADZU Nexera X2; MS, Applied
Biosystems 4500 Q TRAP). The analytical conditions were as
follows, UPLC: column, Agilent SB-C18 (1.8 um, 2.1 mm x 100
mm); the mobile phase was consisted of solvent A (pure water
with 0.1% formic acid) and solvent B (acetonitrile with 0.1%
formic acid). Sample measurements were performed with
a gradient program that employed the starting conditions of
95% A, 5% B. Within 9 min, a linear gradient to 5% A, 95% B
was programmed, and a composition of 5% A, 95% B was kept
for 1 min. Subsequently, a composition of 95% A, 5.0% B was
adjusted within 1.1 min and kept for 2.9 min. The flow velocity
was set as 0.35 mL min; The column oven was set to 40 °C; The
injection volume was 4 pL. LIT and triple quadrupole (QQQ)
scans were acquired on a triple quadrupole-linear ion trap mass
spectrometer (Q TRAP), QTRAP® 6500+ LC-MS/MS System,
equipped with an ESI Turbo Ion-Spray interface, operating in
positive and negative ion mode and controlled by Analyst 1.6.3
software (AB Sciex). The ESI source operation parameters were
as follows: source temperature 500 °C; ion spray voltage (IS)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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® Flavonoids (318)
® Phenolic acids (186)
® Lipids (113)
Lignans and Coumarins (46)
m Alkaloids (69)
B Amino acids and derivatives (69)
® Organic acids (66)
m Nucleotides and derivatives (53)
B Tannins (23)
® Terpenoids (21)
® Quinones (11)
m Others (94)

Fig.1 Types and relative contents of main chemical compositions in tea extract.

Table 1 The individual catechins for LC-MS/MS analysis

Standard

sample Tea sample
Catechins RT Area RT Area mg ml™" Percent (%)
GC 4.728 8042.9 2.923 254.5 0.03 0.17%
EGC 7.001 4156.9  4.307 245.5 0.06 0.31%
C 8.839 1058.5 5.913 996.0 0.06 0.32%
EC 12.653 38353.5 9.449  2373.8 0.06 0.33%
EGCG 12.985 45294.0 10.567 18209.4 0.40 2.12%
GCG 15.035 29 088.8 12.066 1869.6 0.06 0.34%
ECG 22.540 68293.6 16.338  4139.1 0.06 0.32%
CG 23.814 14 202.9 17.906 709.3 0.05 0.26%

5500 V (positive), —4500 V (negative); ion source gas I (GSI), gas
II (GSII), curtain gas (CUR) was set at 55, 60, and 25.0 psi,
respectively; the collision gas (CAD) was high.

Serum biochemical analysis

Blood samples were centrifuged for 10 min at 12 000xg for
analysis of serum total cholesterol (TC), triglyceride (TG), low-
density lipoprotein (LDL-C) and high-density lipoprotein
(HDL-C) levels using commercially available kits (Nanjing
Jiancheng Biotechnology Co., Ltd, China).

Liver samples for LC-MS/MS analysis

The blood on liver tissue was rinsed with precooled normal
saline prepared in advance. 50 mg of liver tissue was accurately
weighed, and 1000 pL of pre-cooled extractant (70% methanol
aqueous solution containing 1 pg mL~" 2-chlorophenylalanine
as an internal standard) was added. After the homogenate was
frozen for 3 min, the supernatant was obtained by centrifuga-
tion (12 000 rpm) at 4 °C for 10 min, which was to be detected.

The sample extracts were analyzed using an LC-ESI-MS/MS
system (UPLC, Shim-pack UFLC SHIMADZU CBM A system;
MS, QTRAP® 6500+ System). The analytical conditions were as
follows: Column, Waters ACQUITY UPLC HSS T3 C18 (1.8 pm,
2.1 mm x 100 mm), maintained at 40 °C. The mobile phase
included phase A ultrapure water (0.04% acetic acid) and phase
B acetonitrile (0.04% acetic acid). The gradient program was
used: 95:5 V/V at 0 min, 5:95 V/V at 11.0 min, 5: 95 V/V at
12.0 min, 95 : 5 V/V at 12.1 min, 95 : 5 V/V at 14.0 min. The flow
rate was 0.4 ml min~" and the injection volume was 2 uL. The
mass spectrum conditions were the same as those of tea extract
analyzed by LC-MS/MS.

Statistical analysis

Analyst 1.6.3 software and multiple reaction monitoring (MRM)
mode of triple quadrupole mass spectrometry were used to
process mass spectrum data and carry out quantitative analysis.

Table 2 Effect of compound tea on body weight and blood lipid index of mice®

Treatment Initial body wt (g) Final body wt (g) TC/mmol L™* TG/mmol L™* LDL/mmol L " HDL/mmol L™
CK 27.23 + 1.29% 43.75 + 1.03"° 2.81 + 0.16° 0.64 + 0.02° 0.55 + 0.02° 1.05 + 0.07°
NK 28.01 + 1.06% 52.09 =+ 1.56% 3.69 + 0.122 0.73 + 0.09° 0.69 + 0.05° 0.78 + 0.03P
YK 27.71 + 1.93% 45.46 + 1.28° 2.97 + 0.19"° 0.56 + 0.05™ 0.53 + 0.06" 1.03 + 0.04?
DH 27.08 + 0.65% 44.52 + 1.16"° 3.22 + 0.06° 0.47 + 0.07¢ 0.56 + 0.03° 1.04 + 0.06%

“ Values in capital letters are expressed as mean =+ SD of 10 mice in each group, the values in lower case in the same column at p < 0.05. CK, normal
control group; NK, high-fat model control group; YK, positive drug group; DH, compound tea treatment group.

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 24301-24310 | 24303


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02831j

View Article Online

Paper

RSC Advances

1 60°€— €e'T 1 98°C— 9T'T 919H-CT

T 19— 8¢'1 T evre— ov'1 1 2CT— S0'T proe spIung

1 85T~ 8C'T TIXL

1 0T¢e— LT'T tand

T Ire— or'T 02d9d

lest 6€'1 0TIDd

1 /8°€¢— 60T 1 €0C— 61T T P8 1— 80°T [p1oe o10-1-U2-7£1-1501d-AX0IPAYIN-SST“OT T 06-0X0-9] BTIDJ-013Y 9

1 s1C— 20T 1 80'C— €T'T aunTuIRdA0IANAYIIN-T

1 121- 6€°1 1 ve1— PIT apAyspreurn)

1 €9 1— 91T [proe o10UaINES0019-Z 1178 Z5-Ax0da-(ST)FT(F)] LAA-ST'FT

1 26T~ €T’ YA S 16T [proe o10uaLIRS0010-ZF 1287 S-AX0da-(2T) T T(F)] LAA-TT‘TT

T ¥6'1— LTT T 11— GS'T [proe o1ouse1121ES0019-ZF 7 T'Z8ZS-AX0IpAY-ST 1] ALAH-(S)TT

199 11— 8H'T 199 11— 8¢'T 1 609— 8CT'T [p1oe o10UBNSIRS0DI-ZF T Z T 1AL ZS-AX01pAY-6-(F)] ALAH-6(F)

1 96— 378 169 1— 9¢'T [proe orousENAIBS0d1-ZF 12T 128 ZS-AX01pAY-8T(F)] ALAH-ST(F)

1T 10C1— 8¥'1 T 10C1— 6€°1 S A 8T'T [p1oe orousejuadesoore-791‘Z¥ 1211282 S-AX01pAY-81-(F)] AdAH-8T(F)

1 78°9— 8¢ T 19— 1€°1 T ¥0'C— 611 1 €6'T— ST'T [proe o10UsEXaYRS000P-Z6TZ9T AT Z0T ZL ZF-AX01PAY-S¥T] VHAH-(S)¥T

1 81— 80T [p1oe o10Us08peIN0-Z6-AX0da-(£T)2 T(F)] ANOE-€TCT

T veer— 8T'T T veer— 6€'T 166 L— 9¢'C T 66'L— €6'T [p1o® 010U2BXaYBS00P-Z6T‘ IS T'ZE T Z0T 2L Z1-AX0IpAY-£ T(F)] VHAH-LT(F)

T over— €9'T 1 over— LT 160 L— 9¢°1T 1 60°L— 1T [proe orouseiuadesoota-z /L T47ET'Z 11282 S-AX0IpAY-S T-(F)] AdAH-ST(F)

T €8'9— i4nt T ¥9°9— e T 1€C— VLT Tere— €T [p1o€ 210U2B1AIBS01d-ZF 10T Z8"ZS-AX0IPAY-2 T(F)] ALAH-CT(F)

1 867— (A 1666~ 8T'T 1 8TT— LTT [p1oe drouseluadesod1d-Z/ 17y T 40128 ZS-Ax01pAY-2 T-(F)] 4ddH-CT(F)

1971 6S°T l €91 (4%4 150 T— L0°T QuaLD-§‘c T-eYIUIIN-d

T ¥0Cc— 791 U ¥2a 8 LT'C 195 1— 61T p1oe dIuoprIeals

T evT— T TL11— L0°T [proe o10ULIPRIIPLINO-FTTZ6-0X0-ET] HAO-OXO0-ET

TorT— 0T’ T ¥TT— 971 [proe o10UaEXaYES000P-Z6T‘Z9T‘ZE T Z0T T8  ZF-AX0IPAY-£(F)] VHAH-L(F)

169 T— ST°C [p1oe orousejuadesoors-z/ 177121128 H9-Ax01pAY-S-(F)] AdAH-S(F)

L1t ov'1T lgt 06T (0:0/(z6)1:8T) Ad

196 T— 791 1 0€1— L0°T PIok DI0IpaUBIapENIA],

I 89T T I T— ¥9'1T [proe o10ULLIIBIPRINO-ZSTZZ T H0T-AX0IPAY-S6] HILOH-6

lvrt LTT l ozt 0L'T (2:02D) p1o® 210UAIPRSOIIT-F T TT-S19

T TE°S— 09'1 1 89— 0g'T 1 68F— €T [p1oe o10UaLIIBIPERINO-ZS T T T T'Z6-AX0IPAY-SET] HILOH-ET

T €T8— 6S°T l 198 ov'T 1 €T8— LL'T [p1o®e d10UsB1NRS0018-Z 121128 ZS-AX0IPAY-£ T(F)] ALAH-LT(F)

1 €C1— LTT (0:0/(z6)1:9T) AdOSAT

T ee1— €91 0:5T odosAT

Tori— ST 0:%1 odosAT

Lyt 4788 100 T— 85T z:0¢ odosAT

T 20 1— VLT 7:8T odosAT

TLTT— 69'T 1:8T1 odosAT

T 61— 9¢°'1 160 1T— ST 1:97 odosAT

191 SO'T 0:%T odosAT

l €0C 8S'1T 120 T— ¥0'T Gz sdosAT

lyet LE'T leLt 6C'T 0:8T edosAT

le6T1 06'T 1:81 odosAT

lve1 S6'T 1:81 S3dosAT

04?301 dIA 04 ?301 dIA D4 4301 diA D4 %30] dIA 04 2301 dIA SOOI
A SA D HA 'sa XD MX SAIN HA 'SaJIN JIN SA D

Lsuosuedwod asimiled e Ul sayjogelaw jenuaiayip Apuedylubis syl ¢ dlqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INd 82:8¥7° 9202/02/9 U0 papeo|umod "ZZ0z 1Snfny 9g Uo paus!iand @01y ss900Yy uedo

© 2022 The Author(s). Published by the Royal Society of Chemistry

24304 | RSC Adv, 2022, 12, 24301-24310


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02831j

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 August 2022. Downloaded on 6/20/2026 2:48:28 PM.

(cc)

Paper

— — =
© — L
E o] o =
a — — =
& P &
L
=1 p
% 2
= ) o 3
M| B ) Q -
&) > — — =]
<
o
o]
]
N S -
O KO H WY Dy B
R e Moo na g
Q R B R B R I I
& [ R N B o
o) - j=3
&) &
<
g §

N O DO IO
| B 2 =
Q > o o H o H - 8
<
3
£
U =
= <
o =
2 E
| S
o
<% =
K =
| :,
b4 = B
o
<]
<
& <
= .
N [
2 2
| <
=) 8
<
;3 o
]
M| & <]
zl > =)
4
[
5
&) =
23] %)
=
oh S
< g
% s
=
Eq g
M= B
&) > =)
=]
=
:
<
w
L
B
<
wv
[ 5%
Q
=
L
5
b=
kS
+
=
<
Q
= £
) g 5
3] s @
S 2 5
— [} -
S =T
£ g g
< g 8
i < =
=] 97 o
) o 3
Q, S 9
] s 8
7] + 9]
9 3 E

— S ;
s _% TN 3
m’:fj T 8- 5
% &8 O VO O
= - .'9«::‘5 o
O o N O 0= @
- = Z < ﬂsaglo >
e SU T 223 % =
55 N 59 0 @ O 9«
S S Q- < T 3]
S S8+ SRS O
) S| geNg2o g,y 22
= = SvxoMIgg A £
= ST NE =L 8.2
M <) = 8 = = E0 &%E
8 cE WL AT T .= 3 |31
9 < SEET R LAg gw
re] 5 3=2823T 48 €&
© T o AL e LS )
= = SRR O SN v =

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Peak extraction and peak correction were performed for all
metabolites. All data sets were analyzed by OPLS-DA model after
processing, and the validity of the model was evaluated by the
values of prediction parameters R®X, R*Y and Q* whose size
directly reflected the reliability of the model. Data were
expressed as mean =+ standard error and were subjected to one-
way analysis of variance (ANOVA) followed by the statistical
software SPSS statistics version 22 (IBM). Multiple comparisons
between different groups were conducted by Tukey test, and P <
0.05 was considered statistically significant.

Results
Composition of tea extract and catechins

A total of 1069 compounds in positive (572 species) and negative
(497 species) ionization modes compared with the standard
compound database were identified in CGT (ESI Table 17),
including flavonoids, phenolic acids, lipids, alkaloids, amino
acids and derivatives, nucleotides and derivatives, lignans and
coumarins, tannins, terpenoids, organic acids and others
(Fig. 1). Among these compounds, flavonoids had the most
abundant relative contents, with 318 compounds accounting
for 29.8%, followed by phenolic acids (186 species, 17.4%) and
lipids (113 species, 10.6%). In addition, a total of 4.2% cate-
chins was detected in CGT, which consisted of 2.12% (—)-epi-
gallocatechin-3-gallate (EGCG), 0.32% catechin (C), 0.31%
(—)-epicatechin gallate (ECG), 0.34% (—)-gallocatechin gallate
(GCG), 0.31% (—)-epigallocatechin (EGC), 0.26% (—)-catechin
gallate (CG), 0.33% (—)-epicatechin (EC), and 0.17% (—)-gallo-
catechin (GC) (Fig. S1,T Table 1).

Effects of CGT on body weight and serum biochemical indexes
in HLP mice

To investigate the effects of CGT on blood lipids in mice, body
weight, the serum levels of TC, TG, LDL-C and HDL-C were
determined. As shown in Table 2, there was no significant
difference in the initial body weight of mice (P > 0.05). After the
end of the experiment, the final weight and the levels of TC, TG
and LDL-C in NK group were significantly increased (P < 0.05),
while HDL-C was remarkably decreased (P < 0.05), indicating
that the model was successfully established and the HLP of
mice was successfully induced by high-fat diet. Compared with
the NK group, the final weight and TC, TG and LDL-C levels of
mice in DH group and YK group decreased significantly (P <
0.05), while the HDL-C level showed a remarkable upward trend
(P < 0.05), and there was no significant difference between DH
group and CK group. These findings showed that CGT and
positive drug XZK might regulate the level of blood lipid in
mice.

Qualitative and quantitative metabolites detection

The mass spectrum data were processed by the software analyst
1.6.3. Quality control (QC) samples prepared by mixing sample
extracts were inserted into every 10 test samples to monitor the
repeatability of the analysis process. Because mass spectrom-
etry total ion current (TIC) is a spectrum obtained by
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continuously summing the intensities of all ions in the mass
spectrum at each time point, the overlay display analysis of TIC
can be used to determine the accuracy and repeatability of
metabolite detection. The ion flux spectrum of each extracted
substance in MRM can be determined by multi substance
extraction ion chromatography (XIC). The mass spectrum peaks
with different colors represent different metabolites detected,
and the peak area represents the relative content of the corre-
sponding substances. Thus, the overlapping spectra of TIC and
QC samples in this study showed that the curve overlap of TIC
was higher, and the retention time and peak intensity were the
same, indicating that the signal stability of the same sample
was better when detected by mass spectrometry (Fig. S21). A
total of 110 kinds of lipid metabolites were detected, including
glycerol 3-phosphate, Lysopc 18:2, linoleic acid (LA) (C18:2), y-
linolenic acid (GLA) (C18:3), 6 keto-PGF1a, eicosapentaenoic
acid (EPA), myristic acid, hexyl butyrate, 12-hydroxy-
eicosatetraenoic acid, cholesterol, etc. (ESI Table 27).

Screening of differential metabolites

Significantly regulated metabolites between groups were
screened by the combination of VIP = 1 and absolute log, FC
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(fold change) = 1 in all four pairwise comparisons. Among all
the 110 differential metabolites detected, 54 significantly
different metabolites were divided into five categories,
including oxidized lipids (33), fatty acyls (16), lipids (5), phos-
pholipids (21), and fatty acids (35) (Table 3).

The expression of metabolites was found to be altered
significantly in the NK group when the mice were fed with high-
fat diet. Among them, 6 metabolites, Lysopg 18:1, Lysope 18:1,
Lysopa 18:0, cis-11,14-eicosadienoic acid (C20:2), PE (18:1(92)/
0:0), and PGF1a, were significantly upregulated in NK group,
of which PE (18:1(92)/0:0) had the highest content in NK group
with log, FC > 1.37, and Lysopa 18:0 increased most with log,-
FC > 1.79; Lysopc 18:0 and 18:1 were also increased but were
not screened as significant substances; PGF1a was not signifi-
cantly different in the comparison between other groups; ten
metabolites were significantly downregulated in NK group
compared to that in the CK group, of which (+)17-HETE had the
lowest content with log, FC < —8.23.

When evaluated the substance level, it was found that 16
metabolites were screened in the comparison of NK vs. DH,
among which 15 significantly downregulated metabolites, with
the example of 6 keto-PGF1a, Lysopc 16:1, Lysopc 18:1, and
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he ordinate is the pathway name. The color of the point is p-value, and
f the dots represents the number of differential metabolites enriched.
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Lysopc 18:2, were observed in the DH group with the exception
of (£)17-HETE (log, FC > 8.61).

In addition, the positive drug XZK (the YK group) was
applied to estimate the efficacy of lowering blood lipids. It was
shown that 14 compounds were significantly downregulated
compared with the NK group, with the example of (+)18-HEPE,
6 keto-PGFla, and (£)12-HETE, while 2 compounds were
upregulated in YK group, which were stearidonic acid, and p-
mentha-1,3,8-triene.

Subsequently, we compared the blood lipids in CGT or XZK
group with the normal diet group. The contents of all 27
differential metabolites showed a downward trend when mice
were fed with CGT, of which (4+)15-HEPE had the largest
reduction with log, FC < —12.40, follow by (+)17-HDHA (log, FC
< —12.24), and (+)18-HEPE (log, FC < —11.66), and GLA and
EPA were slightly reduced with log, FC < 1.05 and 1.31,
respectively; Lysopcs (16:1, 14:0, 15:0) also significantly
decreased; in addition to the three abovementioned
compounds in CK group, another 19 metabolites were found
downregulated in the YK group, including 6 keto-PGF1a, (+)9-
HETE, tetradecanedioic acid, (+)17-HETE, etc. However, Lysopc
20:2 was higher in the YK group than that in the CK group.

Functional annotation and enrichment analysis of differential
metabolites

According to the KEGG database, we annotated the different
metabolites to find the main secondary metabolite pathway and
biosynthesis pathway, such as cis-11,14-eicosadienoic acid,
GLA, EPA, palmitoleic acid, Lysopc 16:1, and arachidic acid
(Fig. 2). The changes of these metabolites were related to the
metabolism of LA, a-linolenic acid (ALA) metabolism, arach-
idonic acid metabolism, xylene degradation and serotonergic
synapse might play an important role in maintaining normal
physiological function of cells and antioxidation and lipid-
lowering (Fig. 2). Obviously, linolenic acid metabolism,
biosynthesis of unsaturated fatty acids, and ALA metabolism
were closely related to fatty acid metabolism in the KEGG
classification of CK vs. NK group, indicating that the induction
of high-fat diet changed the biomarkers and metabolism levels
associated with lipid metabolism in mice (Fig. 2A). But, instead,
the decreased of linolenic acid metabolism, glycer-
ophospholipid metabolism and choline metabolism in cancer
were observed (Fig. 2B), which revealed that CGT treatment
down-regulated the levels of metabolisms related to lipid
metabolism and the risk of cancer. In addition, positive drug
XZK consumption could also change the levels of metabolisms
caused by high-fat diet (Fig. 2C). These results suggested that
high-fat diet could disturb the level of lipid metabolism in vivo,
while CGT or XZK treatment may effectively reverse risk of
suffering from HLP.

Discussion

CGT is rich in beneficial compounds, such as flavonoids, alka-
loids, vitamins, etc., which are widely consumed by local people
owing to its biological functions, especially anti-obesity and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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anti-HLP. In this study, we identified 318 compounds from
flavonoids in CGT (ESI Table 1}), and catechins including C,
ECG, GCG, EGCG, EGC, CG, EC, and GC (Table 1). EGCG, the
most popular catechins, have been reported to play an impor-
tant role in reducing the accumulation of adipose tissue and
alleviating dyslipidemia, as well as significantly decreasing liver
TC levels in mice by promoting lipid excretion, promoting
intestinal metabolic disorders and enhancing the expression of
genes associated with fatty acid oxidation.'**** Clinical trials
have shown that high-dose EGCG was able to inhibit weight
gain, decrease serum levels of TC and LDL.** Thus, EGCG
(2.12%) found in our study may contribute most to the regula-
tion of dyslipidemia and lipid metabolism disorders.

Clinically, TG, TC, LDL-C and HDL-C indicators are often
used to diagnose HLP.** Study indicated that the increased
serum TC and LDL-C levels are major hazard factors for the
occurrence of atherosclerosis. In this study, CGT successfully
regulated the serum levels of TG, TC, LDL-C and HDL-C in HLP
mice induced by high-fat diet. Firstly, the results showed that
the final body weight, TC, TG and LDL-C levels of mice fed with
high-fat diet were significantly increased, while HDL-C was
notably decreased. Contrary to NK group, the final body weight,
the serum levels of TC, TG, LDL-C and HDL-C of mice in DH
group and YK group were reversed after one month of CGT
treatment, and there was no significant difference from CK
group. These results clearly suggested that CGT and positive
drug XZK treatment may well regulate the serum lipid levels of
HLP mice, and have preventive and therapeutic effects on HLP.
CGT may also have an inhibitory effect on atherosclerosis,
mainly due to the up-regulation of free radical scavenging
enzymes and the reduction of risk factors for lipoprotein (a) and
plasma oxidized LDL.

Lipid is an important component of cytomembrane, mainly
composed of polyunsaturated fatty acids (PUFAs). Common
PUFAs include GLA, diphenylmethyl-GLA (DGLA), EPA, doco-
sahexaenoic acid (DHA) and arachidonic acid (AA), etc.*® They
are derived from LA and ALA in the diet through the action of
desaturase, and their activity decrease with age.**** LA, an
essential PUFAs for the human body, is the precursor of pros-
taglandins (PGs), a class of lipid mediators produced by enzy-
matic metabolism of AA, and leucine trienes through the AA
pathway. AA is converted into intermediate metabolites of PGs
via the action of prostaglandin H synthase (PGH) catalyzed by
phospholipase A2 (PLA2) under various physiological and
pathological stimuli. In our study, the intake of a high-fat diet
led to an increase in the content of PGF1a in mice, suggesting
that PGF1a participated in the pathological process of diseases
such as inflammation and lipid disorders. Moreover, the
decreased content of 6-keto PGF1la could be explained by the
fact that both CGT and positive drug XZK treatment may reverse
the damage of high-fat diet to mice.

PUFAs, such as ALA, oleic acid (OA), and LA with the ability
of inducing endoplasmic reticulum stress, regulating lipid
production and lipolysis,*® and inhibiting hepatic steatosis,
which are considered to have excellent potential in the treat-
ment of various diseases.’” GLA, belongs to the n-6 series of
PUFAs, was mainly involved in the metabolism of LA, which
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may regulate dyslipidemia through inhibiting the synthesis of
serum TC, and eliminating the accumulation of serum TG.*®
Furthermore, EPA consumption is thought to be associated with
the formation of eicosanic acid, lipoxins and analytical
proteins, as well as the regulation of dyslipidemia and the
decrease of blood lipids.** A report claimed that conjugated
linoleic acid (CLA), the main PUFA in the organism, can reduce
the oxidized form of glutathione, increase the activity of
glutathione-dependent antioxidant enzymes, and prevent HLP
dyslipidemia, ectopic lipid deposition, insulin resistance and
the adverse consequences of metabolic syndrome. Further-
more, the slight reduced the levels of GLA and EPA were
observed in DH group compared to CK group, which probably
attributed to an increased LA and ALA metabolisms caused by
CGT treatment, which resulted in alleviation of dyslipidemia in
mice (Fig. 3).

Lysopcs, one of phospholipids, have a variety of physiolog-
ical functions and are closely related to metabolic diseases such
as diabetes, atherosclerosis, dyslipidemia, and cardiovascular
diseases.*>*' Several reports have demonstrated that Lysopcs
may change in certain diseases in vivo. For instance, Lysopcs
have the ability to regulate the metabolism of LDL-C, and are
involved in atherosclerosis caused by sterol, as well as may also
damage endothelial cells by inducing lipid peroxidation of
cytomembrane.** In this study, the elevated levels of Lysopc 18:0
and Lysopc 18:1 in the hepatic tissue of hyperlipidemic mice
was observed, suggesting that the intake of high-fat diet
destroyed the balance of lipid metabolism and caused dyslipi-
demia in mice. By contrast, there were a significant decreased
levels of Lysopc 16:1, Lysopc 18:1, and Lysopc 18:2 in DH group,
which indicated that CGT consumption might be of therapeutic
potential to treat dyslipidemia and reducing inflammation in
patients with abnormal lipid metabolism. The fecal metabolites
of 17 patients with liver cirrhosis and 24 healthy people were
clinically detected, which was found that the concentrations of
Lysopc 16:0, Lysopc 18:0, Lysope 18:1 and Lysopc 18:2 in their
metabolites were significantly increased, while the concentra-
tions of bile acids and bile pigments were decreased, indicating
that the metabolic homeostasis of fatty acids and lipids were
also disturbed in patients with liver cirrhosis as liver function
damage.*® Furthermore, numerous relevant studies have re-
ported that the level of Lysopcs in serum appeared to increase in

24308 | RSC Adv, 2022, 12, 24301-24310

animals fed with high-fat diet.*** Thus, these findings were
consistent with the results in this study, suggesting that Lysopcs
level can be served as a specific metabolic marker to evaluate
HLP induced by high-fat diet, however CGT treatment was able
to alleviate metabolic disorders.

Conclusion

In our study, the HLP mice model was established by the
induction of high-fat diet. Our findings have demonstrated that
CGT treatment was able to improve body weight maintenance of
mice while consuming a high-fat diet, and regulate blood lipid
levels, which was similar to results in positive drug XZK. In
order to further investigate the mechanism of CGT consump-
tion in HLP mice, LC-MS/MS analysis approach was used to
distinguish different metabolic profiling and potential
biomarkers of mice in four groups. It was found that CGT could
make the abnormal metabolic state return to normal by inter-
vening in different metabolic pathways to partially reverse the
lipid metabolism disorder, and reduce the risk of atheroscle-
rosis and non-alcoholic fatty liver caused by high-fat diet
feeding, which may be ascribed to the anti-HLP, anti-oxidant
and anti-inflammatory effects of its ingredients. These find-
ings indicate that CGT consumption provides new important
perspectives for investigating the occurrence and development
of lipid metabolism disorders and HLP, and may be helpful to
explore new targets for the prevention of dyslipidemia and
differential diagnosis of HLP.

Abbreviations

CGT Compound green tea

LC-MS Liquid chromatography-mass spectrometry
DH Compound tea treatment group
NK High-fat model control group
CK Normal control group

YK Positive drug group

XZK Xuezhikang

HLP Hyperlipidemia

HDL-C High-density lipoprotein

TC Total cholesterol

LDL-C Low density lipoprotein
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TG Triglyceride

MRM Multiple reaction monitoring
PUFAs Polyunsaturated fatty acids
DGLA Diphenylmethyl-GLA

EPA Eicosapentaenoic acid

GLA Gamma-linolenic acid

DHA Docosahexaenoic acid

AA Arachidonic acid

LA Linoleic acid

ALA a-Linolenic acid

PGH Prostaglandin H synthase
PLA2 Phospholipase A2

PGF1a Prostaglandin Fla

OA Oleic acid

CLA Conjugated linoleic acid
Lysopg Lysophosphatidylglycerol
Lysope Lysophosphatidylethanolamine
Lysopa Lysophosphatidic acid
Lysops Lysophosphatidylserine
Lysopc Lysophosphatidylcholine
PGD2 Prostaglandin D2

TXB2 Thromboxane B2
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