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Ameliorative effects of tea on metabolic disorders in obesity mice
induced by high-fat diet
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[ Abstract] Objective To investigate the ameliorative effects and mechanisms of six types of tea
(green tea, cyan tea, red tea, white tea, black tea and yellow tea) on metabolic disorders in obesity mice
induced by high-fat diet (HFD). Methods Four-week-old male C57BL/6J mice were randomly divided
into 8 groups with 7 mice per group. An HED-induced obese mouse model was established, and the mice in
control group maintained on standard diet followed by intragastric administration of different teas for 5
weeks. The body weight, liver weight ratio, fasting blood glucose, and lipid profile of the mice were
measured to assess glucose and lipid metabolism. Serum inflammatory factors including I1.-6, tumor
necrosis factor-alpha (TNF-«) and oxidative stress markers [ malondialdehyde (MDA) and superoxide

dismutase (SOD) were measured. Additionally, liver histopathology and the expression of key glycolipid
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metabolism-related genes, adenosine monophosphate-activated protein kinase (AMPK) and carnitine

palmitoyltransferase 1 (CPT-1), were analyzed to explore underlying mechanisms. Results Cyan tea
significantly suppressed weight gain, demonstrating superior weight control. White tea markedly reduced
fasting blood glucose levels and decreased the area under the curve of oral glucose tolerance test (OGTT)
and insulin tolerance test (ITT) , indicating synergistic improvements in glucose metabolism and insulin
sensitivity. Yellow tea exhibited exceptional anti-inflammatory and antioxidant effects, reducing hepatic I1.-
6 and MDA while enhancing SOD activity. Green tea activated the lipid oxidation pathway by upregulating
AMPK/CPT-1 expression. All kinds of tea significantly attenuated hepatic lipid droplet accumulation.
Conclusion All six types of tea alleviated metabolic disorders by reducing hepatic fat content in obesity
mice. However, different types of tea exert their unique effects on improving metabolic disorders through

differential mechanisms such as glucose metabolism regulation, lipid oxidation, and anti-inflammatory and

antioxidant actions.
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Ak B PR ST, 38 2 43 AT I OGS R Y 2 A
B R R AT A ALE, LA Sy BF 58 2% 0 950 B
I ] IE B 08 TR e ML 4R 2 2%

B ORE AT 3k
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B B ALl (HEHES :202010012) 0 /N BRUOR AR 1
R (4.5 % Re Wit kL, & [ Purina 24 &) iR 3% 1 H 5
B AL 340 (B 20 7 2 ) 5 #E X & (normal-fat diet,
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Ak 23 1138 i ) 5 At /N BT 60 20 IR 07 4 /&
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128 mRRE 12, /N HE B R, 5
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s Rl e, G SUbE R /N B I S AR AE SR AR LA
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A HL AN R 1 TR . BRIR CH SRR A
il B A 0.1 g/mL A1, B 2% AR AL 45
WK i M BE S 0.1 g/mL.

FEBk e IR BTS2 38 AR 4350 & (95 [ Abcam
v ] ) Uh B AR I v bR S E R BE (total
cholesterol, TC) . H il =& (triglyceride, TG) | 7 %
& B§ #£ H (high density lipoprotein cholesterol,
HDL) | fik % /% fg & H (low density lipoprotein
cholesterol, LDL) Ji# & % (insulin, INS) ¥ J¥ . R4
ELISA & 7 & (2 [ Abcam 2 &) 15 B 45 1) & T
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Tab 1 Characteristics of tea

Yellow tea (HY) Golden Buns Jiangkou, Guizhou Province
Black tea (HB)
White tea (HW)  Old Eyebrow
Green tea (HG)
Cyan tea (HT)
Red tea (HR)

Golden Fungi Qiyang, Hunan Province
Fuding, Fujian Province
Green Pearls Meitan, Guizhou Province
Titkuanyim

Yunnan Red

Anxi, Fujian Province

Yongping, Yunnan Province

o T8 % (malondialdehyde, MDA ) | # 4 1k ¥y 15
1k il (superoxide dismutase, SOD) |\ 1L-6 . fift % 3£ 5€
“F-a(tumor necrosis factor-alpha, TNF-a) #¢ J& .

M AR 2 2 pE Y 2 i A0 BR B SR 52 i
NS 12 hJE HEAT O IR A A OB 3 5 (oral
glucose tolerance test, OGTT) , MK AT 0.5 h %
M H (2 g/kg) , M KE L (ACCU-CHEK
PerformaNano, i - Roche 24 & ) I 4 J& ¥ ik 42 i 1
i, W0 0 4 (O min) I B R B 78 30,6090

120 min B 32 f10 Saif . /D BRES & 4 h s E TR
i Z it 5% 6 033 (insulin tolerance test, ITT) . JE
K (£ Sigma 22 A ) 3 IBEC , % T 28 B AR K i &
A% 150 mg/mL R 5 3 IS WL A7 T 4 COKAl . %
BB 0.75 B /kg B F7) d B2 T U SRR 0 B U,
MAAXAE 0,30 .60 ,90 min Bt 0] LB

FFAEZARFRIB M E  NFAEIR I AE 400 Z R
FEVS W 24 h)e B B S (75 % ~100 %) K, A1
WAL, YR RN 4 pm HE Je Aol O Yefa,
2% BB (Eclipse C1, H 4% Nikon 24 7)) F WLEE 5
.

LB E = PCR W AR O - WF B 43 25 AT
JE A A RNA . i Nanodrop 2000( 3% [# Thermo
Scientific 2% & ) 43 H1 RNA ¥k B fI 4l B . i 5% 5E 4%
:25 °C,5 min; 42 °C,30 min; 85 “C,5 s. 5| ¥J% 5
Z W2, LU B-Mah & FIE R RIEH . PCRIGI
P8 2 F 295 °CL15 5360 °CL 60 5340 MEFR . il
AT 2T bR R AR ik

®2 LWHAMSIMET

Tab 2 Nucleotide sequences of primers

AMPKa CTCAGGAAGGCTGTATGCGG
ACC ATGCTATTTCTTTGTTTGGTCGT

ACGGTTGAGATACTCCGGGAT
CCCAGCACTCACATAACCAAC

CPT-1 CTTCAATACTTCCCGCATCCCT AGCAGCCTCCCGTCATGGTA
GAPDH TCATCTCTGCCCCCTCTGCT CGACGCCTGCTTCACCACCT
G-6-Paes GTAGAATCCAAGCGCGAAAC TCTGTCCCGGATCTACCTTG
ZitE 4 M A GraphPad Prism 10.0 i Fb, B CAAS B AR E SR AL/ AR S RS

SPSS 27.0 J A AT 84 o B A s I, TR &R
J5 50 B (ANOVA) [ J7 22 73 Hr (ANCONA) Fil
Z K 38 Kruskal-Wallis . 25 J5 Dunnett-z £ 56 F
Dunn’ s 5 50 #F 47 HE A Z 0] 09 22 3 L0 4, o 36 T
P P 2H 2 18] i 22 S5, P<<0.05 h 22 5% 4T 2

45 R

ZRME HFD /MR B A BTEE M 28X/ )
PR B R AN 3 s . 5 NFD/NRAH LG, & R
TR /N B A R 5 B S BN L) AR A 5T
Bl AR B 51 AP T 22 20 A, KT HE 2 0 B 5 U 4% 4l
NP R AR 5 HED ZUM E, B8 S 4
KVELR R R AR TR R AR E
fie A T B A0 B R R 22 R B, 5 HED 41

32 3 1 35 ]

£3 6EX HFD /MREFREN
Tab 3 Effects of six types of tea on body weight of
HFD-fed mice (T+s)

NFD 26.58 +0.79 27.01+0.88" 0.43+0.67
HFD 47.58 + 4.33" 52.13+2.41% 456+ 2.60
HY 4716+ 3.48" 47.47+2.92 0.30+1.74
HB 38.82+2.66'" 39.04 + 4.09" 0.21+2.43"
HW 45.93 + 3.43" 41.82+2.627%  —411+3.77%
HG 47.36 + 3.28" 45.43 350 —1.92+0.63"
HR 44.60+7.77 44.80+7.32% 0.20 +1.86'
HT 45.22 4 4.65" 40.00£4.519%  —523+3 72"

NFD: Normal-fat diet; HFD: High-fat diet; HY-HT: Refer to
Tab 1; Initial weight: Body weight on the first day of gavage; Final
weight: Body weight on the day before sacrifice. vs. NFD, VP<C
0.05;5 vs. HED, ' P<0.05, “'P<C0.001, Y P<C0.000 1; Initial weight
vs. Final weight, ®’P<C0.05, “P<C0.001. Multiple group comparisons
were performed by ANOVA and ANCOVA.
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HFD 51 i e & i ) B 7= A IR 07 EZAE K AR A 4 A T DR o J 35 B AR . o A5 S B 4L AT
TR, D gt ANNE AT RERR DA . R S A A L B R R NFD 41
HED 21/ BT 0 3 8 (1A R 28 HFD AL Z M2 R R geit 2 L (E1B).

A B
3 -
@ 0.06
us 5 |, 5
ot Z 004 ]
> 0.04 1 @
! s w1 2 @ @ 2
g <L o ©
§ ()] ?) 2) = \?9
& 1+ 'g_{) 0.02
j5)
2
5
2
— 0

NFD HFD HY HB HW HG HR HT NFD HFD HY HB HW HG HR HT

C

A': Liver weight analyzed by Kruskal-Wallis with Dunn’ s test; B: Liver index analyzed by ordinary one-way ANOVA with Dunnett-z test;
C:HE staining of liver ( X20); D:Oil red O staining of liver ( X20). vs. HED, ‘VP<C0.01, “’ P<C0.000 1, ns:Not significant. Abbreviations refer
to Tab 3.

1 6FhZExt HFD /) R BT Ak 2 2 1R BT i B i 22 14 B 2 0
Fig1 Effects of six types of tea on liver weight and hepatic steatosis in HFD-fed mice

5 NFD 4 AL, HED AT E DT v R A BT KRENRRE (K 1C) o JIFIE BT B35 B AR pg B2 A
14 9 BEAE A, B0 15 20 1 A ) 3L L A8 A IR I A FI 25 476 HE D) R v ) R 3 B0 R 4, 28 0k 5 4
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J&i  HED /N BUR I B 7 25 1 72 3 BH 2 o435, B 77 4
U/ A A O, A0 R HE S A . HE e
0 5 s T IUE T i W S REAR A SR AR A R AR A R
RO T 2T O Yo (0 I 7 /I BRURF I 4 200 i s 75 4 B
B FEE(EAD),

EREMBERRSIENRFFI SIEK
5 @ AR A OC . AR A MK TC. TG,
HDL % JE 5k 25 B A% (] 2A~2D) , 5k HY 55 4 A
MAEVE o 202540 1 3¢ TC A HDL #e B FE AR B 3%,
I H 2% RS SR AE T R LA K HDL e J i 3
K. & SCWd i LDLYREY LR EXE R,

W 25 4, 45 92 00 21 /0N B2 T I 357 W 2 A1
(EI2E) . o b F B e 192 5 2R a0, 40 i X5 e 5
B U B AR T BURR By R AT . 3k A B
I3 e B 2R A R BRAR AR AL, A5 S A R
I3 MR 5 KT i E BRI (I 2F) . OGTT 4548
/R LHFD 2H AUCHE W 3% 3 T NFD 41, 325 A8
SR VLR AUCH B F FE IR (B 2G~2H) . ITT
45 BB s, HED 44 5 NFD 4 /9 AUC {5 K i # 22
SOHEAE A AR CHFRUAMWAUCH B EMRT
HFD 4] (& 21~2]) . X $e45 5 R B 6 Fi % 1 nf i3
H BRI BT R A A 25 AL, L rh A A it v B 5 3R
TR T R A I

EREMBERRIENELNBEMRER
R R PG KB BRI &3 & AT R
Ak 7 A S 0E S N . HED 20 /s BUIFRE o 1L-6 A
TNF-o % 5 M 5 NFD 40 5 3 38 0, 45 28 2% 100 iF
JIE TL-6 Al TNF-a 2 4 26 3K 19 5% Wi K 6] (] 3A 3B) .
B 5] 9 PR AR IL-6 Fl TNF-o 85 KA KF, BA
AR PR AE R s AR (35U TNF-o f i 35
R

0 E H SOD 9 48 X6 335 4 A0 IR Bt Ak 7
P MDA (1 ¥ B o 1Al 45 52 96 41 1Y) S04k 2 3K F-
g5 B R FATMLL A 0] 3 BRI E S MDA ik
JE O B B R SOD By M X G P BB A (2R LA
IO BRI IE MDA ¥ B A 2 254 (&1 3C .3D) .

KREZMEBERHEXERNRKIE AMPK
2 AMP (O R 8 PR B0E AMPK A] DUl
17 B8 S Ak, 10 0 B DT R G S b A BERR AR Y
AMPK A8 15 T i 105 B2 & LY & k%l i A R 1k
fif (acetyl-CoA carboxylase, ACC) #l F T g g B-%&
b By A B A A BE % A% B -1 (carnitine palmitoyl

transferase, CPT-1) B RIFEIE M. S me & -
18 T E o AMPKa ) mRNA 2 35 K F (B 4A) o
G-6-Pase J& W 5 A= (19 5C S g , ] LA 9F JH I vh 45
7] W -6~ T /K At ) 5 AR, DT 2 v ML . B
SRS ML W35 R il ) R Gk i (181 4B) . Hoh
fE -3- B R W = B (glyceraldehyde-3-phosphate
dehydrogenase, GAPDH) J& 2 5 B I fife 1) ¢ 5 il
21 25t GAPDH mRNA £ ik /K F i % 1 J+ ()&
4C) o ACC 25 i 8 & R ity B 2R G, 76 BT A SE 30 20
1 ACC mRNA /K 2 4 WL 4% £ 1 3 2 46 (18] 4D) .
CPT-1 2 I8 10 R A AL 19 BRI Al , 28 25 2 CPT-1 /3%
ik E T (B 4E) .

ARWFE L T 6 F 250k s g TB 35 N /D B
W AR B o (& 5) o BT A 25 I BE k3% HED
/N BB U P 7 28 1 R R 0 R AR BT o AN TRl A 2 Y
2% PRI T T 20 R0 M R g3 25 S, ik 22 S AR AL
(ot A o 45 R BT 48 Ak BT R PR RAE DAL .
RO E R E ST LR N AT € R i
Pt , 8 2% AT B AR W P A Kbt S EAE D, ok il
AT AMPK/CTP-1 17 558 ek i i .

W

AIF 58 F B A5 2 — R gl g ol DLk Ak
RS PR B 7 A I 5 T RS TR R S A A 2
HFD i 5 (19 B B A 40 0 VE F L A5 KA T HED /h
LAY AT B 13 T HDL A e B e/ 1 1 i i i
B R NG 107 40 B0 KN L G2 R T R IE R AR
HDL /K- 5 BLAA A B 1 OC R 852 2%, oK P A%
ol i A0 T A 5 A it B XURS AR O AR
g 45 5 SCHR R GE 1Tk AR 6% 38 HDL KR
[t kAT R R T IR IR §: 3 TC M LDL K
- b RS R HDL K AT & . IR AS w)
AEHE B WK 2 1E % 19 HDL 7K, 45 45 0 [ AR
4 -

40 B8 1 BB A ML AL A - (1) 40 A, e
B (2) U0 i 3 X 5 A AT, AT D
S AR A T 0 2 A b RE R (3) TR R LB
& LA RS 7 20 23 0 B W7 6 1 i R0 AH OG 3% sk IR 1Y
Feak, LR AR I AR AL TR A R IR K kg
BoR BN R A E AR A AR R S

AMPK B R AL K Y-, 38 i b VR g 57 S A Ak IR BT
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NFD HFD HY HB HW HG HR HT NFD HFD HY HB HW HG HR HT
G
< HY-OGTT A7 HB-OGTT 5 HW-OGTT OGTT-AUC
£ 20 renrp-nrD-ny £ 20 roNFD-HFD +HB £ 20 NFD°HFD HW 60
15 =15 15 i
Z 1 = 10 =0 —} ns %
g g g % @ g @
£ s s s ~ @ T
o S o S o = a0k o
2 030 60 90120 2 0 30 60 90120 2 0 30 60 90 120 b=
#/min t/min #/min _
=
o~ HG-OGTT ~ HR-OGTT ~ HT-OGTT g
'£ 20 F “NFD-HFD+HG ‘,g 20 Nl-D HFD+HR  'g 20 r~NFD ~HFD-HT g 20t
Fis - Eis o
= o = =
< 10 < 10 < 10 =
£ £ £s
90 9o 2o 0
2 0 30 60 90120 2 0 30 60 90120 2 0 30 60 90 120 NFD HFD HY HB HW HG HR HT
I t/min t/min t/min ]
. ITT-AUC
= HY-ITT ~ HB-ITT ~ HW-ITT 50
£ 20 FNFD «HFD-HY ‘£ 20 [ ~NFD «HFD~HB £ 20 [ ~NFD<HFD -HW
E E £
Fs st ns
- - -
310 31 St i _40F %
g g g T ) ns
£ £ ESr £ ns W
20 S S —530—{— D o
= 015306090< 0 15 30 60 90 = 015306090 T
#/min t/min t/min =
=]
~ HG-ITT ~ HR-ITT T_50 . HTATT g 20 F
'2 20 L NFD = HFD « HG ‘.E 20 - .NFD ~HFD = HR E +NFD «HFD « HT =
g E IS5 b <
T 15 2 =)
10 :c 10k <10t
g =] g
E S E S E st s
> e 9]
S0 g0 20 0
< 0 15 30 60 90 < 0 15 30 60 90 0 |5 30 6() 90
/min t/min t/min NFD HFD HY HB HW HG HR HT

A: Serum TC concentration; B:Serum TG concentration; C:Serum HDL concentration; D:Serum LDL concentration; E:Blood glucose; F:
Serum insulin content; G:Changes in OGTT; H: AUC in OGTT; I:Changes in ITT; J: AUG in ITT. vs. HFD, "P<<0.05, ”’P<<0.01, ¥’ P<
0.001, “YP<C0.000 1; ns: Not significant. A: Kruskal-Wallis with Dunn’ s test; B-J: Ordinary one-way ANOVA with Dunnett-¢ test.
Abbreviations refer to Tab 3.

B2 FHESERAARTENRORGZEEXER
Fig2 Metabolic disorder-related symptoms improved by tea in HFD-fed mice
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A:1L-6; B: TNF-a; C:MDA; D:SOD. vs. HED, ‘"P<C0.05, “’P<0.01, *’P<C0.001, "YP<C0.000 1, ns: Not significant. A—C: Ordinary

one-way ANOVA with Dunnett-z test; D: Kruskal-Wallis with Dunn’s test. Abbreviations refer to Tab 3.
3 FREBBRABRFJNRFEPHRER SLNHR N

Fig 3 Liver injury and oxidative stress relieved by tea in HFD-fed mice

A B C
3 M (4) 5r 2.0
(©)
4t
£ g g 15 ns ¢
S 2F k31 5 ns ns
13 T ns ns ns % 3 [€)) o)) % ns
E ns § E 1.0F os ns
S| = 32 . E:
< ns © 05}
1 - ﬂ
ns
0 0 — = 0
NFD HFD HY HB HW HG HR HT NFD HFD HY HB HW HG HR HT NFD HFD HY HB HW HG HR HT
D E
201 s 151 3)
ns ns
1.5 ns ns
£ s10r ns I
g ns ns ns g ns
<10} N
3 0
< & 5+
05} © ns
= ﬁ
0 0 —1
NFD HFD HY HB HW HG HR HT NFD HFD HY HW HB HG HR HT

A: AMPKa; B: G-6-Pase; C: GADPH; D: ACC; E: CPT-1. vs. HFD, VP<C0.05, “’P<C0.01, “’P<C0.001, ""P<C0.000 1, ns: Not
significant. A and C:Ordinary one-way ANOVA with Dunnett-7 test; B, D and E : Kruskal-Wallis with Dunn’s test. Abbreviations refer to Tab 3.
El 4 RT-gRCRUEZIRI = AR A BHIR TR/ BRATBE P #EAE RIFiE X B EREMZ M
Fig4 Effects of tea on gene expression involved in glycolipid metabolism of liver measured by RT-qRCR in HFD-fed mice
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B 5 6% er & IE B/ B B9 A SR EL B (E A AN AL

Fig 5 Mechanism and effects of six types of tea in improving metabolic disorders in obesity mice

PR BT G DR Y ek SE R R . TR AR AMPK
Al LLE B B 5R ACC 1Y B R fb Ok A2 iF CPT-1 1 %
kL AT R AE S & B AMPKe AT CTP-1 11
mRNA F RGN, 4 2 2% 3 5 4 19 AMPK/CTP-1
15538 %, 12 F B 5 R 1 S84k R A i IS e o A A
st B S R O R & B 5 8 S AR A DG S R i
TR, X AT AR T A SRR . A, A%

050 R L 4R B o R B AR ) R RTRE B2 W B T
50t
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