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Fig. 3. The mechanism of theabrownin formation.
Table 1
TB content, production processes and flaver characteristics of five major Chinese dark teas.
Types of TB Origin Main production processes Flavor characteristics References
dark tea content
Pu-erh tea 11.00 + Yunnan province Fixing — Rolling — Drying - Moistening — Piling Reddish-brown leaf, bright and deep red {Gong et al., 2012)
4,00 (60-80 cm, 25-30 d) — Dying tea infusion, aged aroma, superior stale
and mellow taste
Liubao tea 2.87 + Guangxi Zhuang Fixing — Rolling — Piling— Re-rolling — Drying Lustrous dark brown-black leaf with
0.12 Autonomous Region yellow spots, deep red infusion, unique
betel nut aroma
Ya'an 4.51 = Sichuan province Fixing - Rolling — Drying — Piling (70 em, 25-60d)  Reddish tea infusion, strong, aged and

Tibetan 2.62 ~+ Refinement — Blending — Compression mellow taste, mild aroma
tea
Fuzhuan 6.48 = Shaanxi and Hunan Crude green tea/dark tea — Steaming — Piling Orange/orange red infusion, with golden
Brick tea 0.67 provinces {200-300 cm, 10-20 h) - Steaming and Compression flowers appearance, unique fungus
~ ‘Flowering' (— 12 d) - Drying fragrance
Qingzhuan 3.05 £ Hubei province Crude tea — Piling (55 "C , 25-30d) — Reprocessing ~ Organe red infusion, pure and
Brick tea 2.91 — Blending — Steaming and Compression — Drying  camphoraceous aroma
b removed from the ethyl acetate layer using a sodium bicarbonate solu-
Table 2

Pyrolysis products of TB analyzed by Pyrolysis-Gas Chromatography-Mass
Spectrometry (Py-GC-MS).

Pyrolysate TB1 (%) TB2 (%) TB3 (%) Average content (%)
Phenols 24.19 23.08 29.91 25.73 &+ 3.67
Alkaloid 25.23 25.67 21.91 24.27 + 2.06
Nitrogen compounds 11.79 11.25 13.39 1214 £ 1.11
Hydrocarbon 10.96 10.37 11.37 10.90 + 0.50
Ketones 10.34 6.58 8.22 B.38 + 1.89
Furan 5.40 4.06 233 3.93 + 1.54
Alcohol 3.30 4.16 3.34 3.60 + 0.49
Fatty acid 2.80 4.03 L42 275+ 1.31
Esters 217 0.99 2.35 1.84 £+ 0.74
Amines 161 281 0.86 1.76 + 0.98
Unidentified 2.21 7.00 4.90 4.70 + 2,40

3.1. Systematic Analysis Extraction Method

Systematic analysis extraction method leverages the distinet solubi-
lity profiles of theaflavins, thearubigins, and TB in different organic
solvents to extract and separate these compounds. Briefly, the procedure
is as follows: (1) extraction and filtration: brew ground tea samples with
boiling water, extract them in a boiling water bath, and filter the solu-
tion while it is still hot. (2) theaflavins and Sl-type thearubigins
extraction: extract the tea infusion with ethyl acetate to isolate thea-
flavins and some Sl-type thearubigins. These compounds can then be

tion. (3) SII-type thearubigins and TB separation: after the ethyl acetate
extraction, the SII-type thearubigins and TB remain in the aqueous layer.
Given that SII-type thearubigins are more soluble in n-butanol while TB
is not, the aqueous layer is extracted with n-butanol. This process sep-
arates the SII-type thearubigins into the n-butanol organic phase, leav-
ing the TB in the water layer (Zhang, 2021). (4) absorbance
measurement: dilute each fraction to a specific concentration and
measure the absorbance at 380 nm. The purity is then calculated using
the extraction colorimetric method established by Roberts and Huang
(Huang, 1997).

This method is primarily suited for the total quantification of thea-
flavins, thearubigins, and TB. While the extraction process is straight-
forward, it is most effective for samples with low thearubigin and TB
content. However, when applied to dark tea, especially instant dark tea,
this method can produce inaccuracies, occasionally leading to measured
content values exceeding 100 % (Wang et al., 2017). To address these
limitations, Yuan et al. (2022) refined the approach by employing weak
alkali oxidation of tea polyphenols, establishing 270 nm as the charac-
teristic UV absorption wavelength for TB, which, when combined with
the use of TB reference materials, significantly enhanced the method's
accuracy and applicability (Yuan et al., 2022). Building on this foun-
dational work, Zou et al. (2016) optimized the extraction process for TB
from Sichuan dark tea by conducting a quadratic regression orthogonal
rotation combination design experiment, determining optimal condi-
tions at a water temperature of 65.69-77.88 °C, an organic solvent

1. KBREBNFER (IRE-PR-FER/RLEZ-FRBR) | URAMEEERFRES
KE{ESMIIZ. FR: LiuCZF, Food Research International, 2025, 5 4 T4 (Figure 3 &
Table 1)
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8% (Theabrownin) AMAURAIIEIEESE (EIMT)
JUZRE (catechins) TESEYRIMEBIER TRILEMIBER (0-quinone) , BEUESERM
ZKER (theaflavins, TFs) FIRLE (thearubigins, TRs) , H—52%,. EHR.

=2

FEREEMARD FRMUBEAZABER (Liu et al., 2025, p4) .

MEYIERE (Aspergillus, Eurotium cristatum, FEREZE) F4RUEES. TENWAIEE.
ZHEMNEBT EZFEHRBRRE., SEREEIREPREETNAEREYIEARIZ 9.29
mg/g AZE 13.24 mg/g (LIS REAE) 5t&EE (Chen et al, 2025, Foods
14:1894) ,

1.2 SIHSAE

RBRNATER. FRSREW, UV FERKELT 204-280 nm, FT-IR B RES

—OH, -COOH., C-O-C ##Er# (Liu H et al,, 2026, J Food Sci 91:71314; Zhang X,
2024)

DFEDHE: AEHEIZAE Mw 773 Da (IR&E L) = >100 kDa (RFLIMAE+iE
EoR) ; >300 kDa H3EI 5 36.83% (17#i1%E, 2025, BEFIE) .
NEFRARBIEESRNDREBERE. R ARKBFIREESE) LFXFEET (Gong P
et al., 2022, Food Sci Hum Wellness) .

| 2. mimmmE=m

2.1 ATHHERRICET: PRINGE, PRINAS. #rACRE

(1) FRMESEDESRE

e LiYZE, 2026, Advanced Science (Sex-Specific Regulation...) : LA EESRSE

ENR, ERMEEREMERR (IGT) AR+, 4 ATMESHEERME,
FIAFBRT/NZE o-FEEEEE, BiEHEET DE MUC2 ZAEEIEEREERY
ESROMNHEIER (AESSMErRNEIE, ORISR ES) .

"Pu-erh tea or TB intervention effectively lowered postprandial blood glucose levels
in females... TB's inhibition of a-glucosidase in vivo was significantly enhanced by
mucin 2 (MUC2)." (&, p.1)

REER B 11,

o %8, 2023, ZEARWKFELIEN: db/db NBHEREILNREBRER 1.215

g/kgbw 12 [, MERBRSMERTE, BTHEEATEER
(Clock/Npas2/Cry/Per) 5 SCFA #i&5{K (SIc16a/0Ifr78) |
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"EEAMRBEUEY E--AT-IH (PEEaT-SEEaEisinER S - IS 0RNA
LRERCE - ENIRE R F REREER) NEAEEGSE. " (FE,

p-9)

o KR, 2024, ZEARIWASMLIEN: =MREX (BEMK. WAL, THASE
SE) 560/1120 mg/kg EE A C57BL/6) /NG 12 B, 1RZH% TG, TC. LDL-C F
=, FE OGTT/ITT; Erp TBs-f (560 mg/kg) #0 TBs-a (1120 mg/kg) FEERE
=,

"SHREETE, RILE 16 KFEETF HFD 48 (P<0.0001) .....TBs-f (560
mg/kg bw) #0 TBs-a (1120 mg/kg bw) RILARZHDH TCKFERIAS. " (34.2.3,
p.61-62)

(2) BERESIRACHE

e Huang F &, 2019, Nature Communications 10:4971 (EB{EEIRA) : SHEIRE
C57BL/6) INREB S SRBEE 225 mg/kg/R (FEE>95%) x8 @, [MiE TC. TG K%
FRETC. TG BEM(E, BREEESIETFSRSES, 13 SREE KB
ER (BRBESELYN 50%) 50 mg/kg/k x4 BABILES TC. TG INBE M, %R
3| 670+ R, EFEEIEEREENETIE, SEINGIEET 34 3.

"Theabrownin increases the levels of ileal conjugated bile acids (BAs) which, in turn,
inhibit the intestinal FXR-FGF15 signaling pathway, resulting in increased hepatic

production and fecal excretion of BAs, reduced hepatic cholesterol, and decreased

lipogenesis." (&, p.1)

e Jensen GS &, 2016, Clinical Interventions in Aging 11:367: Jt=EIF &= EEEEM
EXHE (n=59) BHNERK, SHRAEERIEI 39, T 203E. PTEHF
MmEEZY 1 kg (P<0.01) , DEXA R/~EHERGR gynoid (B/B8) XAsRmmL; TC BS%
4 FHEREETE, TG £9 -20% F1E5 8 BEZEIEREE (<150 mg/dl) . XEED
HRIEIFI A RS HARIEEWIRAE + MAESIERY RCT,

"Consumption of PTE was associated with statistically significant weight loss when
compared to placebo (P<0.05). Fat loss was seen for arms, legs, and the gynoid

region (hip/belly), as well as for total fat mass." (¥&E, p.367)

"The average reduction in body weight in the PTE group was small (1 kg), but highly
significant (P<0.01)." (Results, p.370)
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Dove; Puer tea extract: weight loss and lipid profile
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Figure 4 Lipid data are shown as group averages + standard error of mean for the Puer tea extract (PTE) group (solid lines) and the placeba group (dashed lines).

Notes: There were no significant differences between the PTE and placebo results for cholesterol (A), HDL (B), or LDL (C). Within the PTE group, a significant reduction
in cholesterol levels was seen already at week 4, and remained statistically significantly lower than baseline throughout the study. Triglyceride levels showed a reduction in
the PTE group that was not statistically significant, but was clinically important (D): the group average in the PTE group went down into the normal range (below |50 mg/dL)
after 8 weeks, and remained low throughout the remainder of the study. After 20 weeks, there was a 20% reduction in the average triglyceride levels within the PTE group
(P=:0.08).

Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein.

the group averages for each time point were similar for both  from week 8 and onward, the fasting blood glucose levels for

product and placebo across the 20-week study. the PTE group remained below the levels seen in the placebo
group. This was seen for both sexes.

Fasting blood glucose

Subjects were examined for fasting blood glucose levels at Discussion

each visit (Figure 5). There was no significant change in fast-  Preserving good metabolic and cardiovascular health is

ing glucose over the course of the 20-week study. However, — important, and is related to many dietary and lifestyle factors,

Table 2 Systolic and diastolic bloed pressure during the study

Placebo Puer tea extract P-value

Systolic Diastolic Systolic Diastolic Systolic Diastolic
Females
Baseline 129447 82423 120+2.8 75+1.9 o110 0.018
4 weeks 130452 80+2.0 119228 75£1.9 0.080 0.055
8 weeks 123£3.8 80+1.6 118£3.0 76x1.8 0291 0.086
12 weeks 128+3.3 82423 123£32 76x1.9 0.245 0.027
16 weeks 12945.0 82427 122+5.1 74422 0330 0.028
20 weeks 125442 8l£2.1 121+37 76x1.9 0.404 0.072
Males
Baseline 134449 84+2.0 128+4.2 82+1.5 0.334 0.308
4 weeks 13746.0 8542.1 13169 81+2.7 0.472 0.304
8 weeks 14348.1 83439 135+7.9 84+3.0 0.506 0.842
12 weeks 138+9.0 86128 132459 82+2.0 0.598 0.280
16 weeks 132472 85423 134+8.8 8321 0.880 0.544
20 weeks 134462 87432 125433 8l+1.2 0.212 0.121

Notes: Data presented as mean * standard deviation unless otherwise stated.

Clinical Interventions in Aging 2016:11 submit your manuscript 373
Dovey

Bl 12: TERIEREYW) (PTE) BS5ZLEFETE 20 BTEEr0iEEEE, HDL, LDL, HiH
=Bg3ft. PTEHTC B3 4 FREFKTELZL, TG &% 8 FREEIERESEE (<150
mg/dL) FH#EE, SKER: Jensen GS 2, Clinical Interventions in Aging, 2016, 5887 I

(Fig.4) ,
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Figure 3 Changes in total bedy fat and regional fat composition.

Notes: Shown as the group averages of the individual percentage changes + standard error of mean for the Puer tea extract (PTE) group (solid lines) and the placebo group
(dashed lines). There were no significant differences between the two groups at week 20; however, the between-group difference in fat loss in the arms showed a statistical
trend. Within the group consuming PTE, a significant loss of total body fat was seen. The total fat loss was associated with regional fat loss in the trunk, arms, thighs, and
gynoid (belly/hip) regions. The fat loss in the gynoid region within the PTE group was statistically significan. *P<0.1, “P<0.05.

Blood pressure

There was no change in blood pressure in either group,
despite the content of stimulants in PTE. There were no
statistically significant differences between average systolic
or diastolic blood pressure at baseline or during the study in
either the female or male subpopulation (Table 2).

C-reactive protein

Blood samples were tested for CRP levels ateach visit. Atbaseline,
the average CRP level in the PTE group was 0.25+0.04 mg/dL,
and in the placebo group was 0.22+0.04 mg/dL. Over the course
of the 20-week study, average high-sensitivity CRP levels
remained well within the normal range (below 3.0 mg/dL), and

372 submit your manuscript

Dove

Clinical Interventions in Aging 2016:11

13: PTE AB2BSRARSRTF. F&. KRB, gynoid XEERSHIBE S ELZS(L; gynoid XIS
HANRBE, KR Jensen GSZ, Clinical Interventions in Aging, 2016, 58 6 Ta (Fig.
3) .

e Yang TY &, 2014, Phytotherapy Research 28:1096: 70 F{iHESIEEBZBNNE
YATHRCT, EEREERW) 1.5 9/K, T3 M. EABHAE -13 kg (XEESE
(p=0.077) ; BHIFHE (n=40) AES BMI EZTE (p=0.004, {AZE 96.15-94.10
kg) . [IRE. [I#E. HbAlc RNBENE, HDL RMEZE N,
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"Intake of Puerh tea for 3 months was associated with a slight reduction in body
weight and BMI, especially in male patients, but did not improve lipid and glucose

homeostasis in the patients with metabolic syndrome." (£518, p.1101)

e Zhou F £, 2025, Food Research International: BISIRELEE SD KB+, R
(1B 10.97%) WEZ (3.78%) EEEFE(K LPS. 1#FIAFEEN Claudin-
1/Occludin F& LB SOD/CAT; Pearson tHXBRF/EESES LPS. IL-10,
SOD. CAT, Claudin-1 &2FHEX%,

"TB content was positively correlated with LPS, IL-10, SOD, CAT, PAS, Claudin-1,
Occludin..." (£58R-t8X51r)

e Feng Zhang &, 2025, Food Chemistry 463:141317: =fMTZRBELEHERML AR
XWEUHE: 560 mg/kg FRIGZFETIMAEMAE, 1120 mg/kg IBINFFAETEXRMZEER. A
IE: Z35—{FE&79 Feng Zhang (Ya Wang AE_{FE) , LRIIFSEICIRIC/ Wang
Y, S|FETRLA PDF BT,

ABIERS BiREE: Huang 2019 (4i{455#82=, >95%) . Ding 2025 (FZFRER, TB R
%) Li 2026 (IM#E, 4k TB) AFMBEEIZIEE; Yang 2014 5 Jensen 2016 HIFFRH)
ERERMBRIBERERIE, NN ZERER AR RCT IHEE, SA+E

53\§EL
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AR, SRR R o v M0 OB AR D R 5 4

3.4.3.5 HFD 5 SRR B ERE Y S RBEE X 28X T o

N TR B R S R R KR I T AT R O S B IR I A O
1, A TR H] spearman AHSGHE S HT, HEOLTOCHEE]. WR SR XS
By KB (B 3-46) o BILEI] (Proteobacteria ) « TR T 1]
(Actinobacteria) W2 KEIE (Akkermansia) ¥)S5EEEK SIEM R, £
WX JLAP B R, ATRE A B TR E . F/B 51F#. TG, TC. LDL-C.
OGTT-AUC. ITT-AUC 2 EAH2¢, 5 HDL-C 2 AR, #F—BiEs] 1 A
F/B A A IR bRl 2 — AT SR A1 (0. AR T (Bacteroidetes)
HZ B JE  (Oscillospira) « WIKEHUFF HJE (Parabacteroides) AT F &
(Bacteroides) SREEMANK, Ho, BUREIE (Oscillospira) S5IEHZE
FELH RAFIOAME, B 5E, TG, TC. LDL-C. OGTT-AUC. ITT-AUC
)R AAHIG, HE— D BN T B G R TE S A G TR T EEAEA

HDL-C l 0.6
0.4
0.2

Body weight o

OGTT-AUC I

TC

LDL-C

ITT-AUC

-0.2
-0.4

wy [ 7 ] W W W
8 £ 28883 % 8 £ 8382 3
o ZF 82 5 8 & o2 g S 2 F © ¢
z 28 e S 2 5§ @ 2 2 3 &5 F
o—ng“’}‘“h E @ o g E
sSEZZE2TE s 88 8=
] 58 2 £ 5 < 0 B =
C 38 o A >
fa =

346 AEREYSBHEXSRAE XM

Fg. 3-46 Correlation analysis of gut microbiota with obesity-related parameters

62

FEHM  https://www.cnki.net
Bl 2: FEBEETEEE/NEMEREEE (Bacteroidetes, Oscillospira, Parabacteroides &) SHER
IBRRIIBRMENE., KR KR, RESFAIFE. ZHIFIEREX SN EEAE CEaIE T 1EA,

2024, 573 (& 3-46) .
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2.2 [#PREES BRI

e Ding X &, 2025, International Journal of Biological Macromolecules 293:139373:
R+ RIBE SNSRI (HUA) /NEH, TB (280 mg/kg, 28 X) BE(EM
iBRER. BUETFD BUN, XESINEY KSEIERMG; ImREXERNG (34 254
HUA Zid#&, 12 [Al) E/RMAREREEL FELY 7% (p=0.033) ,

"TB could reduce serum uric acid and improve renal pathological damage in HUA
mice by inhibiting xanthine oxidase (XOD) activity in the liver and increasing the

expression of uric acid transporter proteins in the kidney." (&, p.1)

HH: HPHEIRFRE XOD — iRV ERER SR, LEVESHEE OAT1/0AT3 (Slc22a6/8) — iR
ESHEM; FHEIT PI3K-AKT #0% NLRP3 SEE/JMA, NF-kB RISAFHE( (Fig. 5, p.8) .
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X. Ding et al. International Journal of Biological Macromolecules 293 (2025) 139373
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Fig. 5. TB ameliorated renal inflammation in HUA mice. (A) RNA-sequence analysis of inflammatory factors downstream of PI3K-AKT signaling pathway. (B) The
relative mRNA expression of [l1b. (C) Expression levels of IL-1p determined by ELISA. (D) The protein expression of the NLRP3 signaling pathway was analyzed using
western blotting. (E) The protein expression of the NF-kB signaling pathway was assayed using western blotting. (F) Schematic diagram of TB ameliorated renal
inflammation. Statistical significance was analyzed by using the student's t-test. All data are presented as the mean + SEM (n = 3). Compared with control, *p < 0.05,
**p = 0.05. Compared with HUA, *p < 0.05, **p < 0.05.

3. LIRFE

significantly increased in the HUA and AP treatment compared with the
control. Therefore, while AP effectively reduces the level of serum uric
acid in humans, its potential risks to overall health should not be
overlooked [13].

BT PI3K-AKT/NF-kB/NLRP3 ]

EIRE

A previous study has demonstrated that tea extracts and bioactive
compounds, such as tea polyphenols, play a beneficial role in the man-
agement of HUA [41]. Nevertheless, the bioavailability of tea poly-
phenols is limited. For example, the gastric bioavailability of green tea

= PRER AR/ NS B SRIERIH B S

iJ&: Ding XZ, IntJ Biol Macromol, 2025, 55 8 TQ (Fig. 5)
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2026/9/1 08:43 FH8F (Theabrownin) AITHEURAAPCEHIRESCHER (1E4MR)
o Lei M, 2026, Foods 15:1587: BRZ=E C57BL/6) INEEBRAER (REEHAX
HEMRD) &, Y-maze BRRREEM 51.91% FE 71.59%, KIXSHbELEAEAMN
44.84 s GEFEE 26.59 s; TERBRERFOLEMRIARERD, EEBEIHDIRE.

"TB treatment was associated with gut microbiota remodeling and increased serum
acetate and 3-hydroxybutyrate; both metabolites partially recapitulated these
benefits." (FE, p.1)

RBE: TB-Ef - JR/3-FE TR -8 INEENE.

e Peng L3§, 2026, npjScience of Food: D-¥ZFMERE/NEF, BEEHRK (FRBR
1035.49 mg/g) SIREIEEZ (191.60 mg/g) FERIFMERIES, RS ERIME
FRFEERBARRITENRBR. RER. RLES
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Foods 2026, 15, 1587 10 of 22

time (p < 0.05; Figure 4H,I). Collectively, these findings suggest that the gut microbiota
contributes to TB-associated improvements in spatial learning and memory, and that the
presence of TB, together with a reconstituted gut microbiota, is associated with greater
behavioral improvement in aged mice.
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Figure 4. The cognitive-improving effects of theabrownin depend on the gut microbiota. (A-E) Antibiotic-
induced microbiota depletion experiment: (A) experimental design; (B) Y-maze spontaneous alternation
rate; (C) escape latency in the MWM test; (D) time spent in the target quadrant; (E) representative
swimming trajectories. (F-J) Fecal microbiota transplantation experiment: (F) experimental design; (G) Y-
maze spontaneous alternation rate; (H) escape latency in the MWM test; (I) time spent in the target
quadrant; (J) representative swimming trajectories. Data are presented as mean + SEM (1 = 8 per group).
Different letters indicate significant differences (p < 0.05).

3.5. Theabrownin Remodels Gut Microbiota Composition

16S rDNA sequencing analysis showed that TB intervention was associated with
higher gut microbiota diversity indices. Specifically, the TB group had higher Chaol,
ACE, and Shannon indices and a lower Simpson index than the MOD group (p < 0.05;
Figure 5A-D). PCoA revealed distinct clustering of the TB and MOD groups (Figure 5E).
Taxonomic profiling further indicated that TB treatment induced marked compositional
shifts at both the phylum and genus levels. At the phylum level, the relative abundances of

https:/ /doi.org /10.3390/ food s15091587

4: ZRBIENERAZZ/NEIANEAKHIZERR (MERBRSERBERIE) . RKE: Lei
M Z5, Foods, 2026, 55 10 @ (Fig.4) .
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2.4 iERDESHZESIRD

e GaoY %, 2025, Phytomedicine 140:156609: J3{5/Ne& AR TB 40/400 mg/kg 24
h, REREE 60 h BT, HEEMRH, NFHEFEIN 1B ASERIMEIER (GAA)
MESE (FA) , IHENE LRMATSEHKIET (RS GPX4)

"TBs alleviate burn-induced renal apoptosis and ferroptosis by increasing the levels
of GAA and FA in the kidneys." (&%, p.1)
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Fig. 9. TB treatment promoted the accumulation of GAA and FA in the kidneys. (A-B) The levels of the small-molecule metabolites GAA (A) and FA (B) in
kidney samples of mice from the Control, Burn, and Burn+TBH groups. (C-D) Correlation analysis between the expression of genes regulated by GAA (C) and FA (D)
and kidney injury using the GeneCards database. The data were presented as the mean + SEM (n = 5-6). Statistical significance was indicated as *p < 0.05, **p <

0.01, **¥p < 0.001, and ****p < 0.0001.

FA resulted in a marked increase in GPX4 expression, indicating that
both compounds may inhibit ferroptosis in renal tubular epithelial cells
(Fig. 12A-B, E-F and 1-J). Furthermore, intracellular GSH levels were
noticeably reduced in response to Hz0z, CDDP and erastin, whereas GAA
and FA treatments significantly restored GSH levels (Fig. 12C, G and K).
Conversely, MDA levels were significantly increased in HK2 cells
exposed to Hz0z, CDDP and erastin, but the GAA and FA treatments
significantly reduced MDA accumulation in these cells (Fig. 12D, H and
L). Taken together, these results indicated that GAA and FA could inhibit
ferroptosis in renal tubular epithelial cells and alleviate cell damage.

Discussion

AKI is a common clinical syndrome that frequently occurs as a
complication of severe burns, trauma, infections, postoperative stress,
and nephrotoxic drug use. It is an important contributor to the high
mortality rates observed in burn patients (Chen et al., 2023; Enescu
et al., 2022; Lavrentieva et al., 2022; Li et al., 2023c). The pathophys-
iological mechanisms by which burns lead to AKI are still not fully un-
derstood. However, accumulating evidence underscores the crucial
involvement of inflammation, oxidative stress, immune dysfunction,
and apoptosis in AKI development (Lau et al., 2022; Li et al., 2023a; Lin
et al., 2021; Liu et al.,, 2019; Thomas et al., 2022; Zhang et al., 2023;
Zhao et al., 2021). Exploring more effective and safer therapeutic ap-
proaches is crucial for the prevention and treatment of burn-induced
kidney injury and provides valuable insights into kidney damage
caused by other etiologies.

5: FBREHFEDNESHEFINELE (GAA) HIESER (FA) AR, BESHEMH. X

Through an analysis of population databases, we found that in-
dividuals who drink tea exhibit significantly less kidney injury than
other individuals. TBs are important products generated during the
fermentation of tea leaves. Our previous studies revealed that TBs
effectively alleviate the gut injury and hyperuricemia caused by
pollutant exposure (Liu et al., 2024). Our research revealed that dorsal
burns in mice result in severe renal injury, whereas TB treatment can
improve burn-induced renal damage in mice by increasing the levels of
GAA and FA in renal tubular epithelial cells (Fig. 13).

The development and progression of AKI are linked to pathways
involving oxidative stress, inflammation, apoptosis, and ferroptosis
(Chen et al., 2021). Our multiomics analysis revealed that TB treatment
alleviated burn-induced kidney injury by modulating the signaling
pathways related to inflammation, apoptosis, and ferroptosis.

Burn patients commonly experience early fluid loss, resulting in a
decreased blood volume, increased release of inflammatory mediators,
and protein denaturation (Khair et al., 2023; Zhao et al., 2023). Severe
burn injuries often lead to significant disturbances in metabolism,
inflammation, and coagulation (El-Kased etal., 2017; Zhao et al., 2022).
Burn-induced liver injury is characterized by acute inflammation,
including increased infiltration of inflammatory cells and elevated levels
of proinflammatory factors in the liver tissue (Kulp et al., 2012; Wu
et al., 2020). Elevated levels of circulating inflammatory cytokines, such
as IL-6 and TNF-w, are associated with an increased risk of mortality in
AKI patients (Ambruso et al., 2021; Yoo et al., 2020). Our study revealed
that in the kidneys of burn-injured mice, the expression of the inflam-
matory cytokines IL-1p, IL-6, and TNF-w and macrophage infiltration

Gao Y %, Phytomedicine, 2025, 5 12 T2 (Fig.9) .
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2026/9/1 08:43 FH8F (Theabrownin) AITHEURAAPCEHIRESCHER (1E4MR)
o Wei KZE, 2026, Food Research International 229:118473: {H{/NGFEAZKEZ= (300
mg/kg, 30 K) EHERE, EEBIEL DSS Fk/\E, BERFTEREIEE
(DAI) | RELEFKE. NERETSD, FHIRKEMEREEH occludin/Muc2; P
NEERE-SCFAs/ IR B2 —Nrf2/ARE 5 TLR4/MyD88/NF-kB p65 B,

"Fecal microbiota modulated by TPP, TPS, or TB from donors into colitis mice...
significant reductions in DAl were observed, alongside attenuated intestinal

histopathological damage." (&, p.1)

e Fan X &, 2025, Food Chemistry 496:146847: St &HESHESALEAREE
i, PERMERFERZEE BT 10.3%. ROS FEMEARIEIENN 4.6 {5, EREBRERVNIEG
IRIFMEIENE, BCL2/BAX EU{EIENN 25.6%, FFRIF=4 Teadenol A FHEHDF&E
TN

e LinY 2, 2025, Food Research International 213:116555: £{£HZX (JWT) 2B
REEHE DSS ESHY 1BD, (FERBIINARTAETER) ARSI PURER. &=
B, RBFIRE, WK NF-kB 5 MAPK IBEK,

2.6 HifthfE

e Jin W&, 2018, Journal of Cellular and Molecular Medicine: Z4&8Z=KE/BT(akish
B ABPIfE U20S 4HRE, 24 h1Cso = 51.98 pg/mL; RtS&RMIBEERIHHNESR
24.6%-27.3%. #H#: HS DNA Wik (p-H2AX) - & p53 (5518 - AT,
p53 BUREIERIEXK.

"TB-triggered DNA damage and induced apoptosis of U20S cells by regulation of
Mki67, PARP, caspase 3 and H2AX...activation of p53 signalling pathway." (&,
p.1)

e Leung HKM £, 2025, Scientific Reports 15:26386: ZHiEx=+EKAFSIEH (TZ) &£
AOM/DSS ZEipREREEMEE (CAC) /INRABHEAREEEL. #PH PI3K/AKT/cyclin
D1, ABEASEFEIRNAR, JERSMEITEHREX (r=-063) .

"TZ suppressed the phosphorylation of PI3K and Akt, as well as their downstream
transcription factor cyclin D1... Acetate and propionate levels were negatively

correlated with tumor count." (458, p.5)
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&R (Theabrownin) AYINEIRARMBNSZRRIE (1B1MR)

www.nature.com/scientificreports/

Scientific Reports |

6: TZ (FBR+EXFBIEE) 5E AOM/DSS NFEEBENRERER. EREESHEYIX
BXE,

2.7 MEEET3H

(2025) 15:26386
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Conclusion

The study demonstrated that the combination of theabrownin and zearalenone (TZ) significantly attenuated
AOM/DSS-induced colorectal tumorigenesis. TZ demonstrated greater efficacy in alleviating CRC
tumorigenesis than 5-FU, while the combination of TZ and 5-Fu did not yield additional or synergic benefits. TZ
treatment improved survival rate, tumor count, colon length, colonic crypt depth, collagen fibrosis and colonic
inflammation in AOM/DSS mice through the suppression of proliferative PI3K/AKT pathways and lowering
pro-inflammatory cytokines. Moreover, TZ improved the gut microbiota and mycobiota, enhanced anti-CRC
metabolic profile and increased fecal acetate and propionate concentration. The enrichment of the bacterial

| https://doi.org/10.1038/s41598-025-11820-2

nature portfolio

B|: Leung HKM %5, Sci Rep, 2025, % 10 T (Fig. 5) .

file:///C:/Users/dm09177/WorkBuddy/2026-08-28-17-14-22/ 48 =N S EHAR SCERIR %M. html

16/38



2026/9/1 08:43 9B (Theabrownin) IMRURIKPIRBHRESAMAER (HHME)
o LJBF, PEEFFEFTHRLEEFNFAARESE, p.320: FHZEK (0.1-10
mg/ml) REMRIEEFIK KCI FlgeiIBIR KR IERBK, ARBARKEME, SUHTE
¥ RBEAE) BEEEEMS.

"KERYEERTFKMENEERS ... ARBRENEEFFFRINBRARIZRY
EipHdE, " (88, p.1)

2.8 fERa/ Z BRI

e Zhang C &, 2025, Food Research International 202:115555: §&FEz= 100
ug/mL BEXNE CEEFSHISEMRIEH,, BR(E ROS, $2F SOD/CAT, F#E MDA,
AT S e E RS

2.9 Z2H

o ZENIRSF, 2007, FATFEIS 27(3):201-210: EERFHIMDIREY) (ERER
58.3%) £2[ LDso > 10 g/kg, JB"SEFRAET/H'; Ames. k. FREIRIEZIHIGIIRN
BT,

BRI D REEO LD50>10g/ky, BEMRASFIR.... RINEHERZAE
. " (BZ, p1)

o Kim S &, 2022, Toxics 10(6):286: EFREEW) (RFRBRIL 80%) SUESM LDso =
21.68 g/kg; 28 KM I&H 40, 400 mg/kg/day ToEE, 4000 mg/kg/day HINEZ
ESs% (5K NF-«B @) .

e Wu SCEE, 2011, J Ethnopharmacol: EBZIEEW LDs, > 10,000 mg/kg, 91 KIF
€M NOAEL = 5000 mg/kg/day; =FIET TG/TC FE. SRR,

| 3. mEERERKIEEE

REREDFEA, FKMEER, LEMERGRABIR, HARAE BRI maiE
YIN SAEERIE R A B TR SRR,

3.1 LiEftig: BEXAIRIL. XS FRARIXER

e LiuH &5, 2026, J Food Sci 91:e71314: {R4MERI O/ S //NFiEfS, HPGPC {R88RY
R mTE,; /INFHIRZENTEERZR TBSP5 60.6%. TBSE 50.2%, ZHEiLER=
69.9%/60.4%,
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"Undergoing only limited hydrolysis before reaching the colon...suggesting that TBs

could reach the colon in macromolecular form." (3.4 73, pp.8-9)
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FIGURE 4 | ChangesinTBSE during in vitro digestion: total polyphenols content (A), total flavonoids content (B), polysaccharides content (C), and
relative molecular weight changes in TBSE after in vitro digestion and fermentation (D). Changes in TBSP5 during in vitro digestion: total polyphenols
content (E), total flavonoids content (F), polysaccharides content (G), and relative molecular weight changes in TBSP5 after in vitro digestion and
fermentation (H). Data are expressed as the mean # standard deviation of three replicates. *p < 0.05, **p < 0.01.

groups exhibited a significant reduction in the relative abun-  The 10 most abundant genera were identified and are shown in
dance of Firmicutes, thereby decreasing the F/B ratio. Previous  Figure 6A. Compared with the BLK group, both the TBSE and
studies have suggested that TBs may alleviate hyperglycemia  TBSPS treatments significantly reduced the relative abundances

by lowering the F/B ratio of the gut microbiota (Yue et al.  of Parasutterella and Collinsella, while markedly increasing the
2022). relative abundance of Bifidobacterium, a genus widely recognized
12 of 18 Journal of Food Science, 2026
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2026/9/1 08:43 FH8F (Theabrownin) AITHEURAAPCEHIRESCHER (1E4MR)
7. FEZEOR. B. NBEINBNERES S FERSE/EE/ZESIENTW. KIR: LiuH
&, JFood Sci, 2026, % 12 1 (Fig. 4) .

3.2 5i5: WAERRFAEFIMA

o LiuH &, 2026, J Food Sci: AINEEREAEE 24 h 5, RBRPRSERAR B
TR (HPGPC IEEFRTPE) ; TBSP5 HZHER 62.43 mM, B 747 mM, BESTH
GEH, ERENEENEE: FEEEER]). FE F/B L, T Parasutterella 5
Collinsella, ERENIEME (B. longum, B. pseudocatenulatum) |

"B. longum and B. pseudocatenulatum were strongly positively correlated with

acetate, propionate, and isobutyrate (R = 0.936 for B. longum-acetate)." (3418,
p.14)

o KR, 2024: BIENREFRBETE, H-TBs-a‘HF/B ERFAIEREH, HERE
(Oscillospira, 7=TE) FEBEFE, RFANER (FIRRKIEAERER) FEHK

"B} M-TBs-a 4B, HRFBHETIAEIIRETESIEIRE/NGRY F/B L. BUEEE
5¢k&E. TG, TC. LDL-C. OGTT-AUC, ITT-AUC HJ2miE*, " (343.2, p.55-
57)

3.3 igi¥n: FEHEAEARES S AR HES

o FEHEASAHER (SCFAs) @ RER(EHIER. AB™E, FBICNPEERNRER T
5, MS/NEFEER SCFA BEFASHEEEA.
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P e e A H6 A THHATRA R MS D RISE SR & R R
3 AT 0.96 96 0.97 97
4 TH 1.05 105 1.06 106
6 SRR 1.01 101 1.02 102
7 I 0.99 99 1.01 101
7 O 0.99 99 1.02 102

FEATETL, SRR E S - QC GREER 1 mg/L) T RCIFIPEG REn e
o B 6-1 FIF 6-2 Gias, % QU FEAS I P th W T AR CR BT I AT S A — 2, Qe |l
WE A (80%~120%) M GC-MS ZEERE S0 B b B R i I AR e 1 .
6.2.2 ZEFAMBAB RS MS /RIHEE IR AT & 2 M

FIH GC-MS X T A FA 1 315 12 WA (X HEN BT MS A R 35 Y SCFAs
TR R, AL 6-2.
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Fig. 6-2 Effects of pu-erh tea and theabrownin on fecal short-chain fatty acid content in MS mice

Fel 6-2 o, MS A B (E S R BERR T e 5 B BT MS d S B s T K 41(P<0.05),
PH SR E T T MS RS R EFE (P<005) , MS-PE 3 iR, HEELT
K4l (P<<0.05) ; i ERTE MS NERINI& B, Her isobutyric acid (TR &

148

8: ZIERTIRBEMNNBEGSI/NEEEIE. AR, TREFEHEISIHRS 2198
ulﬁlo ;E;}E: 19:5*@1 20231 % 170 JFi ( 6_2) °

o [EHES: REFRTT/N\BESETR (HRUBERN 51.58%. H4-tEEiEERHH 39.90%, Liu X
%, 2025, Foods 14:2855) , FHRETIREERAZATEIA; RAEHER (DCA. LCA, 6-
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2026/9/1 08:43 FBZE (Theabrownin) HITIRRARENSRNERIE (3E4MR)
KLCA) FOHIRPEHER (CA. a-MCA) LLHIMZEEEE (Wei K&, 2026) , ZmilNH—F4E
HAEHES-FXR (S SBIEESE X IEIBEER /A ERAIZ ST (Liu C &, 2025) ,

3.4 T EAEIER
HRIE Liu CF (2025) GIARZIRIRIAR, RMEFBLIA FEEBEBRAEFER:
o PBIHEY/FXR §: EEFEE-IEHBRABIERE-FXR (55 - FEIEEER/4AERHER
(Huang 2019 Nat Commun; Liu C 2025) .
e SCFA/PPAR-y/NF-kB #l]: SCFAs BiE PPAR-y. P& NF-kB, NEMXREREAT
(FPpRIERL)
o AhR/IL-22 Hj: FTHBEBAY -BIEHEEFREZIK AhR-(EH IL-22 -2 LpERFES
FRBIZ,
o AMPK-PGCla §li: BUELRIIRBEEMNE (NASH 1REY)
o PI3K-AKT/NF-kB/NLRP3 i 7E[ZEREREHS. FEEME. FXTHRREWIE.
o Nrf2/ARE iELIBEE: %I ROS. LiEHAES.

3.4.1 BBE&-FXR-FGF15 1] (Huang 2019 F4AHNHIHE)
Huang F £, 2019, Nature Communications BRCERR T 18 &R IBEEEA S FHHI5E

1. 30l BSH P B8E: REHFFE/NFRRIFSAAZEEF Lactobacillus, Bacillus.,
Streptococcus. Lactococcus, Enterococcus, Leuconostoc Er=4EBHEL/KiEEE (BSH)
HNEREFE, &K BSH E&E (Fig. 3) .

2. ZFEBNETELEIIAEIR: BSH /&M NE-REII245 S8 HER (TCDCA, TUDCA,
GCDCA. GUDCA) 7Kf#m/D e,

3. HDEIRZIE FXR-FGF15/FGF19 (55 SSRUMEHEAIEA FXR 1557, MHIERS FXR #
$¥(75 FGF15/FGF19 3RiX; IMiE FGF15 (/MER) /FGF19 (A) TR,

4. REFRATARREHBR S RMH): FGF15-FGFR4 {SSiRES-FTHE CYP7B1. CYP27AT (BB
B%) & CYP7A1RIATHRS: RS CDCA BZ —EGERT FXR-SHP -GN CYP8B1

(ZELEIR) , H—PHABNER, F4EEZ CDCAMEE CA,

5. &R FTEEREHBRM LS RIENN + 2R HERHEHIENN — FFARAEERSBAEIEI0 — [

ia/BTAEAEEIES TP,

ZHHETFERBIE (FMT) . FXR EBEhFI/AST. EE2H FGF19 K AAV-shRNA B
CYP7B1/CYP7A1 EZEERUE, HA CYP7B1 (FHiBIE) #HIESCHXCEBN S F.
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Fig. 7 FXR-FGF15 and FXR-SHP regulated BA synthesis in alternative pathway. a Dominant BAs in liver and ileum of HFD fed mice gavaged with 225 mg/
Kg/day theabrownin and 50 mg/Kg/day TCA, TCDCA, TUDCA respectively for 8 weeks. n = 8 individuals/group. b mRNA expression of ileal FXR, FGF15
and hepatic FXR, SHP and BA synthetic genes in HFD fed mice gavaged with 225 mg/Kg/day theabrownin and 50 mg/Kg/day TCA, TCDCA, TUDCA
respectively for 8 weeks. n = 8 individuals/group. € Immunofluorescence staining of ileal FXR, FGF15 and hepatic FXR, SHP of HFD fed mice gavaged with
225 mg/Kg/day theabrownin and 50 mg/Kg/day TCA, TCDCA, TUDCA respectively for 8 weeks (scale bar, 50 pm). d Fifty micromale per liter of TCDCA
and TUDCA inhibited protein expression of nuclear FXR in the human FHs 74 Int and LO2 cell lines, and 50 pM of CDCA and TCA activated the expression
of nuclear FXR in human FHs 74 Int and LO2 cell lines and promoted expression of CYP27A1 and CYP7B1 in alternative pathway of bile acids synthesis. n =
3 individuals/group. e Immunofluorescence staining of FXR, FGF19 in FHs 74 Int cells supplied with 50 pM CDCA, CDCA coupled with 50 pM of TCDCA,
CDCA coupled with 50 pM of TUDCA, and 50 pM of TCA for 24 h (scale bar, 100 pm). f Immunoflucrescence staining of FXR, SHP in LO2 cell lines
supplied with 50 pM of CDCA, CDCA coupled with TCDCA, CDCA coupled with TUDCA and TCA for 24 h (scale bar, 50 pm). g The mRNA expression of
ileal FXR, FGF15 and hepatic BA synthetic genes in HFD fed mice gavaged with 225 mg/Kg/day theabrownin, theabrownin coupled with 100 mg/Kg/day
fexaramine for 8 weeks. n = 8 individuals/group. h The mRNA expression of ileal FXR, FGF15 and hepatic BA synthetic genes in HFD fed mice gavaged with
225 mg/Kg/day theabrownin, theabrownin coupled with 50 pg/Kg/day recombinant FGF19 protein by intraperitoneal injection for 8 weeks. n=8
individuals/group. The mRNA expression was normalized to GAPDH. Protein expression was normalized by -Actin or Lamin B1. Data were expressed as
mean * SEM. Differences between data were assessed by the Mann-Whitney U test, *p < 0.05, #p< 0.005
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Fig. 8 Proposed mechanism for theabrownin reduce cholesterol level. a Theabrownin promoted alternative bile acids synthetic pathway by simultaneous
inhibition of intestinal FXR-FGF15 signaling with TCDCA or TUDCA and activation of hepatic FXR-SHP signaling with CDCA.Intestinal FXR-FGF15 signaling
inhibits hepatic bile acid synthesis genes CYP7A1, CYP8B1, CYP27A1 and CYP7B1 with no selectivity, whereas hepatic FXR-SHP signaling selectively
inhibits CYP8B1 in the classic pathway. Theabrownin in Pu-erh tea induced TCDCA and TUDCA in distal ileum to inhibit FGF15 production and thus,
activated bile acid synthesis enzymes. Additionally, increased CDCA production in the liver promoted nuclear FXR expression as well as SHP to inhibit
CYP8B1 expression. Ultimately, the combined regulation of decreased intestinal FXR-FGF15 and increased hepatic FXR-SHP on bile acid synthesis enzymes
resulted in increased expression of CYP7B1 in alternative pathway and decreased expression of CYP8BI1 in classic pathway leading to increased production
of CDCA rather than CA. b Proposed mechanism for theabrownin induced attenuation of hepatic cholesterol levels via modulation of gut microbiome-
mediated bile acid metabolism. Primary BAs, mainly CA and CDCA, were produced in the liver from cholesterol and conjugated to glycine or taurine to
form conjugated BAs and then secreted to the intestinal. BSH enzymes are produced in intestinal microbes and function to hydrolyze conjugated BAs into
unconjugated BAs. BSH microbes were suppressed by theabrownin in Pu-erh tea resulting in the accumulation of conjugated BAs in distal ileum.
Conjugated BAs inhibited intestinal FXR-FGF15 signaling which subsequently alleviated the suppression of BA synthesis gene expression by this signaling
pathway, resulting in increased BA production in alternative synthetic pathway and fecal BA excretion and ultimately, decreased cholesterol levels

BMCA34. As reported, the BSH activity was mainly attributed to  revealed that Pu-erh tea derived theabrownin directly inhibited
Lactobacilli and Bifidobacteria®>—37. Our experimental analyses of the activity of intestinal BSH enzymes, suppressed BA deconju-
the gut microbiota showed that there were decreased relative gation in the small intestine, and impacted hepatic and serum
abundances of BSH-producing Lactobacillus, Bacillus, Strepto-  cholesterol levels.

coccus and Lactococcus genera in humans and mice with Pu-erh/
theabrownin treatment as well as decreased BSH activity in the
ileal lumen of mice. Additionally, when theabrownin was admi-
nistered to HFD fed mice, intestinal BSH activity and serum and
liver cholesterol levels were significantly reduced. These results

12 NAT

BAs are also endogenous signaling molecules that bind to the
BA receptors, FXR and TGRS, to regulate BA homeostasis in the
enterohepatic circulation, modulate cholesterol and triglyceride
metabolism, and maintain glucose and energy homeostasis?839,
Potent endogenous ligands of FXR include mainly unconjugated

VUNICATIONS | (2019)10:4971 | https://doi.org/10.1038/541467-019-12896-x | www.nature.com/naturecommunications

14: Huang 2019 1I2HAISBEIEIEEIEEHISE], a i7iE FXR-FGF15 SHF FXR-SHP X342
BHIBEE (CYP8B1) FNIEMIE@ER (CYP7B1/CYP27A1) HUEHEMEE; b E: TB-iDH BSH E-[Ef7
5 BA EFR-71E FXR-FGF151-FFE{{ BA ST +Z£(E BA Rt - BERS | RYEERIE, 3K

i&: Huang FZ&, Nature Communications, 2019, 8 12 T2 (Fig. 8)
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Fig. 3 Pu-erh tea reduced the abundance of BSH microbes and BSH activity. a Abundance of BSH enriched microbes in ileum of mice undergoing Pu-erh tea
consumption. n =5 individuals/group. b Abundance of BSH enriched microbes in feces of humans consuming Pu-erh tea. n =13 individuals/group. € The
microbial BSH enzyme activity in the ileal contents of mice treated with Pu-erh tea. d The microbial BSH activity in human feces from subjects on Pu-erh tea
consumption. The functional profiles were identified by metagenomic analysis utilizing both KEGG and eggNQOG databases. BSH related proteins ranked in the
top ten are shown and the mean abundances are illustrated as the horizontal line in each group. e lleal BSH activity in mice on Pu-erh tea consumption. n =8
individuals/group. f Fecal BSH activity inhuman subjects on Pu-erh tea consumption. n = 13 individuals/group. Data were expressed as mean = SEM. Differences
in the data for mice and human subjects were assessed by the Mann-Whitney U test and Wilcoxon rank-sum test, respectively, *p < 0.05, #p <0.005

MATURE COMMURNICATIONS | (2019)10:4971 | https://doi.org/10.1038/541467-019-12896-x | www.nature.com/naturecommunications 5

15: EER/RBREE/NERIFFIAZEES BSH FEsEFENK BSH BgiEME. >KIR: Huang F
&, Nature Communications, 2019, 5 52 (Fig. 3)
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C. Liu et al. Food Research International 209 (2025} 116185
Table 4
Effects of TB (or related dark teas) in alleviating inflammation and regulating immunity in in vivo and in vitro studies.
Disease Subjects Experimental models Source and Dosage Mechanism of action References
Colitis C57BL/6 mice 3.5 % dextran sulfate sodium (D58} Ripened Pu-erh tea: 3 Inhibited the release of pro-inflammatory (Huang et al.,
induced uleerative colitis (UC) U . 6%, and 9 % cytokines (TNF- , IL-1p and IL-6), reversed the 2021)
dysbiosis state of gut microbiota and mediated
the SCFAs production and PPAR-7/NF-xB
pathway in intestinal epithelial cells
C57BL/6 mice 5 % DSS induced UC Ripened Pu-erh tea: Inhibited the release of pro-inflammatory

Female C57BL/
6 mice

Female C57BL/

3.5 % DSS induced UC

3.5 % DSS induced UC

1215 mg/kg-bw/day

TB from Pu-erh tea: 300
mg/kg-bw/day

TB from Ripened Pu-erh

4

eytokines, I barrier fi
{increased occludin, claudin-1 and MUC2),
promoted the balance of Treg/Th17, restoring
intestinal microbial homeostasis
Regulated the activation of Nef2/ARE and the
TLR4/MyD88/NF-«BP65 pathway, recovery of
SCFAs levels; reduced the abundance of harmful
microbiota, restore colon shortening, enhance
antioxidant capacity and reduced Bel-2/Cyte/
Cleaved-caspase 3 regulated apoptosis
Ameliorated severe erypt damage,

& mice tea: 3, 4, or 7 mg/mL/ downregulated the protein of inflammatory
day cytokines (IL-1p, IL-6 and TNF-u), suppressed
macrophage aggregation into colon by reducing
expression levels of CD 68 + and CD 11b, and
modulated PPAR-y and NF-«B signaling
pathways
Male C57BL/6 1.5 % DSS induced chronic UC TB from Fuzhuan brick Elevated microbial tryptophan metabolites (Yang et al.)
mice rea: 400 mg/kg bw/day (1Ald and IAA) levels by selectively promoting
Lactobacillus growth; activated AhR and
enhanced IL-22 production to repair the
intestinal barrier; alleviated UC by targeting the
gur microbiota involved in the AhR pathway.
Atherosclerogis ApoE—/— mice High-fat diet (HFD) induced aortic TB from Pu-erh tea: 675 Reduced blood lipid levels, decreased the (Zhong et al.,
atherosclerosis mg/kg-bw/day number of macrophages, lymphocytes within 2020)
AS plagues and lowered the expression of
inflammatory cytokines
Sprague- High-sugar model induced obesity TB from Pu-erh tea: Increased the diversity of cecal microorganisms (Yue et al.,
Dawley (SD) 1124 mg/kg-bw/day and promoted 2019)
rats
SD rats HFD induced aortic atherosclerosis Monascus purpureus- Reduced TG, TC and LDL-C, lowered {Deng et al.,
fermented Pu-erh tea: inflammatory factor expression 2021)
125, 250, 500 mg/
kg-bw./day
Nonaleoholic Male C57BL/6 J Methionine/choline deficient TB: 200 mg/kg-bws/day  Improved steatosis and liver damage, alleviated (Zhen et al.,
steatohepatitis mice induced Nonalcoholic fatty liver liver oxidative stress and fibrosis, increased 2023)
disease hepatic level of FGF21 and reduced the
phosphorylation of p38
Male C57BL/6 J HFD induced Nonalcohalie TB from Pu-erh tea: Improved fatty acid oxidation, lipalysis, and (Li, Hu g
mice steatohepatitis 2300 mg/kg-bw/day oxidative stress, and inereased the abundance etal.
of serotonin-related gur microbiota, such as
Akkermansia, Bacteroides and Parabacteroides
Male C57BL/6 J HFD induced Nonalcohalie Pu-erh: 450 mg/kg/d Reduced the levels of Cer (d18:1/16:0) in the
mice steatohepatitis TB from Pu-erh tea: 225 intestine and liver, reduced hepatie TNF a and
mg/kg-bw/day IL-6 expression levels, do
transeriptional expression of Cer synthase and
inhibited the intestinal Ferchs-Serge synthetase
pathway
Male C57BL/6J  HFD induced metabolic dysfunction- TB from Qingzhuan Increased the relative abundance of Bacteroides, (L"lv 1, Xie,
mice associated liver disease (MASLD) brick tea: 180, 360 mg/ Blowsia and Lachnoclostridium and their main al., 2024)
kg-bw./day metabolites acetate and propionate, up-
regulated the expression of ATGL, PPAR,
FFARZ and FFAR3, and inhibited the expression
of LXRa, SREBP-1¢, FAS and HMGCR genes.
Innate immunity RAW264.7 cell Lipopolysaccharide induced TB from Ripened Pu-erh  Modulated LR/MAPK/NF-xB/PI3K-AKT signal
inflammation tea: 62.5, 125, 250, 500, pathway and modulated the immune response
1000, 1500 pg/mL and inflammation
Inflammatory Male C57BL/6 J HFD induced obesity disorders TB from raw Pu-erh and Improved insulin sensitivity and glucose
inhibition in other mice ripened Pu-erh tea:400 homeostasis, regulated the lipid level and
metabolic disease mg/kg-bw/day reduced the chronic inflammation
interventions Male C57BL/6 J HFD induced obesity disorders TB from Wuniuzao dark  Regulated the Srebp lipid metabolism pathway
mice tea: 150, 300 mg/ and bile acid metabolism process, and improved
kg-bw./day the gut microbiota composition
Male Syrian High-lipid diet induced TB from Pingwu Improved gut microbiota dysbiosis and

golden hamster

Db/db and db/
m mice

hyperlipidemia

High-lipid diet induced metabolic
syndromed

Fuzhuan brick tea: 400,
800 mg/kg bw/day
TB from Pu-erh tea:
1215 mg/kg-bw/day

alterated microbiota-derived metabolites and
regulated FoxO and PPAR pathways
Improved the physiclogical functions of liver,
jejunum and adipose tissues, regulated the

(continued on next page)

9: Liu C H45A Table 4 (15
RtRE PRSI ESERH.

%) ICRTRERTEE SIRKRBEERR(L. NASH, EXRBRE
SR Liu CZE, Food Research International, 2025, 58 7 TQ
(Table 4)

3.5 "EH-Ba-AF-H: RERESSNHRTRIZOESR
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&= (2023) BLIENERRGRHIZZHFMH:

"BEEEESY) (Cutibacterium_acnes, Clostridiales_bacterium 42_27, Firmicutes_bacterium
ASF500 # Blautia_coccoides) BJReSHTIEE®RTEERE (Clock, Npas2, Cryl, Cry2,
Per2, Per3 F1Nfil3) . SCFAs #I=ER (Slc16al, Slc16a3. Slc16a7 #Slc22a7) , LUK
SCFAs ZAERE (OIfr78) HEIER. " (7 E 74 /N4, p.197)

B rI g

1. RXBEHNEF, SRUEET TERE (ASF500. HBE 42 27, fECEKE) FHMEI&M
HrE (BEEEREEESE) .
2. BRFIATHE(E SCFA 1, £ SCFA BBim{A/ZK (Slc16a Kk, Olfr78) RIFFAEFIAR

RIEIBES.
3. FFAET1EER (Clock/Npas2/Cry/Per) SRERRMAEHEISHIEE, RESRMMET
B,

4. IFEFAAERH MBS, IWHER. IERACHEENZE, NMBSENREETE.
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Fig.7-3 Screening of important biomarkers using transcriptome and metabolome microbial
association analysis based on Rdcv PLS

E H IR IE A% (Pearson correlation coefficients) >0.6 [ 4F &, AT H 1A
PLH P Y E A4S B . rdov PLS Sp M i ) 71 A i Q. 32 MR, 81 FATRE
BEAIFD 20 #pllpiEReEs (B 7-3A, R 7-1) o MeAk, XSRS EERAD PCA RILLX 4 MS 4
ATMS FFiiZH, BLA KA K 1-FiZ (B 7-3B) o 454 rdev PLS 74T B 6 i w24
F Clostridiales_bacterium 42 27, Firmicutes_bacterium_ASF500,Blautia_coccoides,
Brevundimonas_vesicularis, Cutibacterium_acnes, Desulfovibrio_sp UNSW3caefatS 5 [T I B-72
YRR (Npas2, Nrldl, Cry2, Per3, Armtl) f15%, HIEF SR EFH 3 A A500 25175 @ AL
WS AT AP AI R T ACIH (N N-dimethylglycine (N, N-"HZEHEFE) . deoxyguanosine (Jfit
FT) | deoxycholic acid (+) (i EAHEE (+) ) | beta-guanidinopropionic acid (-2 TF AR ),
12-hydroxydodecanoic acid (12-328E - —Hifi) | 2-deoxyycastasterone (2-JFL AN [EEE) L i

775 ARG 2L 2R QA A 5

157

10: BT Rdev PLS HUEERA-FIBHE- MM RBES HHETIRSY (6 FhRE'S 81 T
BEEE, 71 OB, 32 MRESEN) . SR =8, 2023, H179T (E7-3) .
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3.6 HEitt
*FRBER R0, FFEETS AT NEE:

o FE(ERETEGHEMIEIN (BIRENR) @ Huang 2019 F, EEHFR/RBHETHV\EEEESR
REHERRRREIEM, EHEGHIEA, AUNIIR7 M EREIZERERHR EF
(Supp.Fig. 7b) . XEBRIFRERINIAR TS HEl REZEXALE, (BHEHY
EIEARMIERERRTEAS.

"...increased elimination of BAs via the feces." (Discussion, p.12, Fig. 8b)

. REREREREHRE (DEARRER) © AN BT E R M EE
FaE, EMETREE (LiuH2026) , BHBAASATIBRAS FAIEIAE: iHERt
RS BRI S T MG, (BRI e
R R E N R B R At L,

o ISFREMSFER/SHHEE CELLSNEIEN) © JeXEEHRER ST
W, SRTE. EREREIST, XERETEEITEIRAET, SR
BRI, EIEERS (FESHEREIFER) |

HRERORY: BRfBRZHERERFERHERNEIEKRE. Bt EEEESN
NNZE/MEERR, TERRVRFN R ERMENGFAFIHE X2 FANEIERR

FRIBFEANERREIR T, RTZMROMFNERER, AISEEHERR (FREFAFHERZ
FEXEREER html) .
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FIGURE 1 | Pu-erh tea regulated glucose homeostasis with sex differences in the NGT and IGT individuals. (A) Diagram of human study 1: After
enrolment and adaptation period, the NGT (n = 20, 10 individuals of each sex) and IGT (n = 20, 10 individuals of each sex) individuals consumed Pu-erh
tea for 4 weeks. The assessments are displayed in the diagram. (B-E) (B) Blood glucose levels and AUC of BTT, (C) blood glucose levels and AUC of
OMTT, (D) blood glucose levels and AUC of OGTT, and (E) HOMA-IR and serum active GLP-1 levels in the NGT individuals. (F-I) (F) Blood glucose
levels and AUC of BTT, (G) blood glucose levels and AUC of OMTT, (H) blood glucose levels and AUC of OGTT, and (I) HOMA-IR and serum active
GLP-1 levels in the IGT individuals. Data are presented as the mean + SEM. ¥ p < 0.05 and ** p < 0.01 compared with the female groups with Pu-er tea

based on the Wilcoxon matched-pairs signed rank test.

In the HFD+STZ diabetic mouse model, mice were treated with
the same doses of instant Pu-erh tea infusion used in the HFD
model for 4 consecutive weeks (Figure 2F). The result also showed
no significant changes in body weight, dietary, and water intake
compared to Pu-erh tea treatment with control groups (Figure
S3A-C). Similar to the HFD model, Pu-erh tea improved glucose
levels in the OMTT (Figure S3D), particularly in female mice
(Figure 2G). However, there were no significant changes in the
OGTT (Figure 2H; Figure S3E), ITT (Figure 2I; Figure S3F),
fasting serum insulin (Figure S3G,H), HOMA-IR (Figure 2I;
Figure S31), and serum GLP-1 levels (Figure 2J; Figure S3J) in this
model.

To verify that Pu-erh tea improves PBG levels by inhibiting a-
glucosidase in the small intestine, we measured the mucosal
enzymatic activity across different physiological segments of

the small intestine in both mouse models. Our results showed
that a-glucosidase inhibition was significantly greater in female
mice treated with Pu-erh tea compared to male mice in the
duodenum (Figure S3K,L), jejunum (Figure 2K.L), and ileum
(Figure S3M,N).

To pinpoint the specific compounds in instant Pu-erh tea respon-
sible for its blood glucose-lowering effects and inhibition of
a-glucosidase activity, we conducted a quantitative analysis of tea
polyphenols and tea pigments in the small intestinal contents
of mice treated with HFD and Pu-erh tea using quadrupole
time-of-flight mass spectrometry (UPLC/QTOFMS). Among the
various components present in the tea, TB demonstrated the most
significant and negative correlation with blood glucose levels at15
and 120 min during the OMTT, as well as with the a-glucosidase
activity in the small intestine (Figure 2M).

Advanced Science, 2026

L HRARBERELIMHIEE R IGT ABFHRHEE
Advanced Science, 2026, 55 3 0 (Fig. 1)
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