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Stored white tea ameliorates DSS-induced
ulcerative colitis in mice by modulating the
composition of the gut microbiota and intestinal
metabolites†

Zhiyuan Lin,‡a,b Weidong Dai,‡a Shanshan Hu,b Dan Chen,a Han Yan,a

Liang Zeng *b and Zhi Lin *a

Changes in the chemical composition of white tea during storage have been studied extensively;

however, whether such chemical changes impact the efficacy of white tea in ameliorating colitis remains

unclear. In this study, we compared the effects of new (2021 WP) and 10-year-old (2011 WP) white tea on

3% dextrose sodium sulfate (DSS)-induced ulcerative colitis in mice by gavaging mice with the extracts at

200 mg kg−1 day−1. Chemical composition analysis showed that the levels of 50 compounds, such as

flavanols, dimeric catechins, and amino acids, were significantly lower in the 2011 WP extract than in the

2021 WP extract, whereas the contents of 21 compounds, such as N-ethyl-2-pyrrolidinone-substituted

flavan-3-ols, theobromine, and (−)-epigallocatechin-3-(3’’-O-methyl) gallate, were significantly higher.

Results of the animal experiments showed that 2011 WP ameliorated the pathological symptoms of colitis,

which was superior to the activity of 2021 WP, and this effect was likely enhanced based on the decreas-

ing of the relative abundance of the g_bacteroides and g_Escherichia-Shigella flora in mice with colitis

and promoting the conversion of primary bile acids to secondary bile acids in the colon. These results will

facilitate the development of novel functional products from white tea.

1. Introduction

Inflammatory bowel disease (IBD) is a chronic, idiopathic and
complex inflammatory disease of the gastrointestinal tract that
includes the two most general forms, ulcerative colitis (UC) and
Crohn’s disease (CD).1 IBD has been classified as a refractory
disease by the World Health Organization due to its long period
of onset, patients’ tendency to relapse, and susceptibility to
deterioration in susceptible groups. The pathogenesis of IBD has
not been fully elucidated, but it is generally thought to be related

to dysregulation of the intestinal mucosal immune system,
damage to the intestinal epithelial barrier, and dysbiosis of the
gut microbiota.2,3 The main therapeutic strategy has included
anti-inflammatory drugs to modulate the immune system and
inhibit mucosal immune responses and pro-inflammatory cyto-
kine production; the utilized drugs include glucocorticoids,
immunosuppressants, aminosalicylates, and biologics.4 However,
these treatments can lead to drug tolerance and adverse effects.5,6

Therefore, there is an urgent need to find and investigate more
effective and safer drugs for IBD treatment.

Tea is recognized as a healthy beverage, and recent studies
have shown that tea has the potential to ameliorate and allevi-
ate colitis.7,8 This effect is mainly attributed to the high abun-
dance of a variety of active ingredients, such as catechins, alka-
loids, amino acids, and phenolic acids. These active com-
ponents can, on the one hand, utilize their strong antioxidant
capacity to scavenge the accumulated reactive oxygen species
(ROS) in the intestinal mucosa induced by inflammation and the
immune response and reduce the damage to intestinal epithelial
cells by ROS.9,10 On the other hand, these components can also
reduce the intensity of the inflammatory response by inhibiting
the production of a variety of inflammatory cytokines (e.g., tumor
necrosis factor-α, interleukin-1β, etc.).11–13 However, despite the
potential role played by active ingredients in tea in ameliorating
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issues such as inflammation, there is a lack of sufficient evidence
to support this mechanism of action due to issues such as low
bioavailability and biotoxicity.14,15 A recently proposed hypothesis
is that tea possesses prebiotic properties that exert therapeutic
effects on colitis through interacting with the gut microbiota.16,17

For example, promoting the growth of beneficial bacteria and
inhibiting the reproduction of harmful bacteria can regulate the
balance of the intestinal microbial community. Furthermore,
modulating a certain kind of bacteria with specific functions can
affect the host’s metabolism.18,19 These effects are largely depen-
dent on the different active compounds in different teas, so sup-
plementation with different teas affects different types of bacterial
taxa in the gut.20,21

White tea is one of the six traditional tea categories in
China. Unlike unfermented green tea and fully fermented
black tea, white tea is a slightly fermented tea. Its catechin
content accounts for approximately 7.26–18.48% of all com-
ponents, between that of green tea (24–36%) and black tea
(6%).22 As a result of the degradation of proteins during with-
ering, white tea is particularly rich in free amino acids, which
can reach proportions of 6.0–8.9%.23 In addition, white tea
contains approximately 3–5% alkaloids, 2–9% dimeric cate-
chins, 0.6–4.8% phenolic acids, and 0.5–1.8% flavonoid glyco-
sides.24 Furthermore, white tea is suitable for storage, and
there has always been a tradition of storing white tea in folk-
lore. During the storage period, ranging from several years or
even decades, most of the white tea compounds such as cate-
chins, flavonoid glycosides, and amino acids decrease gradu-
ally with storage time, but compounds such as gallic acid and
N-ethyl-2-pyrrolidone-substituted flavan-3-ol (EPSF) increase
significantly; for example, there was a decrease in catechins by
approximately 18% and a 7–10-fold increase in the contents of
EPSFs based on the covalent binding of catechins and theanine,
and the EPSF content reached up to 0.2% after 10 years of
storage.25–27 These changes in chemical compositions can also
lead to the variations in health benefits of white tea. For example,
the antioxidant activity and the inhibitory effect against α-amylase
and α-glucosidase decreased along with the storage of white tea.28

Although the antioxidant, neuroprotective, antimutagenic, anti-
cancer, and hypoglycemic effects of white tea have been demon-
strated, the effect of storage on the health benefits of white tea is
unknown, and in particular, the effects of white tea on the gut
microbiota have rarely been reported.

In this study, we aimed to confirm the effect of stored white
tea on alleviating colitis and further investigate the effects of
different storage periods of white tea on the gut microbiota
and its metabolites in mice. In conclusion, these results
suggest that stored white tea may be a new option for the treat-
ment of UC.

2. Materials and methods
2.1. Chemicals and reagents

Dextran sulfate sodium (DSS, MW: 36–50 kDa) was purchased
from Meilun Biotechnology Co., Ltd (Dalian, China).

5-Aminosalicylic acid (5-ASA) and β-cyclodextrin were pur-
chased from Aladdin (Shanghai, China).

Theanine and gallic acid (GA) were obtained from J&K
Scientific Ltd (Beijing, China). Caffeine, epicatechin (EC), epi-
catechin gallate (ECG), epigallocatechin (EGC), epigallocate-
chin gallate (EGCG), quercetin 3-O-galactoside, quercetin 3-O-
glucoside, kaempferol 3-O-rutinoside, myricitrin, vitexin, and
isovitexin were obtained from Sigma-Aldrich (St Louis, MO,
USA). Kaempferol 3-O-galactoside was obtained from
ChemFaces (Wuhan, China). 5′′′R-EGCG-8-C N-ethyl-2-pyrroli-
dinone (8-C R-EGCG-cThea) was synthesized in our
laboratory.25,27

Taurocholic acid (TCA), α-muricholic acid (α-MCA),
β-muricholic acid (β-MCA), tauro-α-muricholic acid (T-α-MCA),
tauro-β-muricholic acid (T-β-MCA), and cholic acid-d4 (CA-d4)
were purchased from Yuanye Bio-Technology Co., Ltd
(Shanghai, China). Cholic acid (CA), lithocholic acid (LCA),
and deoxycholic acid (DCA) were purchased from Apexbio
(Beijing, China). Chenodeoxycholic acid (CDCA), ursodeoxy-
cholic acid (UDCA), and tauroursodeoxycholic acid (TUDCA)
were purchased from Harvey Biotechnology Co., Ltd (Beijing,
China). Taurocholic acid-d4 (TCA-d4, sodium salt) was pur-
chased from Manhage Biotechnology Co., Ltd (Beijing, China).
Taurodeoxycholic acid (TDCA) was purchased from Cayman
Chemical (Ann Arbor, Michigan, USA).

Acetonitrile, ammonium bicarbonate and formic acid were
of liquid chromatography-mass spectrometry (LC-MS) grade
and were purchased from Merck (Darmstadt, Germany),
Sigma-Aldrich (St Louis, MO, USA) and TCI (Tokyo, Japan).
Deionized water was produced using a Milli-Q water purifi-
cation system (Millipore, Billerica, MA, USA).

2.2. Preparation of white tea extract

A 2021-produced white peony (2021 WP) and a 2011-produced
white peony (2011 WP) were purchased from Fujian
Pinpinxiang Tea Co., Ltd as representatives of new and 10-year
stored white tea. The white tea samples were made from the
fresh tea leaves (one bud and two leaves grade) of Camellia
sinensis cv. Fuding-dabaicha plucked in April and were manu-
factured according to the processing procedure of GB/T 32743-
2016 standard. Then, the white teas were placed in a black
light-proof bag and stored in a room with a controlled environ-
ment at a temperature of 25 °C and a humidity of 50% with
reference to GB/T 30375-2013. All tea samples were ground
and extracted with pure water (1 : 20, w/v) at 100 °C for 30 min.
After filtration, pure water (1 : 20, w/v) was added to the
residue for a second extraction. The filtrate was mixed and
freeze-dried and then stored at −80 °C.

2.3. Chemical composition analysis of white tea extract

An established method based on ultra high performance
liquid chromatography (UHPLC)-Q-Exactive/mass spectrometry
(MS) (Thermo Fisher, San Jose, CA, USA) was used to deter-
mine the chemical composition of the white tea extracts.29 The
detailed analytical conditions are provided in the ESI.†
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The contents of 7 flavanols, 2 alkaloids, 8 EPSFs, 12 flavo-
noid glycosides, theanine and gallic acid were quantified
using the external standard method. Gallocatechin gallate
(GCG), gallocatechin (GC), and catechin (C) were quantified
using the corresponding stereoisomers of EGCG, EGC, and EC,
respectively. Theobromine was quantified by utilizing the cali-
bration curve of caffeine. 5′′R-epicatechin-8-C N-ethyl-2-pyrroli-
dinone (8-C R-EC-cThea), 5′′S-epicatechin-8-C N-ethyl-2-pyrroli-
dinone (8-C S-EC-cThea), 5′′R-epigallocatechin-8-C N-ethyl-2-
pyrrolidinone (8-C R-EGC-cThea), 5′′S-epigallocatechin-8-C
N-ethyl-2-pyrrolidinone (8-C S-EGC-cThea), 5′′′ R-epicatechin
gallate-8-C N-ethyl-2-pyrrolidinone (8-C R-ECG-cThea) and 5′′′
S-epicatechin gallate-8-C N-ethyl-2-pyrrolidinone (8-C S-EGCG-
cThea) were quantified by utilizing the calibration curve of 8-C
R-EGCG-cThea. Quercetin 3-O-rutinoside and quercetin 3-glu-
cosylrutinoside were quantified by utilizing the calibration
curve of quercetin 3-O-glucoside, and kaempferol 3-O-gluco-
side and kaempferol 3-glucosylrutinoside were quantified by
utilizing the calibration curve of kaempferol 3-O-rutinoside.
Myricetin 3-O-glucoside and myricetin 3-O-galactoside were
quantified by utilizing the calibration curve of myricitrin. The
concentration gradients of the standards were as follows: 0.05,
0.1, 0.2, 0.5 and 1 mg mL−1 for EGCG, ECG, EGC, EC, caffeine,
theanine and 8-C R-EGCG-cThea; 0.01, 0.02, 0.05, 0.1, 0.2 and
0.5 mg mL−1 for gallic acid; and 0.18, 0.36, 1.8, 3.6, 18, 36, and
180 μg mL−1 for quercetin 3-O-galactoside, quercetin 3-O-glu-
coside, kaempferol 3-O-rutinoside, kaempferol 3-O-galactoside,
myricitrin, vitexin, and isovitexin.

2.4. Animals and treatments

Male C57BL/6J mice (6 weeks old, 18–22 g) were purchased
from Hangzhou Medical College (Hangzhou, China,
Production Permit No. SCXK (Zhejiang) 2019-0002). All mice
were housed in a temperature-controlled environment (23 ±
2 °C) with food and water ad libitum with a 12-hour light–dark
cycle. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of
Hangzhou Medical College and approved by the Animal Ethics
Committee of Zhejiang Experimental Animal Center of
Hangzhou Medical College (approval number:
ZJCLA-IACUC-20010172). All animal experiments were per-
formed in compliance with the relevant laws and institutional
guidelines for the care and use of laboratory animals in China
(GB/T 35892-2018 and GB/T 35823-2018).

After 1 week of adaptive feeding, the mice were randomly
divided into the following five groups (n = 6): the CK group,
the DSS group, the DSS + 5-ASA group, the DSS + 2021 WP
group and the DSS + 2011 WP group. Except for the CK group,
mice in all groups were fed sterile water containing 3% DSS
solution for 1 week. Among them, mice in the DSS + 5-ASA
group were treated with 5-ASA (100 mg kg−1 day−1, dissolved in
2% cyclodextrin) by gavage, and mice in the DSS + 2021 WP
group and DSS + 2011 WP group were treated with 2021 white
peony tea extract (200 mg kg−1 day−1) and 2011 white peony
tea extract (200 mg kg−1 day−1) by gavage, respectively. The
above dose (200 mg kg−1 day−1) is calculated according the

body surface area normalization method:30 the intake of 5 g
day−1 of white tea in an adult human weighing 70 kg is equi-
valent to a dose of 880.6 mg kg−1 day−1 for mice. The normali-
zation equation is as follows, where the Km factor is 3 for mice
and 37 for human. The actual extraction rate of white tea was
about 23% (the ratio of extract mass to tea mass) using the
extraction method described in “2.2 Preparation of white tea
extract”, and the dose of white tea extract was finally calculated
as 200 mg kg−1 day−1.

Humandose mg kg�1� � ¼ animal dose mg kg�1� �

� animal Km
humanKm

After 3 days of DSS treatment, the mice were euthanized
with ether. Major tissues (liver, colonic tissue and intestinal
contents) were collected and stored at −80 °C for subsequent
analysis.

2.5. Measurement of the disease activity index and spleen
index

The body weight, anal bleeding and fecal consistency of mice
were recorded daily during the animal experiments. The
disease activity index (DAI) was calculated according to the fol-
lowing scoring system in the literature:31 (1) no loss of body
weight was scored as 0, 1 point for 1–5% weight loss, 2 points
for 6–10% weight loss, 3 points for 11–20% weight loss, and 4
points for >20% weight loss; (2) no blood was scored as 0, 2
points for positive occult blood, and 4 points for gross bleed-
ing; and (3) well-formed stool pellets were scored as 0, pasty
stools but not adhering to the anus were scored as 2 points,
and liquid stools were scored as 4 points.

The body weight of the mice was recorded before sacrifice,
and the spleen tissue was weighed after sacrifice. The spleen
index was calculated according to the ratio of spleen weight to
body weight.

2.6. Histological analysis

Colon and liver tissues were cut, fixed in 4% paraformalde-
hyde, dehydrated with gradient concentrations of ethanol,
embedded in paraffin and sectioned into 4 μm slides. The
slides were stained using a hematoxylin and eosin (H&E) stain-
ing kit (Servicebio, Wuhan, China). A Nikon Eclipse
E100 microscope (Nikon, Tokyo, Japan) was used to take
images.

2.7. Gut microbiota analysis

The fresh fecal samples were stored at −80 °C and sent to
APTBIO Biotechnology Co., Ltd (Shanghai, China) for 16S
rDNA sequencing analysis. Briefly, total genomic DNA from
the fecal sample was extracted using the CTAB/SDS method.
DNA concentration and purity were monitored on 1% agarose
gels. According to the concentration, DNA was diluted to 1 ng
μL−1 using sterile water. 16S rDNA (V3–V4 region) was ampli-
fied using specific primers (341F: CCTACGGGNGGCWGCAG;
806R: GGACTACHVGGGTATCTAAT) via polymerase chain reac-
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tions. The purified amplification product (amplicon) was ana-
lyzed using the NovaSeq 600 platform (Illumina, San Diego,
USA). Detailed information about library construction, paired-
end read assemblies, operational taxonomic unit (OTU) cluster
and species annotation, α-diversity index calculation,
β-diversity analysis and bacterial differential analysis is
included in the ESI.†

2.8. Intestinal metabolites and content analysis of mice

Metabolite extraction was performed according to previously
described methods in the literature with modification.32 In
brief, 10 mg of intestinal content sample was mixed with 1 mL
of methanol/water = 2 : 1 (v/v) solution containing CA-d4 and
TCA-d4 internal standards (0.2 μg mL−1) and subjected to
three freeze–thaw cycles in liquid nitrogen, followed by hom-
ogenization using a T18 TissueLyser (IKA, Germany) and cen-
trifugation for 10 min at 10 000 rpm at 4 °C. Finally, the
sample was passed through a 0.22 μm membrane for LC-MS
analysis.

A UHPLC-Q-Exactive/MS instrument was used for analysis
of the intestinal metabolites. An HSS T3 column (100 mm ×
2.1 mm, 1.8 μm, Waters, Manchester, UK) was used as the
chromatographic column at a temperature of 40 °C. The
binary mobile phases were 10 mM ammonium bicarbonate
solution (phase A) and 100% acetonitrile (phase B), and the
flow rate was set at 0.2 mL min−1. The gradient elution
program was set as follows: 0–2 min, 5% phase B; 2–6 min,
5%–30% phase B; 6–10 min, 30%–40% phase B; 10–12 min,
40%–85% phase B; 12–12.5 min, 85%–5% phase B; and
12.5–16 min, 5% phase B. The injection volume was 3 μL. The
mass spectrometer was operated in negative electrospray
ionization (ESI) mode; the ionization voltage was set at 3.5 kV;
the capillary temperature was 300 °C; the S-lens RF level was
50; the sheath gas flow rate was 45 L min−1; the temperature
and flow rate of the auxiliary gas were set at 350 °C and 10 L
min−1, respectively; and the MS scanning range was m/z
58–870. The contents of bile acids were quantified using the
external standard method with Xcalibur 4.2 software (Thermo
Fisher, San Jose, CA, USA). The calibration curves for the bile
acid standards were 0.05, 0.1, 0.5, 1, 5, and 10 mg L−1 for LCA
and DCA and 0.25, 0.5, 2.5, 5, 25, and 50 mg L−1 for TCA,
TUDCA, T-α-MCA, T-β-MCA, TDCA, CDCA, CA, UDCA, α-MCA,
β-MCA, LCA and DCA.

2.9. Statistical analysis

A supervised partial least-squares discriminant analysis
(PLS-DA) and a permutation test were performed using Simca
P 14.1 software (Umetrics AB, Umeå, Sweden). Independent
sample t test, Kruskal–Wallis test and one-way analysis of var-
iance (ANOVA) were performed using SPSS 17.0 (IBM, Chicago,
IL, USA). Heatmap analysis was performed with
MultiExperiment Viewer software (version 4.7.4, Oracle, USA)
with the min-max scaling method. The data are shown as the
mean ± standard deviation (SD).

3. Results and discussion
3.1. Chemical composition of 2021 WP and 2011 WP extracts

To identify the phytochemicals and other components in 2021
WP and 2011 WP, a previously established nontargeted meta-
bolomics method was used to analyze the samples by LC-MS.
After peak extraction and alignment, 3497 compound ions
were obtained in positive ionization mode. Based on chemical
standards, metabolomics databases (Metlin and Human
Metabolome database) and our previous studies,25,33 82 nonvo-
latile compounds were identified in the 2021 WP and 2011 WP
extracts, including 12 flavanols, 5 phenolic acids, 11 dimeric
catechins, 14 amino acids, 2 alkaloids, 8 EPSFs, 25 flavonoid
glycosides and 5 other compounds (Table S1†). Among them,
71 compounds were significantly differentially expressed (P <
0.05) in 2021 WP and 2011 WP, and their content distributions
were depicted by a heatmap (Fig. 1).

The level of flavanols, the most abundant compounds in
tea, decrease with increasing storage time.27 Our data showed
similar results; the levels of most flavanols, such as C, EC,
ECG, EGCG, and GCG, were significantly lower in 2011 WP
than in 2021 WP. The total amount of flavanols in 2011 WP
was 360.06 mg g−1, which was approximately 13.2% less than
that in 2021 WP (Table 1). Not only the monomeric forms of
catechins but also the dimerized catechins, such as theaflavin,
theaflavin-3-gallate, and theasinensin A, were all found at
lower levels in 2011 WP than in 2021 WP. It is noteworthy that
the levels of the methylation product of EGCG, (−)-epigalloca-
techin-3-(3″-O-methyl) gallate (EGCG-3″-O-Me), increased sig-
nificantly after 10 years of storage, which may be caused by
microbes in the storage environment.34

The changes in amino acid levels during storage also tended
to decrease.27 Most of the amino acid components were found at
higher levels in 2021 WP than in 2011 WP, except for aspartic
acid and pyroglutamic acid. The concentration of theanine, the
most abundant amino acid, was 49.06 mg g−1 in 2011 WP,
showing a decrease of approximately 30.0% from that in 2021 WP
(Table 1). However, the relative abundance of theanine-related
derivatives such as EPSFs and theanine glucoside was signifi-
cantly higher in 2011 WP than in 2021 WP. In particular, the
EPSFs formed by the covalent combination of theanine and cate-
chins increased to 2.07 mg g−1, which was 20.1-fold higher than
that in 2021 WP (Table 1).

Among the alkaloids, the contents of caffeine in 2021 WP
and 2011 WP were not significantly different, while the
content of theobromine was higher in 2011 WP. Theobromine
is an important synthetic precursor of caffeine and a major
product of caffeine degradation, and its content in 2011 WP
was 2.55 mg g−1, which accounted for only 1.5% of the total
alkaloids (Table 1).

Kaempferol and quercetin and their primary corresponding
flavonoid glycosides, such as quercetin 3-O-galactoside, quer-
cetin 3-O-glucoside, kaempferol 3-O-galactoside, kaempferol 3-
O-glucoside, quercetin 3-glucosylrutinoside, etc., were found at
higher concentrations in 2021 WP than in 2011 WP, whereas
the levels of several flavonoid glycosides, such as kaempferi-
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trin, quercetin 3-O-rutinoside, and isovitexin, exhibited the
opposite trend (Table 1). The total amount of these 12 flavo-
noid glycosides in 2021 WP was 13.74 mg g−1, which was 1.2
times higher than that in 2011 WP (Table 1).

Regarding phenolic acids, the levels of chlorogenic acid
and ellagic acid were significantly lower in 2011 WP than in
2021 WP, while the theogallin content was significantly higher
in 2021 WP than in 2011 WP. The level of gallic acid did not
differ significantly between the two types of white teas.

3.2. The effects of 2021 WP and 2011 WP on the pathological
symptoms of colitis mice

We first assessed whether 2021 WP and 2011 WP could allevi-
ate the symptoms of colitis in DSS-treated mice. As shown in

Fig. 2A, we observed that the body weight of DSS-treated mice
continued to decrease rapidly after day 5, while the intake of
5-ASA, 2021WP and 2011WP were able to significantly inhibit
the trend of body weight loss in mice. Compared with 5-ASA
and 2021 WP, the 2011 WP treatment had a superior effect.
The mean weight loss was as high as 28.7% in the DSS group,
18.6% in the DSS + 5-ASA group, 20.4% in the DSS + 2021 WP
group and only 12.5% in the DSS + 2011 WP group. The
disease activity index (DAI) score of the DSS-treated mice
increased rapidly from day 4 (Fig. 2B), indicating that the mice
began to show typical symptoms of colitis, such as diarrhea
and blood in the stool; meanwhile, the DAI scores of the mice
administered 5-ASA, 2021 WP and 2011 WP were lower than
those of mice in the DSS group. The spleen index of mice in

Fig. 1 Heat map of the contents of 71 significantly differential compounds in 2021WP and 2011WP extracts.
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the DSS group was significantly higher than that in the CK
group due to hemorrhage and swelling of the spleen caused by
DSS treatment, while the spleen index of mice treated with
5-ASA, 2021 WP and 2011 WP was significantly lower than that
of mice in the DSS group (Fig. 2C). In addition, the length and
appearance of the mouse colon revealed that DSS treatment
induced significant shortening and hemorrhage of the colon,
in contrast to what was seen in the CK group. Both the 2021
WP and 2011 WP treatments significantly limited the shorten-
ing of colon length, and 2011 WP was slightly more effective
than 2021 WP (Fig. 2D and E). H&E staining results indicated
that the intestine of DSS-treated mice was significantly
impaired compared with that of mice in the CK group, as evi-
denced by a reduced number of goblet cells, reduced inflam-
matory cell infiltration, and lower levels of structural damage
to the colonic crypt and intestinal villi (Fig. 2F). However,
administration of 5-ASA, 2021 WP, and 2011 WP significantly
improved the pathologic features of the colon and protected
the structure of the colonic crypts and villi (Fig. 2F). In
addition, liver pathology caused by DSS (e.g., hepatocyte
destruction, liver inflammation and enlargement) was also

reduced by treatment with stored white tea (Fig. 2G). These
results demonstrated that the administration of 2021 WP and
2011 WP alleviated the pathological symptoms of DSS-induced
colitis in mice, with 2011 WP treatment leading to slightly
better improvement than 2021 WP treatment. The aforemen-
tioned chemical analysis results showed that the compound
contents of EPSFs, theobromine, and EGCG-3″-O-Me were sig-
nificantly higher in 2011WP than in 2021WP. Especially,
EPSFs were reported to have higher anti-inflammatory effect
than EGCG and theanine by modulating NF-κB signalling
pathway;26 EGCG-3″-O-Me was reported to have a 2.5 times
higher bioavailability than that of EGCG35 and possesses mul-
tiple benefits such as anti-fatigue, cardiovascular disease risk
prevention, anti-obesity, and gut microbiota regulation.36

These compounds may play an important role in alleviating
colitis pathology due to their exceptional biological activities.

3.3. The effects of 2021 WP and 2011 WP on the gut
microbiota of colitis mice

To investigate whether 2021 WP and 2011 WP alleviated colitis
by modulating the gut microbiota, we characterized the struc-
ture of the gut microbiota of 25 samples from the 5 experi-
mental groups based on the V3–V4 variable region by 16S
rDNA gene sequencing. A total of 770, 709, 735, 773 and 681
OTUs were identified in the stool samples from the CK, DSS,
DSS + 5-ASA, DSS + 2021 WP and DSS + 2011 WP groups,
respectively (Fig. S1†). Among them, 401 OTUs were common
in the 5 groups (Fig. S1†). Then, the species diversity in the
microbiome was assessed based on the observed species
index, the PD_whole_tree index, the Chao1 index and the Ace
index, and there was no significant difference among the
5 groups (Fig. 3A–D). Furthermore, PCoA analysis was per-
formed at the OTU level to assess the overall microbial struc-
ture. As shown in Fig. 3E, there was significant separation
among the CK, DSS, and DSS + 2011 WP groups, but some
degree of overlap among the DSS, DSS + 5-ASA, and DSS + 2021
WP groups. Next, we analyzed the species and relative abun-
dance (top 10) of the gut microbiota in the 5 groups. At the
phylum level, DSS treatment caused a significant increase in
the relative abundance of p_Proteobacteria and a significant
decrease in the relative abundance of p_Patescibacteria and
p_Actinobacteria in the feces of mice (Fig. 3F). The adminis-
tration of 5-ASA, 2021 WP and 2011 WP significantly reversed
the increase in the abundance of p_Proteobacteria caused by
DSS but had no effect on the decrease in the abundance of
p_Actinobacteria and p_Patescibacteria (Fig. 3H–J). At the genus
level, the relative abundance of g_Bacteroides,
g_Parabacteroides and g_Escherichia-Shigella in the feces of
mice in the DSS group was significantly higher than that in
the CK group, and the relative abundance of g_Candidatus
Saccharimonas was significantly lower than that in the CK
group (Fig. 3G). In particular, enrichment of the harmful bac-
teria g_Bacteroides and g_Escherichia-Shigella was strongly
associated with the aggravation of ulcerative colitis. For
instance, an excessive amount of the proteases secreted by
g_Bacteroides are related to worsening ulcerative colitis.37

Table 1 The contents of flavanols, alkaloids, EPSFs, flavonoid glyco-
sides, theanine and gallic acid in 2021WP and 2011WP extracts

Compounds

Content/mg·g−1

2021WP 2011WP

C** 3.51 ± 0.08 1.67 ± 0.12
EC** 20.72 ± 0.26 14.71 ± 0.80
ECG** 88.4 ± 0.80 71.82 ± 3.22
GC** 11.26 ± 0.25 8.97 ± 0.81
EGC 69.78 ± 0.91 70.10 ± 3.19
EGCG* 193.73 ± 2.22 177.34 ± 5.87
GCG** 27.39 ± 0.42 15.45 ± 0.8
Total flavanols** 414.79 ± 4.34 360.06 ± 14.61
Caffeine 163.97 ± 2.69 162.02 ± 4.10
Theobromine** 2.29 ± 0.04 2.55 ± 0.10
Total alkaloids 166.26 ± 2.71 164.57 ± 4.18
Isovitexin* 0.04 ± 0.01 0.05 ± 0
Vitexin 0.04 ± 0 0.04 ± 0
Kaempferol 3-O-glucoside** 0.99 ± 0.02 0.66 ± 0.02
Kaempferol 3-O-galactoside** 0.22 ± 0.01 0.14 ± 0
Kaempferol 3-O-rutinoside** 0.79 ± 0.03 0.57 ± 0.03
Kaempferol 3-glucosylrutinoside** 3.34 ± 0.11 2.62 ± 0.09
Quercetin 3-O-rutinoside** 0.74 ± 0.04 0.8 ± 0.04
Quercetin 3-O-galactoside** 3.86 ± 0.18 3.07 ± 0.15
Quercetin 3-O-glucoside 0.68 ± 0.13 0.62 ± 0.02
Quercetin 3-glucosylrutinoside* 1.99 ± 0.12 1.84 ± 0.08
Myricetin 3-O-glucoside** 0.59 ± 0.01 0.52 ± 0.02
Myricetin 3-O-galactoside** 0.46 ± 0.03 0.36 ± 0.02
Total flavonoid glycosides** 13.74 ± 0.38 11.28 ± 0.43
8-C R-EC-cThea** 0.02 ± 0 0.25 ± 0.01
8-C R-ECG-cThea** 0.01 ± 0 0.15 ± 0.01
8-C R-EGC-cThea** 0.01 ± 0 0.20 ± 0.01
8-C R-EGCG-cThea** 0.03 ± 0 0.74 ± 0.04
8-C S-EC-cThea** 0.02 ± 0 0.20 ± 0.01
8-C S-ECG-cThea** 0.004 ± 0 0.11 ± 0.01
8-C S-EGC-cThea** 0.01 ± 0 0.17 ± 0.01
8-C S-EGCG-cThea** 0.01 ± 0 0.26 ± 0.01
Total EPSFs** 0.10 ± 0 2.07 ± 0.09
Gallic acid 52.86 ± 2.39 57.47 ± 9.23
Theanine** 70.12 ± 0.35 49.06 ± 0.84

*P < 0.05, **P < 0.01, determined by independent sample t-test.
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Linear discriminant analysis (LDA) also showed that g_Bacteroides
and g_Escherichia-Shigella were the differentially abundant bac-
terial taxa of the DSS group (Fig. 4). The abundance of
g_Bacteroides in the feces of mice treated with 5-ASA, 2021 WP,
and 2011 WP was significantly reduced by 37.6%, 45.9%, and
71.4%, respectively, compared with that in the DSS group
(Fig. 3K). In addition, the abundance of g_Escherichia-Shigella in
the feces of mice treated with 5-ASA and 2011 WP was signifi-
cantly reduced by 76.2% and 92.0%, respectively, compared with
that in the DSS group (Fig. 3M). These results are consistent with
reports that the administration of fuzhuan brick tea significantly
inhibited the relative abundance of both g_Bacteroides and
g_Escherichia-Shigella, and the intake of Tieguanyin oolong tea
reduced the abundance of g_Escherichia-Shigella by about
20%.38,39 There were no significant differences in the abundance

of g_Parabacteroides (Fig. 3L) or g_Candidatus Saccharimonas in
the 5-ASA-, 2021 WP-, and 2011 WP-treated groups compared
with that in the DSS group (Fig. 3N).

LEfSe analysis was performed on the samples according to
different grouping conditions based on taxonomic composition
to identify the communities or species that had a significant
effect on the division of the samples. The communities or
species with LDA values greater than 3 were identified as the bac-
terial taxa with the most substantial abundance differences
(Fig. 4). f_Muribaculacea, g_Achromobactel, g_Enterorhabdus,
f_Eggerthellacea, c_Coriobacteriia, o_Coriobacteriales,
g_Pseudomonas, and f_Pseudomonadaceae were identified as differ-
entially abundant bacterial taxa in the CK group. Differentially
abundant bacterial taxa in the DSS group were g_Bacteroides and
g_Escherichia Shigella, f_Bacteroidaceae, c_Alphaproteobacteria,

Fig. 2 2021 WP and 2011 WP alleviation of the pathological symptoms of DSS-induced colitis in mice. (A) Body weight changes; (B) the disease
activity index (DAI) score; (C) the spleen index; and (D) the colon length were determined. (E) The colon samples were also photographed.
Morphological analysis of hematoxylin–eosin (H&E) staining of colon (F) and liver (G) tissues was performed (scale bar = 200 μm, magnification of
the microphotograph, 100×). Data are presented as the mean ± SD (n = 6). *P < 0.05, **P < 0.01, vs. CK group; and #P < 0.05, ##P < 0.01, vs. DSS
group, as determined by one-way ANOVA with Dunnett’s multiple comparison test.
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o_Rhodospirillales, o_Enterobacteriales and f_Enterobacteriaceae.
Among them, c_Alphaproteobacteria, o_Rhodospirillales,
o_Enterobacteriales and f_Enterobacteriaceae all belong to

p_Proteobacteria, while p_Proteobacteria was the most abundant in
the DSS group among the five groups (Fig. 3H). g_Flavonifractor,
g_Faecalitalea, f_Burkholderiaceae, and o_Betaproteobacteriales

Fig. 3 Effect of the intake of 2021 WP and 2011 WP on the gut microbiota of DSS-induced mice. (A–D) α-Diversity was represented by violin plots
of the Observed_species index, the PD_whole_tree index, the Chao1 index and the Ace index. (E) PCoA plot of gut microbiota was based on
weighted UniFrac distance. (F and G) Plots of the top 10 structural components of the gut microbiota community in terms of relative abundance at
the phylum level (F) and genus level (G) are shown. (H–N) Changes in the relative abundance of microbial communities with significantly different
abundances in the DSS group after 5-ASA, 2021 WP, and 2011 WP treatments at the phylum level (H–J) and genus level (K–N) are shown. Data are
presented as the mean ± SD (n = 5). ns, not significant; *P < 0.05, **P < 0.01, vs. CK group; and #P < 0.05, ##P < 0.01, vs. DSS group, as determined
by one-way ANOVAwith Tukey’s multiple comparison test.
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were identified as differentially abundant bacterial taxa in the
DSS + 5-ASA group. The highest number of differentially abun-
dant bacterial taxa was identified in the DSS + 2021 WP group,
and these taxa included c_Clostridia, o_Clostridiales, p_Firmicutes,
f_Prevotellaceae, g_Paraprevotella, f_Ruminococcaceae,
g_Tyzzerella3, g_Parabacteroides, f_Tannerellaceae, g_Candidatus
Soleaferrea, g_RuminococcaceaeUCG_005, and g_Parasutterella. In
particular, g_Parabacteroides had the highest abundance in the

feces of mice in the DSS + 2021 WP group, which was even
higher than that in the DSS group (Fig. 3L). Compared with 2021
WP treatment, 2011 WP treatment had a more substantial ben-
eficial effect in restoring gut microbial dysbiosis induced by DSS.
The differentially abundant bacterial taxa in the DSS + 2011 WP
group were mainly g_Turicibacter, g_Eubacterium_fissicatenagroup
and g_Eubacterium_coprostanoligenesgroup. Notably, g_Turicibacter
influences a wide range of host metabolites, including lipids and

Fig. 4 Identification of the characteristic gut bacterial taxa among the five groups. (A) Analysis of the differentially abundant bacterial taxa among
the five groups by LEfSe. The circles radiating from inside to outside in the cladogram represent the taxonomic levels from phylum to genus, and the
nodes with different colors represent the microbial communities with significant roles in the grouping. (B) Differentially abundant bacterial taxa
based on LDA with a threshold score > 3.0 (n = 5).
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bile acids.40 Therefore, we next analyzed the microbial metab-
olites in the colonic contents of mice with colitis.

3.4. The effects of 2021 WP and 2011 WP on intestinal
metabolites in colitis mice

The colon contents of mice were analyzed by LC-MS. Twenty-
six intestinal metabolites, including 5 short-chain fatty acids,
12 bile acids, 8 amino acids, and 1 other compound, were
identified based on chemical standards and metabolomic
databases (Metlin and the Human Metabolome database)
(Table S2†). PLS-DA showed that the CK group showed a clear
trend of separation from the other groups in the direction of
principal component 1, while the DSS + 5-ASA, DSS + 2021 WP,
and DSS + 2011 WP groups all showed separation from the
DSS group (Fig. 5A), indicating that the 5-ASA, 2021 WP, and
2011 WP treatments all partially alleviated the intestinal
metabolite disorder induced by DSS, although the metabolism
levels in these 3 groups still differed from those of healthy
mice. The 200-permutation test showed that the intercepts of
R2 and Q2 were 0.0775 and −0.211, respectively, which indi-
cated that the PLS-DA model was reliable (Fig. 5B). The vari-
able importance in projection (VIP) was calculated, and the
metabolites with VIP greater than 1 and P value less than 0.05
were identified as the key differentially abundant compounds
(Table S2†). The levels of the 10 key differentially abundant
compounds in the samples are presented in Fig. 5C.

Short-chain fatty acids are saturated carboxylic acids with one
to six carbon chains that are produced by the fermentation of
dietary fibers in food by the gut microbiota; these fatty acids are
an important energy source for colonic epithelial cells and
possess physiological functions such as promoting intestinal
mucosal barrier integrity, inhibiting the inflammatory response
and increasing nutrient absorption.41,42 Fig. 5C shows that
butyric acid, isobutyric acid and isovaleric acid, which are among
the short-chain fatty acids, were identified as key differentially
abundant metabolites; their levels were significantly higher in the
intestinal contents of mice in the DSS + 5-ASA, DSS + 2021 WP,
and DSS + 2011 WP groups compared with that in the DSS group,
although they were still significantly lower than the levels in the
CK group. Amino acids in the colon are produced from dietary
protein degradation by intestinal microorganisms and are also
small molecules with various physiological functions, such as
promoting intestinal growth and maintaining mucosal integrity
and barrier function.43,44 Individual amino acids, such as gluta-
mic acid, arginine and tryptophan, also play significant roles in
reducing inflammation, oxidative stress and the level of proin-
flammatory cytokines.45–47 Fig. 5C shows that threonine was most
abundant in the CK group and was slightly more abundant in the
DSS + 5-ASA, DSS + 2021 WP and DSS + 2011 WP groups com-
pared with that in the DSS group.

Bile acids are a class of compounds with a steroidal struc-
ture that are synthesized by liver cells and released into the
intestines via the gallbladder.48 The primary role of bile acids

Fig. 5 Effect of the intake of 2021 WP and 2011 WP on intestinal metabolites in DSS-induced mice. (A) PLS-DA of intestinal metabolites in the colon
contents of mice among the five groups was performed. (B) Cross-validation plot of the PLS-DA model with 200 permutation tests is shown. (C) The
heatmap shows changes in the content of key differentially abundant compounds (VIP > 1 and P < 0.05) among the 5 groups.
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is to assist in fat digestion and absorption in the small intes-
tine. Recent studies have shown that approximately 5% of bile
acids, after exocytosis into the colon, transform into secondary
bile acids and undergo sulfation, dehydroxylation, and isomer-
ization by gut microbes; these secondary bile acids act as sig-
naling molecules in bile acid metabolism regulation, lipid and
glucose homeostasis, inflammatory response modulation,
barrier function, and the prevention of intestinal bacterial
translocation.49–51 Fig. 5 and Table 2 show that the primary
bile acids CDCA, UDCA, and α-MCA and the secondary bile
acids LCA, DCA, and TDCA were differentially abundant metab-
olites when comparing the different groups. These bile acid
metabolites all showed the highest levels in the CK group, and
there were no significant differences in the levels of these
metabolites between the DSS, DSS + 5-ASA, DSS + 2021 WP
and DSS + 2011 WP groups. The quantitative results in Table 2
show that the level of primary bile acids was higher than that
of secondary bile acids in the colonic contents of mice in
different experimental groups, and the ratio of primary bile
acids to secondary bile acids was significantly lower in the CK,
DSS + 5-ASA, and DSS + 2011 WP groups than in the DSS
group. These results suggested that gut microbial disorder
caused by DSS attenuated the conversion of bile acids from
primary to secondary types, and the intake of both 2011 WP
and 5-ASA significantly reversed this trend.

3.5. Correlation of the gut microbiota and intestinal
metabolites

The relationships between intestinal metabolites and gut
microbial taxa (genus level) were explored by Spearman’s cor-
relation analysis (Fig. S2† and Fig. 6). The results showed that
short-chain fatty acids were generally negatively correlated with
17 microbes. In particular, 6 microbes, g_Bacteroides,

g_Romboutsia, g_Parabacteroides, g_Ruminococcaceae UCG-014,
g_Turicibacter, and g_Alistipes, had significant negative corre-
lation coefficients with all short-chain fatty acids (Fig. S2† and
Fig. 6). The microbes with positive correlations with short-
chain fatty acids were g_Candidatus Saccharimonas,
g_Akkermansia, g_Pseudomonas, g_Enterorhabdus, g_Dubosiella,
and g_Lactobacillus (Fig. S2†). Among them, g_Candidatus
Saccharimonas and g_Enterorhabdus were significantly posi-
tively correlated with both of the important differentially abun-
dant metabolites butyric acid and isobutyric acid (Fig. 6),
which play crucial roles in maintaining intestinal barrier func-

Table 2 The contents of bile acids in the CK, DSS, DSS + 5-ASA, DSS + 2021WP, and DSS + 2011WP groups

Metabolites

Content/nmol·g−1

CK DSS DSS + 5-ASA DSS + 2021WP DSS + 2011WP

Primary BAs
CA 39.83 ± 13.37a 30.17 ± 3.69a 37.41 ± 12.91a 31.92 ± 3.99a 29.26 ± 2.02a
CDCA 8.87 ± 6.22a 0.56 ± 0.53b 1.56 ± 0.68b 2.02 ± 2.95b 2.16 ± 1.47b
UDCA 96.9 ± 51.57a 5.67 ± 3.89b 12.93 ± 8.14b 17.42 ± 6.83b 24.66 ± 8.83b
CA 39.83 ± 13.37a 30.17 ± 3.69a 37.41 ± 12.91a 31.92 ± 3.99a 29.26 ± 2.02a
α-MCA 1173.33 ± 401.7a 342.89 ± 221.6b 273.26 ± 156.03b 281.45 ± 150.5b 362.58 ± 174.25b
β-MCA 330.59 ± 166.38a 531.37 ± 489.15a 207.43 ± 108.7a 276.56 ± 113.21a 289.42 ± 146.83a
TCDCA 2.5 ± 1.76a 0.57 ± 0.17b 0.88 ± 0.3b 1.18 ± 1.04ab 1.35 ± 0.77ab
TCA 29.58 ± 12.06a 16.97 ± 1.43b 25.07 ± 9.46ab 21.81 ± 4.56ab 19.76 ± 2.36ab
T-β-MCA 70.91 ± 22.99a 94.58 ± 47.94a 67.39 ± 7.25a 103.88 ± 47.53a 74.23 ± 11.28a
T-α-MCA 73.94 ± 18.39a 58.97 ± 7.53a 52.32 ± 2.58a 76.09 ± 38.12a 58.84 ± 7.15a
Total primary BAs 1826.45 ± 372.04a 1081.73 ± 616.37b 678.25 ± 256.3b 812.33 ± 266.49b 862.26 ± 323.38b
Secondary BAs
LCA 83.32 ± 31.46a 21.48 ± 2.7b 27.06 ± 6.5b 24.14 ± 4.55b 33.14 ± 7.15b
DCA 418.41 ± 265.68a 10.62 ± 11.38b 34.18 ± 16.53b 30.88 ± 22.02b 34.08 ± 12.93b
TDCA 31.25 ± 5.46a 26.9 ± 0.87b 26.86 ± 1.13b 26.14 ± 1.33b 25.74 ± 1.01b
Total secondary BAs 532.98 ± 257.01a 59 ± 14.34b 88.1 ± 22.24b 81.16 ± 24.84b 92.96 ± 20.35b
Ratio of primary to secondary BAs 4.15 ± 1.99b 18.6 ± 10.69a 7.59 ± 1.37b 11.26 ± 6.51ab 9.05 ± 1.94b

Significant difference (P < 0.05) was observed between the samples labeled with different small letters (one-way ANOVA with Duncan multiple
comparison test).

Fig. 6 Heatmap of Spearman’s correlation analysis of intestinal metab-
olites and gut microbiota. Different colors represent the value of the
correlation coefficient; red indicates a positive correlation, and blue
indicates a negative correlation. *P < 0.05, **P < 0.01.
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tion, inhibiting the release of inflammatory cytokines, and
promoting the homeostasis of immune cells.52 The important
differentially abundant amino acid metabolite threonine was
positively correlated with g_Akkermansia and negatively corre-
lated with g_Bacteroides, g_Escherichia-Shigella,
g_Parabacteroides, and g_Turicibacter. Except for T-α-MCA, T-
β-MCA, and β-MCA, most bile acids were positively correlated
with 17 microbial species, including g_Bacteroides,
g_Escherichia-Shigella, g_Parabacteroides, g_Ruminococcaceae
UCG-014, and g_Alistipes, and positively correlated with
9 microbial species, including g_Candidatus Saccharimonas,
g_Akkermansia, and g_Lactobacillus (Fig. S2†). Among the
differentially abundant metabolites, the important bile acids
were all significantly positively correlated with g_Candidatus
Saccharimonas and significantly negatively correlated with
g_Bacteroides, g_Escherichia-Shigella, g_Parabacteroides,
g_Turicibacter, and g_Alistipes (Fig. 6). In contrast, the ratio of
primary to secondary bile acids was significantly positively cor-
related with g_Bacteroides, g_Escherichia-Shigella,
g_Parabacteroides, and g_Turicibacter but significantly nega-
tively correlated with g_Enterorhabdus (Fig. 6). Secondary bile
acids, especially the highly abundant LCA and DCA, are the
most potent stimulators of a variety of receptors, including
nuclear farnesoid X receptor (FXR), Takeda G-coupled receptor
5 (TGR5), and vitamin D receptor (VDR), which are widely
expressed in colonic epithelial cells, immune cells, and
colonic innervation neurons and control the host’s bile acid
metabolism levels, inflammatory response, and intestinal
motility.53–55 For example, in studies on mice, LCA was found
to modulate colonic FOXP3+ Treg cells expressing RORγ
through VDR and ameliorate host susceptibility to colitis.56

4. Conclusions

In this study, there were significant decreases in the levels of
flavanols, dimeric catechins, phenolic acids, amino acids, and
flavonoid glycosides in the extract of 2011 WP stored for 10
years, and significantly higher levels of EPSFs, theobromine,
EGCG-3″-O-Me, and theogallin in the extract of 2021 WP stored
for 0 years. Among these compounds, the total amount of
EPSFs increased 20.7-fold in 2011 WP compared with that in
2021 WP. Intake of 200 mg kg−1 day−1 2021 WP or 2011 WP
extract significantly inhibited DSS-induced pathological fea-
tures such as body weight loss, disease activity index, swelling
of the spleen, colonic length atrophy, hemorrhage, and swell-
ing and attenuation of the damage to colonic and liver tissues
in mice. 2011 WP more effectively ameliorated colitis than
2021 WP, based on reversing DSS-induced gut microbiota dis-
order (e.g., significantly suppressing the increase in the relative
abundance of g_Bacteroides and g_Escherichia-Shigella) and
intestinal metabolite dysregulation (e.g., facilitating the conver-
sion of primary bile acids to secondary bile acids). This study
demonstrated that white tea has an effect on alleviating colitis
and that storage can enhance the bioactivity of white tea.
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