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1. Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD) are common
inflammatory bowel diseases (IBD)." In the past 20 years, the
incidence and prevalence of IBD have risen sharply in many
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As the dominant herbal drink consumed worldwide, black tea exhibits various health promoting benefits
including amelioration of inflammatory bowel diseases. Despite extensive studies on the tea's com-
ponents, little is known about the bioactivities of nanoparticles (NPs) which were incidentally assembled
in the tea infusion and represent the major components. This study investigated the alleviative effects of
black tea infusion, the isolated black tea NPs, and a mixture of caffeine, epigallocatechin-3-gallate, gallic
acid and epicatechin gallate on dextran sodium sulfate (DSS)-induced ulcerative colitis. The results
showed that both the black tea infusion and the NPs significantly alleviated colitis, suppressed the mRNA
levels of pro-inflammatory cytokines TNF-a, IL-6, and IL-1f, and suppressed the DSS-induced loss of
cell-cell junction proteins (e.g., E-cadherin, ZO-1, and claudin-1) and increase of p-STAT3. The mixture of
four tea components, which is the analogue of bioactive payloads carried by the NPs, was much less
effective than the tea infusion and NPs. It shows that the NPs elevate the efficiency of polyphenols and
caffeine in black tea in restoring the intercellular connection in the intestine, inhibiting mucosal inflam-
mation, and alleviating ulcerative colitis. This work may inspire the development of tea-based therapeutics
for treating inflammatory bowel diseases and have wide influences on value-added processing, quality
evaluation, functionalization, and innovation of tea and other plant-based beverages.

medicines, in the hope of finding a safer and more accessible
solution for the prevention and mitigation of IBD.’
Antioxidant food components like tea polyphenols, when
used in effective dosages, alleviate ulcerative colitis in
animals."®"! Bitzer et al. demonstrated that oral adminis-

developed and developing countries including China. Cellular
oxidative stresses caused by pathogens and chemical or dietary
factors have been found to promote epithelial cell apoptosis
and mucosal inflammation in the digestive tract,>* thereafter
causing various diseases. To date, the drugs used in the treat-
ment of ulcerative colitis, i.e. aminosalicylic acid, glucocorti-
coids and immunosuppressive agents,” often come with alarm-
ing side effects including steroid dependence,® lymphoproli-
ferative disorders and lymphoma.””® Using antioxidant food,
e.g., tea, as a dietary intervention or adjuvant treatment for
colitis has been widely explored to overcome the side effects of
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tration of epigallocatechin-3-gallate (EGCG) at 3.2 mg g~ * for
3 days exerted anti-inflammatory effects on dextran sulfate
sodium (DSS)-induced ulcerative colitis in mice.’*> Kumar
demonstrated that tea GA reduced the expression of inflam-
matory factors and significantly attenuated the disease
activity index in DSS-induced colitis."® Black tea and its
major polyphenol derivates, e.g. thearubigins’® and theafla-
vins,"” ameliorated mucosal injury in trinitrobenzene sulfo-
nic acid-induced colitis and down-regulated NF-xB acti-
vation. Besides the tea polyphenols, other tea components
like polysaccharides may work synergically and even more
effectively with phenolic compounds to mitigate intestinal
inflammation and increase the relative abundance of probio-
tics in the gut."® When orally administered at a rather high
dosage (200 mg per kg body weight per day for 7 days), the
purified polysaccharides from a dark tea (brick tea) attenu-
ated colitis in mice, suppressed pro-inflammatory cytokines,
increased the expression of cell junction proteins, and
restored the homeostasis of the gut microbiota."” The pre-
biotic effects of tea components include increasing the

This journal is © The Royal Society of Chemistry 2023
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diversity and optimizing the structure of the gut microbiota,
and enriching short-chain fatty acids."®"®

The rich content of amphiphilic molecules in tea infusion
facilitates the self-assembly of colloidal particles. Evidence is
emerging linking the bioactivities of green tea®®?’ to these
self-assembled particles or engineered nanoparticles of green
tea and drugs.?? Previously, we have demonstrated that hybrid
nanoparticles of tea polysaccharides (pectin) and tea protein
(polyphenol oxidase) were isolated from Chinese black tea
infusion. These colloidal nanoparticles carry polyphenols and
caffeine, show potent intracellular antioxidant activities on
intestinal epithelial cells and macrophages, and protect mito-
chondrial function against oxidative stress.>® The in vitro cell-
protective activities of black tea nanoparticles, together with the
co-existence of polyphenols and polysaccharides in the particles,
show good potential in regulating intestinal barrier function and
mucosal immunity in vivo. We have shown that the ingestion of
black tea infusion immediately increased the salivary thiol (SH)
and malondialdehyde (MDA) contents while reducing salivary
uric acid (UA),>* demonstrating the direct influences of tea infu-
sion on oral mucosal cells. The black tea NPs aggregate under the
acidic pH conditions of the stomach to form agglomerates and
become more resistance to gastric digestion.>> These agglomer-
ates disassociate under the weakly acidic and neutral pH con-
ditions of the small intestine to facilitate the absorption and
release of their components. In addition, the tannic acid-loaded
zein/pectin nanoparticles are resistant to gastric digestion and
release tannic acid mainly in the small intestine.”® Therefore,
black tea nanoparticles would stand a fair chance to survive
gastric digestion after oral ingestion, as they are composed of
protein, pectin, and polyphenols.>

Here we set off to isolate the incidental nanoparticles from
black tea infusion and evaluate the efficacy of black tea infu-
sion and tea NPs for mitigating intestinal inflammation using
a DSS-induced colitis mouse model. Meanwhile, the effects of
the NPs were compared with those of a mixture of caffeine,
EGCG, GA and ECG, at equivalent concentrations, in the hope
of distinguishing the contribution of the nanostructure from
that of its ‘payload’. The role of black tea nanoparticles in alle-
viating intestinal inflammation and fortifying cell-cell junc-
tions was explored.

2. Materials and methods
2.1 Reagents

Dried black tea leaves were purchased from Zhengshan Tang
Co., Ltd (Fujian, China). The tea infusion was brewed using de-
ionized water from a Millipore Milli-Q water purification
system (Millipore, Bedford, MA, USA). DSS (mol wt,
36 000-50 000) was purchased from MP Biomedicals (Aurora,
OH). SASP (0.25 g per pill) was purchased from Xinyi
Pharmaceutical Group (Shanghai, China). Gallic acid (GA,
>99%, CAS: 149-91-7), epigallocatechin gallate (EGCG, >95%,
CAS: 989-51-5), and epicatechin gallate (ECG, >98%, CAS:
1257-08-5) were purchased from Sigma-Aldrich Trading Co.,
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Ltd (Shanghai, PR China), Caffeine (CAF) was obtained from
the Tea Research Institute, Chinese Academy of Agricultural
Sciences (Hangzhou, PR China).

2.2 Isolation and purification of NPs from black tea

To prepare the black tea infusion, the black tea leaves were
extracted with distilled water at a leaf/water ratio of 1:20 (w/v)
at 98 + 2 °C for 10 min using a water bath. The extract was fil-
tered through a 0.45 pm acetate cellulose membrane and the
black tea obtained was quickly cooled down to 25 °C.

The tea NPs were separated with a chromatography column
(Sepharose CL-2B, Bio-Rad) attached to a HPLC system (NGC, Bio-
Rad). The column was eluted with distilled water at a flow rate of
0.5 mL min". The elutes were continuously monitored with a UV
detector at 280 nm and a Malvern Nano-ZS (Worcestershire, UK)
to determine the light scattering intensity and particle size every 3
seconds. The eluate was collected in 2 mL tubes. Fractions with
strong light scattering were collected (retention time 23-32 min)
and marked as P; NPs. The separated components and the black
tea infusion were then lyophilized.

The particle size and number of the tea NPs were deter-
mined using a NanoSight system (Malvern Instruments,
Worcestershire, UK).

2.3 Animal care and experimental design

Female BALB/c mice aged 5 weeks were purchased from
Zhejiang Academy of Medical Sciences (Hangzhou, China).
After one week of acclimation, the mice were randomly distrib-
uted into control and experimental groups. All animals were
housed under a controlled atmosphere (22 + 1 °C at 50% rela-
tive humidity) with a 12 h light/12 h dark cycle. Animals had
free access to the standard diet and distilled water at all times.

The animals were randomly divided into several groups (n =
6 for each group):

(1) Control group: received deionized water for 7 days.

(2) DSS group: 5% DSS was given as the sole source of
drinking fluid for 7 days.

(3) Sulfasalazine (SASP) group: 5% DSS was given as the
sole source of drinking fluid and SASP (250 mg kg™ ') was
administered by oral gavage for 7 days.

(4) TEA group: 5% DSS was given as the sole source of
drinking fluid and tea infusion (25 mg kg™") was administered
by oral gavage for 7 days.

(5) P; group: 5% DSS was given as the sole source of drink-
ing fluid and tea NPs (5 mg kg™') were administered by oral
gavage for 7 days.

(6) P;-Simulant group: 5% DSS was given as the sole source
of drinking fluid and the P;-Simulant (7.5 pg kg™' GA, 24 pg
kg™' EGCG, 13 pg kg™ CAF, 3.5 pg kg™' ECG) was adminis-
tered by oral gavage for 7 days.

P;-Simulant: the equivalent concentration of GA, EGCG,
CAF, and ECG to P;.

At the end of the experiment, the spleens were removed,
rinsed with 0.9% NaCl, and weighed. The colons were obtained,
rinsed with ice-cold 0.9% NaCl, and placed on filter paper, and
the length was determined using a ruler. The colon was then cut
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into 4 large sections. After being packed, they were snap frozen at
—80 °C. The above process was inspected and approved by the
Animal Care & Welfare Committee of Zhejiang Academy of
Medical Sciences, China (no. 2019R02004).

2.4 Disease activity index (DAI)

The severity of colitis was assessed by DAI scoring as pre-
viously described by Kim.>” DAI is a composite of body weight
loss, stool consistency, and fecal breeding scoring. DAI scores
were recorded every day from the onset of DSS administration.

2.5 Histological colitis score

Colonic tissues were fixed in 4% paraformaldehyde solution and
paraffin-embedded after which thin sections (5-8 pm thick) were
stained with hematoxylin-eosin according to standard proto-
cols.”® The samples were viewed under a light microscope (200x).
Each quarter of the colon was graded using a scale ranging from
0 to 4 by three blinded investigators to examine the extent of
inflammation, the depth of inflammation and the amount of
crypt damage or regeneration (0: intact recess without inflam-
mation; 1: 1/3 recess damage; 2: 2/3 recess damage and mild
inflammation; 3: large recess damage, intact mucosa, and moder-
ate inflammation; and 4: mucosal epithelium loss, erosion, severe
inflammation). The average of the four quarters was representa-
tive of the whole colon.*

2.6 Analysis of inflammation factors

Quantitative real-time PCR was performed with whole frozen
colon tissues containing the proximal, middle, and rectum sec-
tions for each mouse (n = 6 per group). Firstly, total RNA was iso-
lated using the miRNeasy Mini Kit (QIAGEN, 217004).°
Secondly, reverse transcription was performed with the Revert Aid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, K1622,
Waltham, MA, USA). Quantitative real-time PCR (qPCR) was per-
formed in a Rotor-Gene Q PCR cycler with SYBR Select Master
Mix (both from Qiagen, Frederick, MD, USA). Finally, dissociation
(melting) curve analysis was performed to check for nonspecific
amplification and/or primer-dimer formation. The real-time
RT-PCR data were obtained and analyzed with the 7300 Real-
Time PCR System Sequence Detection Software (v1.4.1, Applied
Biosystems) according to default parameters, which generated the
cycle threshold (CT) values for each reaction. The PCR amplifica-
tion efficiency (E) of each primer pair was calculated from the
linear regression and the slope of the corresponding standard
curves, according to the formula: E (%) = [10 (—1/slope) — 1] x
100. The efficiency of each reference gene was considered in all
subsequent statistical analysis.

To achieve this, the raw CT values were transformed into
relative quantity using the formula 22D in which ACT
corresponds to the highest CT value minus all other CT values
for each reference gene measured across all samples.

2.7 Western blot

Proteins were separated on 8% sodium dodecyl sulfate-poly-
acrylamide running gels and then transferred onto a polyviny-
lidene fluoride (& = 0.45 um) transfer membrane using the wet
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transfer method.>® Membranes were blocked with 5% fat free
milk in Tris-buffered saline plus 0.1% Tween-20 (TBST) for
1 hour at room temperature. E-cadherin, p-STAT3, Stat3, ZO-1
and claudin-1 primary antibodies were diluted 1:1000,
1:1000, 1:1000, 1:500, and 1:500 in TBST containing 2%
milk, and the membranes were incubated with primary anti-
bodies overnight at 4 °C, respectively. The following day, the
membranes were washed 4 times (5 min each time) using
TBST. Secondary antibodies were diluted 1:5000 in TBST con-
taining 2% milk. After 5 minute of washing with TBST, the
Pierce ECL Western Blotting Substrate was added onto the
membrane and incubated for 5 min to develop the chemilumi-
nescent signal. The SuperSignal® West Dura Extended
Duration Substrate was used to capture the intensity of the
chemiluminescent signal. The X-ray film was put on the cas-
sette for 5 to 10 min for development and fixing. The intensity
of the protein bands was quantified using the Image] software.

2.8 Statistical analysis

All the experimental results are expressed as mean + SEM with
at least triplicates and n = 6 for each group. Statistical signifi-
cance was evaluated using a two-tailed probability test. #: p <
0.05 vs. Control, ##: p < 0.01 vs. Control; *: p < 0.05 vs. DSS, **:
p < 0.01 vs. DSS.

3. Results

3.1 Black Tea NP separation and characterization

The preparation of tea NPs in black tea infusion has been
described previously. The black tea NPs were isolated by size-
exclusion chromatography coupled with a dynamic light scatter-
ing detector (SEC-DLS), as shown in the ESLf The average
hydrated particle size, {-potential, PDI and count rates were 187
+ 7 nm, —32.4 + 2.5 mV, 0.2 + 0.01 and 14800 + 572 keps,
respectively (Table S1at). The NP number was counted as 4.0 x
10" particles per mg. The morphology of black tea NPs was
observed by transmission electron microscope (TEM), which
showed that they were uniformly spherical (Fig. S1DfY).
Moreover, as reported earlier,>® the protein, polysaccharide and
polyphenol contents of black tea NPs were 86.5%, 8.7% and
4.8%, respectively. It also contains 4.8 pg mg " of EGCG, 2.6 pg
mg " of CAF, 1.5 pg mg™" of GA and 0.7 pg mg™' of ECG.
SDS-PAGE analysis of the constituent proteins revealed that tea
NPs included a band of 66 kDa (Fig. S1BY), which was consist-
ent with the previous report band of polyphenol oxidase.*”

3.2 Black tea NPs alleviated the symptoms of DSS induced
colitis in mice

Body weight could reflect the health condition intuitively and
it is an important index to judge the development of UC. The
body weight decrease during the DSS treatment is shown in
Fig. 1A. The body weight of healthy mice (black) increased
while the DSS-treated mice (grey) suffered continuous weight
loss. The positive treatment control group ‘SASP group’ (light
blue) did not show significant difference compared with the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The change in bodyweight (A) and DAI scores (B) during the 7-day DSS treatment. Note: data are expressed as mean + SEM, n = 6.

DSS group. The tea infusion (TEA group) and tea NPs (P,
group) mildly ameliorated the DSS-induced body weight loss.

DAI is a composite of body weight loss, stool consistency, and
fecal breeding scoring. The DAI score increased rapidly since the
5th day of DSS administration, as shown in Fig. 1B. The tea infu-
sion and tea NPs ameliorated the DAI score while SASP failed to
do so.

As shown in Fig. 2A, the colon tissue of healthy mice
showed normal color, thickness, no signs of edema or con-
gestion, and non-adhesion to the surrounding tissues. The
DSS-treated mice showed obvious UC symptoms such as
congestion, edema and colon length shortening (p < 0.01,
Fig. 2B), as well as ulceration and local necrosis. The SASP-

A

Control
DSS

SASP

P,-Simulant

treated mice had a significantly longer colon than the UC
mice (p < 0.05), but still showed redness, swelling and
hyperemia in colon tissues. The black tea infusion and its
P, NPs significantly alleviated colon shortening (p < 0.05)
and redness, while the P;-Simulant did not stop the short-
ening of the colon.

The relative spleen weight of DSS-treated mice increased
significantly (p < 0.01, as shown in Fig. 2C). The tea infusion,
P; NPs and P;-Simulant significantly counteracted the enlarge-
ment of the spleen, indicating the suppression of the peri-
pheral inflammation of the colon.

Tea infusion and P; NPs significantly mitigated the above

manifestations of DSS-induced mice; their therapeutic
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Fig. 2 The typical appearance of the mice colon (A), colon length (B) and relative spleen weight (C). Note: data are expressed as mean + SEM, n =
6. (#: p < 0.05 vs. Control, ##: p < 0.01 vs. Control; *: p < 0.05 vs. DSS, **: p < 0.01 vs. DSS).
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effects were comparable to, if not better than, that of the
positive treatment control, SASP. The P;-Simulant showed no
significant improvement except the amelioration of spleen
weight.

3.3 Black tea NPs alleviated histological changes and
pathological scores

The pathological scoring standard of the mouse colon is based
on the damage of goblet cells, a type of intestinal epithelial
cell, the loss of crypt glands, the infiltration of inflammatory
cells, and the occurrence of edema in the mucosal layer. The
pathological scores of the tissues are shown in Fig. 3A.

>
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Histological changes in the colons of mice are shown in
Fig. 3B. The healthy mice showed normal epithelial mucosa
and the lowest pathological score, while the mice in the DSS
group scored the highest and showed inflammatory infiltration
with crypt abscesses, neutrophils infiltrating the glandular epi-
thelium and epithelial hyperplasia. The mice treated with tea
infusion and P; NPs showed significant amelioration of these
symptoms (p < 0.05 in the pathological score), while SASP and
P;-Simulant treatment showed only a slight but not significant
improvement. Despite the dosage of sulfasalazine used here
showing good agreement with previous literature,**** the
outcome is rather disappointing.

Pathological score

Fig. 3 Pathology score and representative images from the hematoxylin and eosin-stained colon sections of mice. TEA: tea infusion. (A)
Pathological score and (B) histological evaluation, magnification (200x). Note: data are expressed as mean + SEM, n = 6. (#: p < 0.05 vs. Control, ##:

p < 0.01 vs. Control; *: p < 0.05 vs. DSS, **: p < 0.01 vs. DSS).
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Fig. 4 Tea infusion, P; and P;-Simulant regulated the mRNA levels of TNF-a (A), IL-6 (B) and IL-1p (C) (analyzed using real-time PCR). Note: data are
expressed as mean + SEM (n = 6), (#: p < 0.05 vs. Control, ##: p < 0.01 vs. Control; *: p < 0.05 vs. DSS, **: p < 0.01 vs. DSS). Control: hon-colitis
group, DSS: model group, SASP: 250 mg kg~ sulfasalazine, TEA: 25 mg kg~ tea infusion, P;: 5 mg kg™ tea NPs, P;-Simulant: the equivalent concen-
tration of GA, EGCG, CAF, ECG to P, (7.5 ug kg™ GA, 24 ug kg* EGCG, 13 pg kg™ CAF, 3.5 ug kg~ ECG), respectively.

3.4 Black tea NPs suppressed mRNA levels of pro-
inflammatory cytokines

The mRNA levels of pro-inflammatory cytokines, such as IL-1f,
IL-6 and TNF-a, are shown in Fig. 4. These three cytokines are
the most important inflammatory mediators that regulate the
acute protein expression in inflammation. Their activation pro-
duces an inflammatory response, affects the integrity of the
colonic mucosa and intensifies intestinal damage, as observed
in ulcerative colitis. Substantial increases in the colonic mRNA
levels of TNF-a, IL-6 and IL-1p were found in DSS-treated mice.
Both tea infusion and P; NPs significantly inhibited the DSS-
induced mRNA levels of these cytokines, while the P;-Simulant
only significantly inhibited the mRNA levels of TNF-a and
IL-1pB, not as strongly as the tea infusion and P; NPs.

3.5 Black tea NPs ameliorated the intercellular connection of
intestinal cells

The cell-cell junction is an important structure in mediating
cell-cell adhesion and multicellular signal transduction, which

This journal is © The Royal Society of Chemistry 2023

are essential for tissue homeostasis and therefore play an
important role in intestinal barrier functions.>® Ulcerative
colitis can compromise intestinal barrier functions as the pro-
inflammatory cytokines often cause damage to the integrity of
colonic mucosa. The damage can be indicated by the
expression levels of cell junction proteins, e.g. claudin-1, ZO-1,
E-cadherin and STAT-3. In this study, DSS significantly downre-
gulated the colonic protein expression of E-cadherin, ZO-1,
and claudin-1, and up-regulated the expression of p-STAT3 in
the colon (Fig. 5). The intervention using either tea infusion or
P; NPs significantly alleviated the DSS-induced changes on the
cell junction proteins. No such alleviation was observed in the
animals treated with the P;-Simulant, which is a mixture of
constitutive phenolic compounds of P; NPs and caffeine.

There are different types of cell-cell junctions (i.e. adhesion
junctions, tight junctions, gap junctions and desmosomes), each
with  distinct functions and molecular characteristics.>®
E-cadherins play a vital role in establishing adhesion junctions,
while transmembrane proteins (claudins) and cytoplasmic pro-
teins (ZO-1) comprise the multiple-protein complexes in tight

Food Funct., 2023, 14, 8420-8430 | 8425
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Influences of tea infusion, P, and P;-Simulant on cell junction biomarkers in the colon. The quantifications of the band of protein expressions

related with inflammation, including E-cadherin (A), p-STAT3 (B), ZO-1 (C) and claudin-1 (D), are shown. Note: data are expressed as mean + SEM (n
= 6), (#: p < 0.05 vs. Control, ##: p < 0.01 vs. Control; *: p < 0.05 vs. DSS, **: p < 0.01 vs. DSS). Control: non-colitis group, DSS: model group, SASP:
250 mg kg~* sulfasalazine, TEA: 25 mg kg™ tea infusion, Py: 5 mg kg~ tea NPs, P;-Simulant: the equivalent concentration of GA, EGCG, CAF, ECG to
Py (7.5 ug kg™ GA, 24 pg kg~ EGCG, 13 ug kg™ CAF, 3.5 ug kg~ ECG), respectively.

junctions.””*® The loss of ZO-1 and elevated permeability may
occur prior to the development of significant intestinal inflam-
mation.** Meanwhile, pro-inflammatory cytokines, such as TNF-a
and IL-6, can shift the localization of E-cadherins or decrease
their expression.’® STAT3 is vital to intercellular signal trans-
mission. Its phosphorylated form (p-STAT3) is an inflammatory
indicator,”" expressed in response to IL-6. The IL23R subunit on
Th17 cells is known to be induced by IL-6 and transcriptionally
regulated, at least partially, by p-STAT3. As mentioned above, the
black tea infusion and its NPs restored the protein complexes in
the adhesion junction and tight junction, while blocking the
intercellular inflammatory signal transmission via the pro-inflam-
matory cytokines IL-1f, IL-6, and TNF-a. Further studies on the
active components of tea NPs and their cellular metabolites are
warranted to better understand the mechanism of influence of
tea NPs on the mucosal cell junctions and immune responses.

4. Discussion

Oxidative stress plays an important role in the pathology of UC
and IBD.** Antioxidant food components, i.e. tea polyphenols,
gallic acid,"® EGCG, etc., have been found to restore endogen-
ous antioxidant enzymes,** produce anti-inflammatory effects,
attenuate colon shortening and disease activity index, mitigate

8426 | Food Funct, 2023, 14, 8420-8430

histopathological injury, and reduce IL-6, IL-21, IL-23 and
TNF-a in DSS-induced colitis in BALB/c mice** or C57BL/
6 mice. However, as demonstrated previously, a rather high
dose of green tea and black tea infusion was acquired to sup-
press inflammation and mitigate colitis in rats (100 mg kg™
d™)* and in mice* (0.2% and 1% black tea extract). Oral
administration of high dose EGCG in rats (50 mg kg™* d™)*°
or in mice (3.2 mg g~' drinking fluid)'> decreases colonic
inflammation and permeability in murine model of ulcerative
colitis. In this study, the P; NPs exhibited significantly higher
antioxidant activities than the physical mixture of their con-
stituent antioxidants, e.g., EGCG, GA, ECG, CAF, etc. This is
the first report that black tea infusion and its incidental nano-
particles effectively alleviated the DSS-induced colitis in vivo at
a much lower dosage, 25 mg kg™" and 5 mg kg™", respectively.
TNF-a, IL-6, and IL-1f are well-known proinflammatory
cytokines, which play an important role in various cellular
events, including proliferation, differentiation, and death.*® An
increase in proinflammatory cytokines can stimulate the pro-
duction of oxygen free radicals, and vice versa. Oxidative stress
can damage the intestinal wall and exacerbate the process of
ulcerative colitis. As a major source of proinflammatory cyto-
kines IL-6 and IL-1B, macrophages are an important part of
the innate immune response and a key regulator of the homeo-
stasis of the intestinal microenvironment. While our previous

This journal is © The Royal Society of Chemistry 2023
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study demonstrated the antioxidant activities of black tea
nanoparticles in vitro (on intestinal epithelial cells and perito-
neal macrophages), this study has explicitly demonstrated
their anti-inflammatory effects in vivo, at a higher efficiency
than the individual bioactive compounds. The enhancement
of the intestinal cell-cell junction protein expression and the
suppression of pro-inflammatory cytokines by the black tea
NPs show good agreement with their intracellular antioxidant
activities in macrophages, epithelial cells, and subcellular
organelles.”® Notably, macrophages can engulf tea nano-
particles or bone soup nanoparticles®’*® to effectively protect
themselves from oxidative stress-induced cellular malfunction,
indicating a possible important mode of food-body interaction
occurring in the intestine.

Furthermore, a relative high dose of DSS (5%, w/v) was used
in this study. All the samples and the positive-control drug
(SASP) were administered simultaneously with DSS, mimicking
the possible preventive effects of diet on ulcerative colitis. The
therapeutic effects of SASP were marginal, which is possibly
attributed to the high dose of DSS and simultaneous adminis-
tration. SASP needs to be cleaved by colonic bacteria and sub-
sequently release its active moiety.*® The simultaneous admin-
istration of SASP and DSS in this study had left little time for
SASP to exert its effects.”® However, both tea infusion and its
NPs showed satisfactory mitigation of colitis, suggesting the
superior efficacy and safety.

Tea NPs are more effective than any other type of tea
extracts, which can be well explained either by the enrichment
of bioactive components on the water/solid interface of the
protein/polysaccharide scaffold of tea NPs,>* or by the accumu-
lation of the NPs in inflamed colon lesions as seen in the self-
assembled tannic acid-berberine hybrid particles.>® The
mucosal layer of the colon becomes more permeable to nano-
particles in the event of inflammation. In terms of the tea poly-
phenol enrichment, for example, the content of GA was 1.5 ug
mL~" in an aqueous dispersion of black tea NPs (1 mg mL™").
As the particles only took a small portion of the total volume
of dispersion, the average concentration of GA in the NPs
would be much higher than in the whole dispersion. The par-
ticle number was 4 x 10" per milliliter, as determined by
nanoparticle tracking analysis (NTA). By considering a known
mean diameter of 187 nm, the total volume of tea NPs was cal-
culated as 3.5 x 107" cm®. Subsequently, the calculated con-
centration of GA in the particles would be 1.1 x 10* ug mL™,
more than 7000 times its overall concentration in the dis-
persion. In addition, the protein-polysaccharide scaffold may
have also provided resistance to oral and gastric digestion and
facilitated the targeted delivery to the intestine. In other
words, the NPs could serve as vehicles for the delivery of con-
densed active components of tea and therefore enhance their
bioactivities.

Dysregulated immune responses to gut microbiome dysbio-
sis are attributed to the occurrence and progression of inflam-
matory bowel disease.’>*® The consumption of green tea,
oolong tea, and black tea substantially increased diversity and
altered the structure of gut microbiota.>® The green tea and

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

dark tea extracts, administered daily at 5 mg per kg bodyweight
for 4 weeks, exhibited prebiotic effects and produced fecal
microbiota that significantly ameliorate symptoms in DSS-
induced colitis in mice.'® Wu et al. demonstrated that the oral
administration of EGCG (50 mg per kg body weight) attenuated
colitis by enriching the gut bacteria Akkermansia and short-
chain fatty acids.” The extracts of aged Pu-erh tea (10 mg per
kg body weight) inhibited the intestinal oxidative stress-
mediated inflammation, elevated the expression of intestinal
cell junction proteins and reshaped the gut microbiota.>®
However, there are no reports on the biotransformation of
theabrownin, the signature component of Pu-erh tea and black
tea, by intestinal microorganisms. The black tea nanoparticles
reported here, containing polyphenols, polysaccharides, and
proteins, show potential to modulate the gut microbiota.
However, the low content of polysaccharides (~9%) and poly-
phenols (~5%) in the tea NPs are dozens of times lower than
their effective doses for modulating the gut microbiota, con-
sidering that the dose of P; NPs was only 5 mg kg .
Therefore, the microbiota-mediate immune modulation is un-
likely to play a significant role in the therapeutic effects tea
NPs we demonstrated above. Nonetheless, the possibility of
black tea NPs influencing gut microorganisms and metabolites
still cannot be ruled out without performing a comprehensive
experiment.

5. Conclusion

Our results demonstrated that black tea infusion and its self-
assembled nanoparticles alleviated DSS-induced ulcerative
colitis in mice by suppressing the mRNA levels of pro-inflam-
matory cytokines (e.g., TNF-a, IL-1p and IL-6) and ameliorating
the intercellular connection of intestinal mucosal cells, thus
attenuating the severity of colitis. The nanoparticles exhibited
almost equivalent anti-inflammatory effects to the full-body
infusion of black tea. The activities of the NPs could not be
attributed to their constituents EGCG, CAF, ECG and GA. The
fortified particle-cell interaction and absorption may play a
key role in elevating the therapeutic effects of their constitutive
phenolic compounds.

This study reinforces our knowledge on the health benefits
and underlying mechanisms of tea by providing the first
in vivo evidence that self-assembled colloidal particles from a
Chinese black tea are the functional units. This new insight
might have vast and deep influences on the value-added pro-
cessing, quality evaluation, function study, and innovation of
tea products and many other plant-based beverages, given that
black tea is one of the most influential beverages worldwide
and self-assembled nanoparticles have been identified in
various herbal drinks and medicines. It warrants further
studies to reveal how black tea NPs are absorbed, distributed,
and transported in the gastrointestinal tract and how they
affect the microenvironment and eventually exert therapeutic
effects on multiple systems.
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Abbreviations

NPs Nanoparticles

TEA Tea infusion

CAF Caffeine

ECG Epicatechin gallate

EGCG Epigallocatechin gallate

GA Gallic acid

DAI Disease activity index

DSS Dextran sulfate sodium

IBD Inflammatory bowel disease

SASP Sulfasalazine

IL-1p Interleukin-1-beta

1L-6 Interleukin-6

TNF-o Tumor necrosis factor-a

ucC Ulcerative colitis

CD Crohn’s disease

SEC-DLS Size exclusion chromatography-dynamic light
scattering.
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