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Tea is one of the most consumed beverages around the world and as such, it is constantly the object of
novel research. This review focuses on the research performed during the last five years to provide an
updated view of the current position of tea regarding human health. According to most authors, tea
health benefits can be traced back to its bioactive components, mostly phenolic compounds. Among
them, catechins are the most abundant. Tea has an important antioxidant capacity and anti-inflammatory
properties, which make this beverage (or its extracts) a potential aid in the fight against several chronic
diseases. On the other hand, some studies report the possibility of toxic effects and it is advisable to
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reduce tea consumption, such as in the last trimester of pregnancy. Additionally, new technologies are
increasing researchers’ possibilities to study the effect of tea on human gut microbiota and even against
SARS CoV-2. This beverage favours some beneficial gut microbes, which could have important repercus-
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1. Introduction

1.1. Tea throughout history

Tea is a drink made by infusing the leaves of the Camellia
Sinensis plant. Tea has its origins in China, more than 3000
years ago."” Initially, tea was used as a chewable item with
medicinal properties.> Over the centuries, tea expanded world-
wide (Fig. 1). Tea commercialization started from China to
Mongolia and Tibet.> Through the Buddhist monks, tea was
able to spread throughout the rest of Asia.’

During the 16th and 17th centuries, tea spread throughout
Europe thanks to English, Dutch and Portuguese commercial
sailing ships, reaching the New World (America) at the end of
the 17th century.®*

British diplomats gave tea to the Moroccan royalty.
However, the Berbers from southern Morocco were those who
crossed the Sahara to other cities and started tea trading in
Africa.® Tea adopted particular connotations in each new cul-
tural context.’

Therefore, this drink has been very popular for centuries’*
due to its pleasant sensory attributes,””” extensive health
benefits>® and socio-cultural characteristics.>® Actually, nowa-
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sions due to the influence of gut microbiota on human health.

days it is one of the most consumed drinks worldwide."”
Green tea is more commonly consumed in Asian countries
while black tea is more popular in Western countries.”
Recently, a new generation of consumers has emerged, which
has promoted tea drinking habits and generated a growth in
market value,” even spreading the consumption of cold tea."’

1.2. Tea varieties

Tea is an intensive monoculture that grows best in areas with
subtropical or mountainous precipitation and slightly acidic
soils.” It is usually picked as a young shoot but varies accord-
ing to the variety of tea.?

Currently, most of the world’s tea is produced in China, but
it is grown in at least 30 countries around the world, including
India, Sri Lanka, Kenya, Turkey, Viet Nam and Indonesia*
(Fig. 1). One example is that white tea production doubled
from 2010 to 2017."!

After harvest, there are different techniques to process the
tea leaves. Depending on the process, six varieties can be
clearly differentiated'” (Fig. 2). These processing techniques
date back thousands of years.'> The main processes to which
they are subjected are listed in Table 1. The six types of teas
are classified according to the fermentation/oxidation process
as this process gives each type unique chemical and sensory
characteristics.”"?

The main tea types are green tea, white tea, yellow tea,
oolong tea, black tea and dark tea. Green tea is produced from
fresh leaves that are steamed at high temperatures, thus inacti-
vating oxidative enzymes but leaving the polyphenol content
intact.>"® White tea is made from new shoots and young
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Fig. 1 Tea expansion around the world along history and main tea producing countries nowadays. Tea commercialization started from China,

spread throughout the rest of Asia, Europe, America and then Africa.>*
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Fig. 2 Tea varieties and processing steps.

leaves® and undergoes the least amount of manufacturing pro-
cesses, although it has a minimum of 5% oxidation, retaining
high levels of antioxidant compounds.>”'*'* Yellow and
Oolong teas are partially oxidized varieties, 10-20% and
30-60%, respectively.>'® Black tea can present between 80 and
95% of oxidation, losing therefore some nutrients, although
providing a softer taste.>'? Finally, dark tea undergoes a post-
fermentation process by exogenous microorganisms, while
other teas are only subjected to natural enzyme-induced
oxidation.*?

The last process of any tea is drying, which is carried out at
different temperatures depending on the type of tea.”’ Drying
modifies tea composition, especially destroying those thermo-
labile molecules.”” In this sense, the antioxidant capacity and

3800 | Food Funct., 2021, 12, 3799-3819

phenolic content, as measured by the Folin-Ciocalteu method,
change during drying.”* Additionally, some chemical markers
have been used to monitor this step for a less damaging
procedure.?*

1.3. Tea composition

The composition of tea leaves is complex. Generally it is com-
posed of proteins (15-20% dry weight), with enzymes (consti-
tuting an important fraction) and amino acids such as thea-
nine or 5-N-ethylglutamine, tryptophan, tyrosine, leucine, or
lysine.>*'® Tea leaves also contain vitamins such as vitamin C,
E or B and trace elements (Zn, Mg and Ca).'®'* In addition,
other compounds are also important in tea composition such
as different phenolic compounds, highly represented by cate-

This journal is © The Royal Society of Chemistry 2021
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Table 1 Main processes of tea processing
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Fixing

Rolling

Drying

Heaping

Bruising
Oxidation
Post-fermentation

Special process where some of the water evaporates, usually due to the effect of the sun
Process that stops oxidation reactions in leaves due to the application of temperature

Process for shaping the leaf, making it more workable

Final process by which the remaining moisture is removed

Process where the leaves are stacked (adding some humidity)

Process to induce breaks in the leaves

Process where endogenous enzymes degrade and transform leaf structures and compounds
Fermentative process produced by exogenous microorganisms of the leaf, modifying chemical,

nutritional and organoleptic properties

chins, methylxanthines, such as caffeine, theobromine and
theophylline,”* or aromatic substances.'*" However, there
can also be found heavy metals or pesticides, which are
harmful to humans and should be taken into account.'*

Although the quality of commercial tea is influenced by
various processing methods, catechins, caffeine and amino
acids in fresh tea leaves are the three most important determi-
nants."® Tea catechins include gallocatechin (GC), epicatechin
(EC), epigallocatechin (EGC), epicatechin gallate (ECG), gallo-
catechin gallate (GCG) and epigallocatechin gallate (EGCG)"
with the latter being the most studied."® Also theanine, one of
the most abundant amino acids found in tea, has recently
attracted great interest."”

Catechins are the main phenolic compounds in tea infu-
sions.” Catechins are metabolized in vivo by various metabolic
transformations, with the liver and gut being their main meta-
bolic organs."® Their metabolites are released into the circula-
tory system and distributed to different organs and tissues
where they exert their main actions.'® EGCG is that with the
highest number of phenolic hydroxyl groups, so it is the one
with the highest antioxidant activity and, therefore, the one
that could present the highest bioactivity.”

1.4. Variations in tea composition

Tea flavour and bioactivity are mainly dominated by non-vola-
tile metabolites retained in the leaf until it is infused.>”"** The
presence of these bioactive molecules depends on several
factors. On the one hand, it is influenced by the industrial pro-
cesses applied to fresh leaves™”'*'* and by the geoclimatic
conditions®'®> under which the plant grows. On the other
hand, the preparation of the drink by infusion becomes
another critical point” since this process allows the extraction
of bioactive compounds from the tea leaves to the drink.'*>°
The chemical composition of tea leaves depends on the
climate, season, region, geography, horticultural methods or
the age of the leaf.* Altitude and latitude also affect the com-
position of metabolites, mountain crops have showed a higher
level of free amino acids while crops in the plains have showed
higher concentrations of catechins.'> The concentration of
catechins in the leaf increases with sunlight exposure.'’
Amino acids in tea leaves, on the other hand, increase with
temperature and rainfall and higher concentrations have been
found in crops during spring."® Additionally, both caffeine and

This journal is © The Royal Society of Chemistry 2021

catechins are found at higher concentrations in young leaves
than in old leaves."” During the industrial processing of fresh
leaves into different types of teas, their organoleptic properties
and composition are affected.?’ During withering, the levels of
most amino acids and theaflavins increase significantly, while
the levels of catechins decrease.” During oxidation, catechins
and other polyphenols undergo reactions catalysed by polyphe-
nol oxidases to form theaflavins.” Therefore, there is a relation-
ship between the content of these compounds and the oxi-
dation levels of tea leaves.*'*'® This reaction also increases
free amino acid levels.* Green and white teas are the least oxi-
dized varieties and the varieties that preserve more com-
pounds such as phenolic compounds (mainly flavonoids).*"?
Oolong and yellow teas undergo mild oxidation processes,
which make them softer in taste and therefore more accepta-
ble to some consumers."™ Alterations in the amino acids also
contribute to the “umami taste” of tea.* The levels of methyl-
xanthines are also affected by processing, especially
theobromine.'>'® While caffeine levels are relatively stable
among the six types of teas, theophylline and theobromine
increase markedly perhaps as a result of microbial
fermentation."

Post-fermentation is another important stage during the
elaboration of tea because it is able to increase the level of
some amino acids, such as valine, suggesting the possibility
that these amino acids are products of microbial fermenta-
tion." Emerging techniques are currently being developed to
further conserve bioactive compounds during tea leave proces-
sing. An example is the superfine grinding technique.'® This is
a processing superfine grinding technique that consists of
increasing the rupture of the cell walls at low temperature with
the subsequent surface increase of tea particles, which makes
them better preserve their bioactive compounds.™’

Finally, time and temperature during tea infusion are criti-
cal for the extraction of bioactive compounds. This process
affects not only the drink’s antioxidant capacity, but also its
organoleptic characteristics.®

The methods of tea infusion vary all over the world and
depend on the different varieties of tea. For example, though
temperatures usually range from 70 to 100 °C, infusion
methods have been developed at room temperature or under
cold conditions.*° Infusion time also varies from 10 seconds
to 10 minutes.”® For example, some countries often perform
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several extractions of the same leaves and even drink infusions
in milk.” Tea infusions at 100 °C were found to be optimal for
extracting catechins and caffeine.'®'® However, the effect of
temperature on theanine, free amino acids and water extracts
varied, being better with cold water.'®'® Thus, we can observe
that temperature and different extraction methods are capable
of modifying not only bioactive compounds but also their anti-
oxidant activity.*'® A prolonged cold water extraction showed
higher antioxidant capacity compared to other extraction
methods in green teas.” However, black tea showed its highest
antioxidant capacity with hot water extraction.” Studies show
that white tea exhibited greater antioxidant capacity when the
leaves were infused for 2 hours at room temperature,
suggesting that cold infusions may be a good alternative for
maintaining the nutritional and functional properties of
tea.4,18,19

The aim of this review was to provide an overview of tea
(with emphasis in green and white teas) and its latest research.
After a general introduction, we have focused on its beneficial
effects, adverse effects and new approaches to the tea and its
bioactive compounds.

2. Beneficial effects of tea and
related bioactive compounds

Strong evidence is growing to support the preventive and thera-
peutic effects of tea on different diseases.” Green and white
teas are those with the highest concentration of bioactive com-
pounds, so that these teas also have the greatest protective
effects on health."® There is a broad acceptance that such
effects can be obtained with moderate tea consumption (3-5
cups per day; 250 ml per cup)."® For this reason, this review
focuses on the latest studies carried out in recent years
(2017-2020), focusing more on the healthy properties of white
and green teas, their extracts and their main bioactive com-
pounds (Table 2).

We have analysed the literature from the Web of Science
database with the keywords “Camellia Sinensis” AND “Health”.
The metadata were staggered and analysed with VOSviewer
version 1.6.16 by using co-occurrence and keywords. From the
more than 10 000 keywords obtained, the 80 most common
keywords were selected (Fig. 3).

2.1. Antioxidant capacity

Antioxidant capacity is one of the main properties of tea.'"'
Many diseases are associated with oxidative damage caused by
reactive oxygen species (ROS)."***>* Some tea compounds,
especially polyphenols, have a high antioxidant capacity.'®*>">*
In this sense, different pathways associated with the anti-
oxidant properties of tea phenolic compounds have been
identified.>* Their chemical structure allows polyphenols to
react with ROS, neutralizing them and avoiding their accumu-
lation in the organism."®** It has been shown that compounds
such as tea catechins regulate the expression of certain
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endogenous antioxidant enzymes such as superoxide dismu-
tase or glutathione S-transferase, modulating their activity.'®**
Results in animal experiments confirm that catechins can
increase enzymatic activity and ensure continuous elimination
of ROS.** Phenolic compounds are also able to modulate the
activity of certain metabolic pathways and thus reduce the pro-
duction of oxygen-free radicals.'®**>* A clear example is the
chelation of certain minerals such as iron or
calcium, which inhibits their action as catalysts for some oxi-
dation reactions.>* Another example is how some tea catechins
are able to reduce free radicals in lipids and stimulate
p-oxidation.”*** In rodents, tea polyphenols have a synergistic
effect with some vitamins and increased serum antioxidant
capacity.**

Theanine is another bioactive compound in tea that has
shown antioxidative effects in mitigating ROS induced
damage.”® Theanine also tends to reduce the toxic side effects
stimulated by certain drugs, relieves lipid peroxidation levels
and modulates the enzymatic activity of drug-driven gluta-
thione peroxidase.>** In animals, it has been described that
supplementation with green tea increases the enzyme gluta-
thione S-transferase, which helps the detoxification of xeno-
biotics.>® Green tea and its extracts are able to reduce toxic-
induced oxidative stress and even show promising detoxifica-
tion effects.’® The antioxidant capacity of green tea phenolic
compounds exerts protective effects against some xenobiotics
such as mycotoxins, heavy metals, pesticides or smoking-
derived compounds.*®

In summary, there are many possible mechanisms by
which tea and its bioactive compounds are able to exhibit
their antioxidant activity. Many of these mechanisms are
crucial in action on different diseases.

2.2. Anti-inflammatory activity

Inflammation is an immune system response to damage and
is linked to a multitude of pathologies and disorders. Green
tea consumption has been shown to significantly reduce
serum levels of different inflammatory markers such as
C-reactive protein.*® Moreover, certain components of green
tea (such as catechins) can increase the production of anti-
inflammatory cytokines (i.e. IL-10), regulating also the syn-
thesis and signalling of IL-6 and decreasing pro-inflammatory
cytokines such as IL-1p and TNF-o.>>%673°

According to a meta-analysis of randomized clinical trials
carried out by Haghighatdoost and Hariri,”” no significant
effect on C-reactive protein was detected. However, a signifi-
cant decrease in the levels of TNF-a was observed. They attribu-
ted these results to a low bioavailability of tea bioactive com-
pounds after intake. In addition, these authors stated that tea
anti-inflammatory effects would be better observed in a severe
inflammation.?” A study with people suffering from metabolic
syndrome vs. healthy people receiving a green tea supplement
(1 g day™'; 890 mg total catechins, for 28 days) showed a
decrease in mRNA expression levels of dependent inflamma-
tory genes.”® Green tea catechins reacted to the inflammatory
responses and could help reverse the progression of the meta-

This journal is © The Royal Society of Chemistry 2021
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Table 2 Health properties and effects of the different varieties of teas and their bioactive compounds-
Varieties of teas and
their bioactive
Health properties compounds Effects and mechanisms Ref.
Antioxidant capacity M Tea « Inhibition of free radicals 16 and 22-25
B Polyphenols « Regulation of the expression and activity of certain antioxidant
enzymes
M Catechins « Chelation of minerals
M Theanine - Increase of serum antioxidant capacity
M Tea + vitamins « Increased detoxification of environmental contaminants
Anti-inflammatory activity M Tea « Reduction of inflammatory markers such as C-reactive protein 22 and 26-30
M Green tea « Increase of anti-inflammatory cytokines such as IL-10, regulation
of IL-6 and decrease of pro-inflammatory cytokines such as IL-1p
and TNF-«
B Green tea extract » Decrease mRNA expression of inflammatory dependent genes
M Catechins - Improvement of the intestine integrity
B EGCG « Decrease of immunoreactive nitrotyrosine and the overregulation
of the intercellular adhesion molecule-1
Lipolysis and obesity M Tea « Improvement of lipid metabolism, reduction of apolipoprotein B, 22 and 31-41
modulation of p-oxidation of fatty acids and activation of AMPK
W White tea extract « Modulation of cholesterol and triglyceride levels by reducing the
production of low-density lipoproteins
M Green tea « Increased GLUT4mRNA expression
B Green tea extract - Attenuation of endothelial dysfunction induced by low-density
lipoproteins oxidised through Jagged-1/Notch
B Polyphenols « Regulation of digestive enzyme activity such as gastric and
pancreatic lipases
M Catechins « Prevention of bile acid reabsorption from the small intestine,
modulation of the synthesis of bile acids and increase of the faecal
excretion of cholesterol
B EGCG « Decrease of leptin levels
H CG - Stimulation of energy expenditure and thermogenesis by
increasing mRNA levels of thermogenesis genes such as Ucp1 and
Ucp2
B EGC « Reduction of body weight and body mass index
W Caffeine « Decrease of waist/hip ratio, visceral fat and body fat
B Chlorogenic acid
M Tea + exercise
Hypertension and M Tea « Inversely related to the risk of cardiovascular disease and 22,31, 35
cardiovascular diseases prevalence of coronary artery disease and 42-45
M Green tea « Reduction of the ischemic stroke risk
B Polyphenols « Reduction of systolic and diastolic blood pressure and
antihypertensive activity
M Catechins « Reduction of vascular inflammation by improving endothelial
dysfunction and vascular function
B EGCG « Increase of nitric oxide plasmatic concentration and inhibition
of pro-inflammatory cytokines and platelet aggregation
W Caffeine « Improvement of endothelial dysfunction and blood flow
B Quercetin « Improvement of blood vessel homeostasis and regulation of the
renin-angiotensin-aldosterone system
M Theanine
M Tea + vegetables/fruits
B EGCG + exercise
Effect on glycemic control and B White tea « Significant reduction in blood glucose, improvement in glucose 22,25,31
diabetes intolerance and increased sensitivity to insulin and 45-50

M Oolong tea

B Green tea

B Green tea extract
B Polyphenols

M Flavonoids
M Catechins
W EGCG

MW Quercetin
M Genistein
M Theaflavins
M Theanine

This journal is © The Royal Society of Chemistry 2021

« Protection of p cells on the Langerhans islets

« Inhibition of inflammatory factors and reduction of ROS

« Modulation of gene expression of related enzymes

« Suppression of glucose intestinal absorption by inhibiting
enzyme activity

- Inhibition of the insulin tyrosine kinase receptor

Food Funct,, 2021,12, 37
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Varieties of teas and
their bioactive

Health properties compounds Effects and mechanisms Ref.
Kidney protective effects M Tea « Inhibition on the formation, morphology and density of kidney 51-54
crystals
M Green tea « Reduction of kidney stone incidence
B Polyphenols « Diuretic and natriuretic effects
B EGCG « Activation of DGKa protection and reduction of iron-mediated
formation of ROS
M Caffeine - Protection against kidney damage and inflammation
Anti-cancer and anti-mutagenic M Tea « Reduction of tumour growth and cancer cell proliferation 31 and 55-65
properties M Tea extract - Apoptosis induction, reduction of telomerase activity and
decreased caspase activity
W White tea extract - Alteration of cancer cell epigenetics by modulating the immune
system through histone modification and DNA methylation via
tumour suppressor genes
B Green tea « Regulation of the cell cycle
M Green tea extract « Reduction of tumour incidence
B Polyphenols « Reduction of tumour-associated inflammation and immune
tolerance
B Catechins
B EGCG
Bone health effects M Tea « Reduction of hip fractures 25 and 66-69
M Black tea « Improvement of bone mineral density and reduction of bone
resorption
W White tea « Protective effect on bone tissue and cartilage
M Green tea « Mitigation of inflammation and bone loss
M Polyphenols - Improvement of bone microarchitecture and osteogenic
differentiation
M Catechins « Protective effect on bone metabolism
B EGCG « Protection from prolonged toxic exposure
M Theaflavins
W Kaempferol
B Phenolic acids
M Tannic acid
M Polyphenols + vitamin
D3
Antibacterial, antiviral, W Tea « Membrane attraction and increased permeability 23, 25, 45
fungicide and antiparasitic M Black tea « Promotion of cell lysis and regulation of peptidoglycan and 70-77
activities biosynthesis by altering the cell wall
B White tea - Antibacterial effects on Gram-positive and Gram-negative
bacteria
M Green tea « Suppression of growth microbial activity
B Green tea extract « Improvement in pharmacological treatment of some bacterial
and viral infections
B Polyphenols - Prevention of adherence, spread and replication of viruses
M Catechins « Inhibition of transcriptase
B EGCG « Anti-fungal effect by modifying pH
B ECG « Decreased number and growth of parasites
B GCG
B Theaflavins
M Phenolic acids
B Caffeic acid
M Gallic acid acids
Effects on oral health M Black tea extract « Regulation of the microbial environment 25,76 and
W White tea extract « Inhibition of bacterial growth and production of volatile 78-82

M Green tea
B Green tea extract

B EGCG

3804 | Food Funct, 2021,12, 3799-3819

compounds

« Reduction of bacterial activity and caries incidence

« Control of periodontitis by anti-inflammatory and antioxidant
activities

« Improvement of oral health

This journal is © The Royal Society of Chemistry 2021
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Table 2 (Contd.)
Varieties of teas and
their bioactive
Health properties compounds Effects and mechanisms Ref.
Effects on dermatological W Tea « Reduction of some immunoglobulin, histamine and pro- 25,77, 83
health and antiallergic effect inflammatory cytokines and 84
M Green tea « Alternative treatment of rhinitis
B Green tea extract « Reduction of skin desquamation and psoriasis in topical
application
B Polyphenols « Modulation of collagenase and elastase activity helping to
maintain skin elasticity
M Catechins « Reduction in the number of inflammatory lesions
B EGCG - Potential of anti-haemorrhagic applications and promotion of
wound healing
Effects on stress and brain MW Tea « Relaxing and anxiety-reducing effect 17, 23, 25,29
function B White tea  Reduced the depression risk and 85-94
M Green tea « Improvement of mental and sleep health
B Green tea extract « Reduction of cognitive impairment
M Catechins « Activation of a, § and 0 wave production in the front and central
parts of the brain
B EGCG » Modulation of GABA
B ECG « Neuroprotective effects against neural injury, Huntington’s
disease and amyotrophic lateral sclerosis
B Theanine « Improvement of memory in Parkinson’s disease
M Caffeine - Suppression of amyloid plaque formation,
immunohistochemical alteration and oxidative damage
M Gallic acid - Neuronal protections by inhibition of ROS generation and Af
fibrils formation in the brain tissue
M Pyrogallol - Significant competitive inhibition of acetylcholinesterase and
modulation of acetylcholine levels
* Reduction of brain swelling and improvement of endothelial
function
Lung health effects M Tea « Improvement of histopathological injuries 95
B EGCG « Reduction of pro-inflammatory markers
« Improvement of lung regeneration capacity
Effects on fertility M Green tea « Improvement of fertility rate 96
B EGCG - Stimulation and regulation of hormones responsible of the
menstrual cycle
» Modulation of progesterone and oestrogen levels
« Reduction of DNA fragmentation and improvement of sperm
motility and viability
Effect on the liver M Tea « Modulation of liver enzymatic levels and bile acid metabolism 25, 45 and
W White tea « Reduction of oxidative damage induced by contaminants in liver =~ 97-100

tissues
B White tea extract
B Green tea
W Green tea extract
B EGCG

bolic syndrome. However, these authors acknowledge that
longer term interventions are needed.*®

Inflammation of the intestinal epithelial barrier is impor-
tant in diseases such as inflammatory bowel disease or
Crohn’s disorder. Rodent models have shown that catechin-
rich green tea extract improves the integrity of the intestinal
barrier. This generates a modulation in the translocation of
endotoxins derived from the intestine, and their consequent
pro-inflammatory responses.”**>° EGCG treatment significantly
increased antioxidant capacity and reduced the signs of
related colitis, as well as mitigating less severe symptoms.>*~°
Green tea extract also reduces the entry of immunoreactive
nitrotyrosine into the colon and reduces the over-regulation of
intercellular adhesion molecule 1 (ICAM-1).>® In summary, tea
polyphenols have shown a great protective effect against
several chronic inflammatory disorders.>®°

This journal is © The Royal Society of Chemistry 2021

- Mitigation of non-alcoholic fatty liver disease
« Decrease of the NFkf factor

2.3. Effects on lipolysis and obesity

Obesity is a chronic multifactorial disease characterized by an
excessive accumulation of fat.>> The anti-obesogenic effects of
different types of teas and their bioactive compounds have
been described at anthropometric and biochemical
levels.>>?'™*!' According to the latest in vitro and animal
studies, the main effects described were to decrease lipid
absorption and to increase fat oxidation, thus reducing trigly-
ceride, cholesterol and leptin and to stimulate energy
expenditure.”>*>*® In epidemiological studies the main effects
described were a reduction in body weight, variation of the
body mass index, a decrease of waist/hip ratio, and a reduction
of visceral and body fat.>*?*37~*!

White tea extracts are able to modulate the metabolic syn-
drome, particularly by improving lipid metabolism.*® These
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Fig. 3 Main keywords related to the search terms “"Camellia sinensis” AND "Health” analysed with VOSviewer.

extracts significantly reduced apolipoprotein B and modulated
cholesterol and triglyceride levels by reducing the production
of low-density lipoproteins. They also reduced significantly the
accumulation of intracellular triglycerides.”?

Green tea is the most studied variety of tea regarding its
anti-obesogenic effects.’>?*3>37?% The effects vary according
to the dose, the type of extract and the duration of the inter-
vention, so the effectiveness depends on the dose-response
ratio.”>*” In a cross-sectional study of 232 middle-aged
Japanese women, daily intake of green tea was inversely associ-
ated with a high body mass index.*® According to Lin et al. a
green tea dose of <500 mg day ' for 12 weeks was enough to
improve body weight and body mass index, specifically for
periods longer than 12 weeks at a dose <800 mg day '.*
Furthermore, it has been described that subjects who habitu-
ally consumed tea at around 400 ml day™" for 10 years were
associated with a lower percentage of body fat and a decreased

3806 | Food Funct, 2021,12, 3799-3819

waist-to-hip ratio.”>?” Although protective effects against

hyperlipidaemia were described, no effects were observed on
high-density lipoproteins, while modifications of low-density
lipoprotein and triglyceride levels were obtained.”**> Another
mechanism described is the effect on oxidative stress by indu-
cing antioxidant effects in adipose tissue.>” In addition, it has
also been reported that tea inhibits intestinal lipid absorption
by interfering with the formation of micelles.*®

Tea phenolic compounds appear to play a major role in tea
anti-obesogenic effects. Some studies observed that obese rats
fed with green tea polyphenols have a repression of lipogenesis
in adipose tissue and an activation of AMPK; this caused an
increase in GLUT4 mRNA expression and reduced plasma lipid
concentrations, stimulating also fatty acid oxidation.*”?* In
another study, a reduction in the body mass index of Japanese
women was described due to the synergistic effect of caffeine
and chlorogenic acid.’® Caffeine in green tea has effects on

This journal is © The Royal Society of Chemistry 2021
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weight loss at doses >300 mg day *,** modifying also thermo-
genesis and the metabolism of white adipose tissue.>**" Both
in vitro and animal experiments have shown that green tea
catechins can modulate lipid homeostasis by reducing the
levels of plasma triglycerides, low-density lipoproteins and
total cholesterol.”>*> Catechins suppressed the synthesis of
fatty acids and down-regulated p-oxidation.>” In rats, EGCG
has been found to influence the expression of acetyl coenzyme
A carboxylase-1 and reduce the accumulation of fatty tissue.*
Additionally, EGCG may attenuate endothelial dysfunction
induced by oxidized low-density lipoprotein through Jagged-1/
Notch.?® Other catechins, such as CG and EGC, attenuated the
accumulation of lipids around 50%.>> Green tea catechins
reduce cholesterol concentrations and increase faecal excretion
in animals.*® Catechins also reduced the activity of digestive
lipase, gastric lipase and pancreatic lipase by altering the
emulsification process and consequently reduced fat diges-
tion-absorption.*” In addition, tea catechins prevent the reab-
sorption of bile acids in the small intestine, influencing (i.e.
increasing) the synthesis of bile acids.* Luo et al. showed how
EGCG and ECG from white tea extracts contributed to the regu-
lation of genes related to cholesterol metabolism.** EGCG fed to
mice induced an increase of body temperature by improving
mRNA levels of thermogenesis genes such as Ucp1 and Ucp2.>>
In addition, effects on the reduction of leptin in rats treated
with EGCG have been described.”* A double-blind study in
healthy Japanese men confirmed that an intake of 690 mg of tea
catechins often significantly reduced body weight and fat mass
after 12 weeks of intervention.” According to a meta-analysis
carried out by Sultane and Cambaza there was a direct relation-
ship between catechin concentration and body mass index
reduction, body weight and waist/hip ratio reduction.*® Most of
the in vitro studies suggest clear anti-obesogenic effects, but epi-
demiological studies show high heterogeneity.

Ethnicity, initial body mass index and age combined with a
short duration and small sample size make it difficult to establish
definitive relationships between the beneficial effects of tea con-
sumption and its direct effects on obesity.*****>%” Therefore, it is
suggested to consume tea together with a balanced diet and
physical exercise.*””? Some studies have evaluated the effect of
tea consumption and its relation to physical exercise.**** Bagheri
et al. showed that green tea extracts improve exercise-induced
body composition by further reducing exercise-induced changes
in weight, body mass index, waist/hip ratio and body fat.** They
performed an intervention with an 8-week training program that
included training 3 times a week along with a green tea capsule
with 500 mg day". The results showed improvements related to
body composition and inflammation, as well as increased serum
adiponectin concentrations.*' These results give a great perspec-
tive to therapies that combine daily tea consumption with an
exercise routine to fight obesity.

2.4. Effects on hypertension and cardiovascular diseases

Cardiovascular diseases (CVD) are a heterogeneous group of
pathologies affecting the circulatory system. Observational
studies have indicated that green tea intake is inversely related
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to CVD risk.>® In a large retrospective study in Japanese
people, consumption of 3-4 cups of tea reduced the risk of
ischemic stroke.”® In another study, a group of 612 partici-
pants in Tokyo, Japan, underwent coronary angiography and
dietary assessment. Increased consumption of green tea was
significantly associated inversely with the prevalence of coron-
ary artery disease. Those patients who drank >3 cups per d had
a lower prevalence than those who had an intake of <1 cup per
day. This low prevalence was reported also in subgroups with
high fruit and vegetable intake.*” According to a meta-analysis
by Xu et al., in which 24 studies involving 1697 subjects were
analysed, the consumption of green tea significantly reduced
systolic and diastolic blood pressure. They proposed as poss-
ible mechanisms a decreased oxidative stress and a reduction
of vascular inflammation improving endothelial dysfunction.**

There are several compounds that could mediate tea effects
over CVD. Phenolic compounds have antioxidant effects on the
cardiovascular system.>' Green tea catechins increase plasma
concentration of nitric oxide, which can inhibit pro-inflamma-
tory cytokines and platelet aggregation and lead to improve-
ment of the endothelial dysfunction and blood flow.****
Particularly, EGCG showed a strong antihypertensive
activity®** and a dose-dependent effect on vasodilation in
rodents. In addition, EGCG improves localized blood flow after
an endurance exercise session, although further research is
required.”* On the other hand, caffeine regulates the homeo-
stasis of the blood vessels.>'"** Quercetin and theanine reduce
blood pressure in animals and humans and therefore reduce
the risk of cardiovascular disease. Quercetin reduces also oxi-
dative stress and acts on the renin-angiotensin-aldosterone
system by improving vascular function.*” Despite evidence of
possible beneficial effects, these only show slight associations
in epidemiological studies and therefore more studies are
needed.”>*>*

2.5. Effects on glycaemic control and diabetes

Diabetes mellitus is a disorder in which blood glucose is exces-
sively high and is related to insulin resistance and insufficient
insulin secretion.> There are several studies that highlight the
effects of green and white teas and their bioactive compounds
both in in vitro and in animal studies.****>*>™ The research
carried out by Xia et al. showed a significant reduction in
blood glucose and an improvement in glucose intolerance in
mice after drinking white tea. In addition, a protective activity
of the p-cells in the Langerhans islets against oxidative and
inflammatory damage was observed.*® This confirms a pre-
vious study with pre-diabetic rats which drank white tea for
two months, finding increased sensitivity to insulin.*’
Therefore, white tea has clear potential for blood glucose
control and to protect against diabetes.*>*’

Green tea effects on blood glucose levels are attributed to
altered insulin tolerance in peripheral tissues such as skeletal
muscles and adipocytes.>” Diabetic mice treated with green tea
polyphenols for 15 days showed a 44% reduction in serum
glucose.”” In another study, Wistar rats were treated with green
tea for eight weeks. Although a poor hypoglycaemic effect was
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observed, it was able to reduce diabetic complications by inhi-
biting inflammatory factors and reducing ROS.*® EGCG sup-
plementation has also showed to improve glucose tolerance
and to prevent the destruction of the Langerhans islets, modu-
late gene expression of relevant enzymes> and reduce serum
glucose levels.”® Tea flavonoids, on the other hand, can sup-
press the intestinal absorption of glucose by inhibiting the
activity of a-glucosidase and stimulating the glucose transpor-
ter 4 (GLUT4) by mediating glucose absorption and increasing
insulin sensitivity.*® In addition, green tea quercetin and gen-
istein inhibited the activity of the insulin receptor tyrosine
kinase IRS-1, IRS-2.%* Other in vitro studies in rats show that
catechins and theaflavins help prevent hyperglycaemia by inhi-
biting p-cell damage and increasing insulin activity.>>"*>

Different epidemiological studies showed that green tea can
reduce insulin resistance and improve glycaemic control.
However, there insufficient evidence for these
effects.>**° In short-term trials, green tea supplementation
significantly reduced fasting glucose, but had no significant
effect on fasting insulin.’® A systematic review by Yu et al.*
assessed the effect of green tea and green tea extracts on
insulin resistance and glycaemic control. They found that the
extracts were more convenient and acceptable to participants
than drinking due to taste issues.® In two large-scale popu-
lation cohorts of Chinese men and women, researchers
observed a positive, dose-response association between green
tea consumption and a decreased risk of type 2 diabetes.*®
However, another study carried out in Shanghai (China)
warned of the opposite effect: green tea and oolong tea drin-
kers were at an increased risk of type 2 diabetes. They pointed
out that tea drinkers were smokers and drank alcohol more
often, were less likely to exercise and also had a higher calorie
diet.” Due to these results, more long-term trials are needed
to evaluate the effects of supplementation with tea or its bio-
active compounds on diabetes and glycaemic control in
humans.

was

2.6. Kidney protective effects

Lithiasis or kidney stone formation happens frequently and
occurs when salts in urine crystallize.”® In vitro studies
describe how different types of teas have a significant positive
action on the morphology, density and size of the crystals,
green tea being the type of tea with the best results.”® Two
large epidemiological studies suggested that regular tea intake
reduces the risk of kidney stone incidence by 13% and 22% in
women and men, respectively.”> According to this study,
regular consumption of tea may reduce the risk of kidney
stones in a dose-response effect.>

Although green tea also contains oxalate, a potential source
of crystals, a rat model gave surprising results that supplemen-
tation with green tea in drinking water could reduce the
amount of crystals deposited within the kidneys.>®* Some of the
responsible mechanisms of a decreased lithiasis risk are the
increased fluid intake, the diuretic and natriuretic effect of
caffeine and the antioxidant and anti-inflammatory properties
of polyphenols.>*>>
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Recently, tea EGCG has been studied for its possible use in
the prevention of several kidney diseases, such as acute kidney
injury or diabetic nephropathy. So far, it has been reported
that green tea EGCG improves albuminuria in diabetic nephro-
pathy in a human trial. The main mechanism involved the
activation of DGKa, so that protecting kidney activity.>* It has
been shown that EGCG could act also as an iron chelator,
resulting in a decreased ROS production and subsequent pro-
tection against kidney damage.” Finally, almost all studies on
kidney diseases have been conducted in cells or animal culture
models. Further clinical trials are needed to provide conclusive
evidence of the protective effects on the kidneys.”?

2.7. Anti-cancer and anti-mutagenic properties

Anti-cancer effects of tea have been the focus of much research
in recent years.”"*>® Polyphenols in tea play an important
role in the prevention and control of cancer progression due to
their different properties.>®*® The mechanisms studied are
generally based on antioxidant activity, regulation of the cell
cycle, modulation of the immune system and epigenetic
control.’”**®® In general, tea polyphenols suppress tumour
growth and cancer cell proliferation,®>>® while also possessing
proapoptotic®>® and chemopreventive effects.*® According to
in vitro studies, several mechanisms for the anti-cancer effects
of tea catechins have been observed.”’”*®*®® Shirakami and
Shimizu® showed the effect of EGCG in reducing telomerase
and caspase activities. Additionally, ECGC also indicates the
possibility of altering the epigenetic signals in cancer cells
through histone modification and DNA methylation.®® On the
other hand, the same authors acknowledged that the pro-
oxidant activity of green tea polyphenols could induce apopto-
sis and inhibit the growth of cancer cells.®® On the other hand,
according to Abe and Inoue (2020), green tea consumption is
inversely associated with several forms of cancers such as
lung, oral or ovarian, with a risk reduction of around 19%."
For the other types of cancer, contradictory findings have been
observed.®" Current research focuses mainly on the effects of
tea on colorectal cancer,” ™ breast cancer®°>®* and prostate
cancer.”®%°

Colon cancer begins in the large intestine. Some studies
describe that green tea consumption can reduce the incidence
of colorectal cancer tumors.”>” The data support anti-tumour
activity due to histone modification, micro-RNA and DNA
methylation.>” On the other hand, at optimum doses (1000 mg
ml ™" every 24 h) and under in vitro conditions, it was observed
that an aqueous extract of white tea played an important role
against the HCT-116 cell line of colon cancer and in the regu-
lation of the tumour suppressor gene pathway.>®> According to
Liu et al., extracts of white tea suppressed the growth of BEL -
7402 cells.””

Breast cancer is one of the most common cancers in
women. According to the results of Wang et al.®*> people who
drink green tea are partially protected against breast cancer,
especially in the long term at high doses. In a meta-analysis
carried out by Yu et al. some evidence from case and control
studies suggested a lower breast cancer incidence within the
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population who consumed green tea. However, they also
warned about the small number of clinical trials available and
the quality of the studies.®” On the other hand, another meta-
analysis evaluating studies with intakes of more than 5 cups of
tea per day showed a potential reduction of breast cancer risk
about 15%.*

Prostate cancer is one of the most common cancers in men.
According to Rogovskii et al.,*® catechins are among the best
known polyphenols in relation to the treatment and prevention
of this type of cancer, as they may reduce tumour-associated
inflammation and immune tolerance. A prospective, random-
ized study evaluated the bioavailability of polyphenols and
methylation activity in men with prostate cancer, but no sig-
nificant results were observed.”® Miyata et al. presented a
summary of the currently published data obtained through
in vitro studies, animal experiments and clinical trials.
Although in vivo studies had heterogeneous results, in vitro
studies showed that some compounds, such as EGCG, sup-
pressed the induction of the cytokine and chemokine genes,
being results with great potential.®!

Finally, Filippini et al. analysed 142 studies looking for an
association between green tea consumption and different
types of cancer. Their study revealed that the relationship
between green tea consumption and cancer risk reduction was
inconsistent.®® In addition, most of the studies included were
in Asian countries that were already high in tea consumption,
which limited extrapolation of the results to other popu-
lations.®® In general, tea extracts in high concentrations and
some individual bioactive compounds (such as EGCE) showed
very promising in vitro effects. However, the association
between consumption of green or white teas and total cancer
risk is not clear or conclusive.*"**®* Therefore, more and
better designed and longer studies in different types of popu-
lations are needed to confirm such positive data.

2.8. Bone health effects

Several are the studies that describe the beneficial effects of
different varieties of tea on bone health.*>**™®® According to
Tomaszewska et al. a reduction in the risk of hip fractures was
described in regular tea drinkers.®” In the same study, a better
bone mineral density was achieved by post-menopausal
women who drank tea.®® Although the effect is mostly
described for green tea, white tea exerted the greatest protec-
tive effect on bone tissue and cartilage®® whereas black tea
showed the greatest stimulation of bone mineralization.®”

On the other hand, it has been observed that polyphenols
in green tea increase bone formation and reduce bone
resorption,”>®® especially tannic acid.®® Animals sup-
plemented with green tea polyphenols and hydroxylated
vitamin D3 mitigated bone loss in inflammation-induced or
rheumatoid arthritis caused by osteoporosis.>> Another study
in rats shows that a daily intake of 3.4 mg EGCG kg™ day " for
3 months can help mitigate bone loss and also improve bone
microarchitecture.”> EGCG can also improve the osteogenic
differentiation of mesenchymal stem cells in the bone
marrow.®® Overall, this study demonstrated for the first time
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that local treatment of EGCG can accelerate the fracture
healing process, at least in part, via bone morphogenetic
protein-2 (BMP-2).°® Green tea constituents such as catechins,
theaflavins, kaempferol and phenolic acids have been seen to
have estrogenic effects, which can influence bone health.®®

Finally, lead (Pb) and cadmium (Cd) are environmentally
toxic metals.®® Regular consumption of white, black or green
tea has been described to have a protective effect on bone
metabolism and increased bone resorption during prolonged
exposure to Pb and Cd in rats.*>®® While more studies are
needed to confirm the in vivo effects, the results suggest that
tea consumption can benefit bone health.®”

2.9. Antibacterial, antiviral, fungicide and antiparasitic
activities
There are many studies claiming that tea and some of its bio-
active compounds, such as EGCG and EGC, are mainly respon-
sible for antimicrobial activity,>**>7° antiviral
activity,>**>*>71"7> and fungicide®®*>’® and antiparasitic
activity.”® These properties of tea became relevant thanks to
the British Army Medical Corps that viewed black tea as
helping to prevent various infections.”®

Tea catechins showed the greatest anti-bacterial activity.
One of their mechanisms is related to their binding capacity to
cell membranes. Such binding allows catechins to alter the
membrane and increase permeability, inducing cell lysis.”® In
several studies, polyphenols from green tea extracts, particu-
larly EGCG and ECG, were effective against Pseudomonas aeru-
ginosa, Clostridium botulinum, Bacillus cereus, Escherichia coli,
Salmonella and Staphylococcus aureus.”>*>”%”” They damaged
the cell membrane affecting the regulation of peptidoglycan
biosynthesis and generating an alteration in the structure of
the cell wall.”” Lower concentrations of EGCG and ECG are
necessary to exert effects on Gram-positive bacteria than on
Gram-negative.>>*® Tea catechins and polyphenols (such as
caffeic and gallic acids) also suppress the growth of
Helicobacter pylori.*>** An additional study revealed that green
tea catechins could also be used to treat urinary tract
infections.***®

Different studies have found that tea, and particularly
EGCG, has antiviral effects against several viruses. The anti-
viral effects are associated with the inactivation of the virus by
preventing adhesion, spread and replication.”> One of the
described mechanisms is to inhibit the enzyme transcriptase
that allows the virus to live within host cells.”® According to
the review carried out by Sanlier et al., white tea had a greater
antiviral effect."® EGCG may be a potential alternative agent
for viral diseases as it showed broad-spectrum antiviral activi-
ties in many viruses, including hepatitis C virus, hepatitis B
virus, influenza, Herpes simplex virus, murine cytomegalovirus,
reovirus and adenovirus, acting even against diseases related
to the human papilloma virus.>**>”*””* In some cases, EGCG
could effectively prevent and improve the symptoms of some
viruses.”>”® In epidemiological and experimental studies in
humans the evidence was variable.
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Green tea consumption could reduce the incidence of influ-
enza.”* Adsorption of green tea catechins into the pharyngeal
mucosa through ingestion or gargle could serve to prevent
infection.”* In addition, green tea can inhibit the infection of
Dengue or Zika viruses in vitro.”"’

Regarding fungal infections, their treatment usually
requires long-term therapy.>® Green tea extracts, especially
catechins, have antifungal action,”*”® especially anti-candida
in a pH-dependent manner.”* Black tea was found to be the
one with the highest anti-fungal activity.*” Finally, tea can be
also used against parasitic infections by decreasing the
number and growth of parasites.”

The effect of tea against SARS CoV-2 is a very promising
area and will become an important trend in the future, but
more studies will be needed. One example is the study by Gosh
et al. where they provide three green tea polyphenols (EGCG,
ECG and GCG) that may serve as potential inhibitors against
SARS CoV-2 Mpro.”” This is a fundamental enzyme in the
mediation of viral replication and transcription, and in this
way it can act against coronavirus disease 2019 (COVID-19).”*

2.10. Effects on oral health

Halitosis is a common condition in the mouth produced by
some volatile compounds generated by different bacteria. It
was seen how EGCG can regulate the microbial environment
by inhibiting bacterial growth and the production of volatile
compounds.”® Dental cavities are also one of the most fre-
quent problems related to oral health. Studies on cariogenic
factors have shown that some types of teas and their com-
ponents can be effective on bacterial activity and caries
incidence.>®”®% For example, extracts of black and white tea
based on water and ethanol have significant activity against
cariogenic pathogens.®'

Green tea also showed a high effectiveness against cario-
genic pathogens. The explanation behind is the influence of
green tea in pH control.’”® In addition, according to
Ghorbanoghli et al. green tea could also influence mouth
health and help control periodontitis via antioxidants.”” On
the other hand, in a study conducted by Nanri et al. with
7514 Japanese participants over the age of 65, it was found
that a consumption of >3 cups per day of green tea can
increase oral health.®” Tea polyphenols, particularly EGCG,
can reduce the growth and adhesion of oral bacteria to the gly-
coprotein layer on the tooth surface.>®’®”%7® Moreover, Vilela
et al. demonstrated that a mouthwash with green tea or an
EGCG extract has antimicrobial activity (particularly the EGCG
extract) in children, which further reduced bacterial levels in
the oral cavity.®® This finding along with other studies sup-
ports the use of green tea and green tea extracts with a high
EGCG content as a good alternative to chlorhexidine-based
mouthwashes,”®”?%* especially for its effects in reducing bac-
terial density in prolonged uses (1-2 weeks).”® Its effects are
promising, even longer term uses, but more studies are
needed to see whether or not the effects will be
significant.”®%°
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2.11. Effects on dermatological health and antiallergic effect

Several studies have described the beneficial properties of
green tea extracts on dermatological health.”>””** Green tea is
effective in treating acne due to its anti-inflammatory and anti-
oxidant properties.*> In a recent meta-analysis, the topical
application of green tea extract significantly reduced the
number of inflammatory lesions, while oral intake showed a
slight effect thanks to its anti-inflammatory and antimicrobial
properties.®? Furthermore, green tea extracts have been related
to wound healing. According to the results shown by Kalalinia
et al., the topical formulation of green tea extract shows great
potential for anti-haemorrhage applications. It was found that
tea tannins can affect haemostasis, reducing bleeding time
and promoting the wound healing process by significantly
reducing bleeding time.”®

Polyphenols exert some protection against harmful effects
of UV rays on collagen.>® Topical application of green tea poly-
phenols can reduce skin flaking.>® Catechins control the
activity of collagenase and elastase and help maintain skin
elasticity, and in particular a positive effect of EGCG has been
observed on psoriasis.>® In general, the main results are
related to the topical use, but more studies would be interest-
ing to check such effects after oral administration.>

Green tea could serve as an alternative for the treatment of
allergic rhinitis. The latest research reported that the consecu-
tive consumption of 700 ml of high EGCG green tea for one
month could alleviate symptoms such as runny nose, itching
eyes and watering eyes in people with Japanese cedar pollino-
sis.** In a mouse model with allergic rhinitis, oral adminis-
tration of EGCG decreased the occurrence of nasal rubbing
and the number of sneezes. The level of immunoglobulin E,
histamine and proinflammatory cytokines was also lower in
the EGCG-treated mice.**

2.12. Effects on stress and brain function

Many investigations claim healthy effects of tea and its bio-
compounds on mental health,®> memory and
learning,zg’% stress,17’23’25'87 anxiety’17,23,25,85,87
depression,®>*® and neurodegenerative diseases.>*#%897
Depression is one of the most common psychiatric dis-
orders, whereas stress is a major risk factor for depression. Tea
consumption reduces the risk of depression.*® Caffeine can be
one of the therapeutic agents for motivational dysfunction in
depression.®® Jalalmanesh et al. performed a clinical trial with
150 Iranian nurses, studying the effect of green tea on mental
health after drinking 3 glasses of green tea for 6 weeks. The
results showed that the consumption of green tea improved
mental health and the dimensions of physical health and
reduced anxiety disorder, sleep disorder and depression risk.%®
Furthermore, in a longitudinal study in a Japanese population
carried out by Shirai et al., the intake of green tea and coffee
was evaluated in relation with cognitive decline. This study
included more than 2000 people between 40 and 79 years old
and was carried out for 10 years. It was found that green tea
intake reduces the risk of cognitive impairment by 28% in
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older adults. However, certain factors are not clear for the
primary prevention of dementia and cognitive impairment, so
that more studies are needed to support these results.®”

Theanine is one of the most abundant amino acids in tea
and has a similar structure to the excitatory neurotransmitter
glutamic acid (Glu) and the inhibitory neurotransmitter
gamma-aminobutyric acid (GABA).”° This means that theanine
has neuroprotective'”***>%° and antistress effects under
resting conditions.'”***>#” It is considered an anxiolytic agent
because people who consumed green tea felt relaxed and
calm.'”?*?87 In human studies, theanine intake created relax-
ation in 30-40 min by two different mechanisms: firstly, thea-
nine consumption directly activates the production of o waves
in the brain, creating a condition of relaxation; secondly, tea
consumption modulates inhibitors such as GABA that affect
other key neurotransmitters of relaxation.”” It is estimated that
the effective theanine intake could be around 200 to 400 mg
day "% It has also been shown that theanine consumption in
animals has an impact on learning ability although more
human trials are needed."”

Green tea catechins play also a role in memory and cogni-
tive performance.>® Consumption of green tea for more than 5
years was associated with a significantly lower rate of demen-
tia. Green tea extract improved working memory processing.>’
A single dose of 300 mg of EGCG in healthy volunteers signifi-
cantly improved brain activity, by increasing the a, p and 6
waves in the frontal and central parts of the midline of the
brain. The therapeutic effect of EGCG-enriched green tea
extract on neurodegeneration was reported.”” EGCG had some
of the neuroprotective effects against neural injury and
Huntington’s disease, amyotrophic lateral sclerosis and more
prevalent neurodegenerative diseases.® Catechins in green tea
extract have neuroprotective and memory-enhancing effects in
an animal model of Parkinson’s disease. They also suppressed
the formation of amyloid plaques and halted immunohisto-
chemical alteration and oxidative damage.* Gallic acid and
pyrogallol also showed an effect, but the potency was lower
than that of EGCG.**

Alzheimer’s disease is characterized by the aggregation of
the amyloid-beta protein (Af), which is neurotoxic, and the
attenuation of neurotransmission, resulting in neurodegenera-
tion. An in vitro study carried out by Li demonstrated that
several tea bioactive compounds (such as EGCG and ECG)
were able to protect neuronal cells by inhibiting the aggrega-
tion of AP. The main neuroprotective effect was exerted by
white tea.’® This effect corroborates the results seen in green
tea extracts processed at high temperature, which effectively
inhibit the generation of ROS and the formation of Ap fibrils
in the brain tissue,”® with the EGCG being the most effective
component.>®

Acetylcholinesterase and butyrylcholinesterase are thera-
peutic targets in Alzheimer’s disease. EGCG was the only com-
pound found to produce a significant competitive inhibition
of acetylcholinesterase and therefore could restore synaptic
concentrations of acetylcholine.”” The mechanisms supporting
these results are antioxidant activity and reduction of brain
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inflammation. Brain inflammation is considered to play an
important role in dementia. EGCG exhibits neuroprotective
effects as it improves endothelial function.” Not all research
reflects these effects, and according to Kakutani et al., green
tea intake was not significantly associated with improved
memory impairment and was opposite to that of a German
cohort. They attribute these results to ethnic and genetic back-
ground resulting in different metabolic responses.’>

2.13. Lung health effects

Acute lung injury and acute respiratory distress syndrome are
serious clinical complications with high morbidity and mor-
tality.”> A study in mice showed that treatment with EGCG
improved histopathological lesions, reduced pro-inflammatory
markers and improved lung regeneration capacity by improv-
ing the expression of Ki67, PCNA and Ang-1 proteins.””

2.14. Effects on fertility

Combinations of green tea with different herbs are currently
being used as new therapies to improve the fertility rate and
treat infertility in humans and animals. However, they can
exert an opposite effect at high concentrations.”® EGCG can
stimulate and regulate the hormones that govern the men-
strual cycle. They can also modulate the levels of progesterone
and oestrogenic hormones, as well as improve fertility, and are
a possible treatment for increasing the pregnancy rate.”®
Testicular tissue is predisposed to the action of free radicals
due to its high rate of cell division. Thanks to the antioxidant
properties of green tea, inflammation and DNA fragmentation
can be reduced, and sperm motility and viability can be
increased.”®

2.15. Effect on the liver system

Bile acids are powerful regulators of metabolism. Sun et al.
carried out a trial in which they administered different types of
teas to female rats for 28 days. Metabolomic analyses showed
variations in the levels and metabolism of various bile acids.
This change in bile acid metabolism may be associated with
the beneficial health effects of tea.”® This confirms other
research where green tea extracts reversed liver damage by
reducing oxidative damage induced by contaminants in rats.>®
In other animal studies, green tea extracts (particularly rich in
EGCG) can effectively mitigate non-alcoholic fatty liver
disease.’® Furthermore, green tea reduced the activity of the
nuclear factor-kappa f, which is involved in the development
of liver inflammation.”® Even white tea showed excellent
potential in preventing liver damage due to its antioxidant
effects.>>'%° According to Sanlier et al., both EGCG and white
tea extract limited the oxidative damage of hepatocytes and red
blood cells caused by Benzo (a) pyrene.*®

In humans, green tea consumption and EGCG supplemen-
tation reduced liver enzyme levels and modulated bilirubin.
This effect was observed in subjects with hepatic damage,
whereas for healthy individuals a detrimental effect was
observed.”® Given the variability of the results and the possible
toxic effects, further studies are necessary.
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3. Adverse and toxic effects of tea
and its bioactive compounds

Regardless of the many health benefits described for tea con-
sumption, there is evidence that some adverse effects may occur.
Toxic effects for some tea products have been described, though
mainly at high concentrations or during certain physiological
periods.?*?326:2937,1027112 Gevera] safety and toxicological evalu-
ations of tea and its bioactive compounds have been carried out
in vitro, in animal models and on humans.'* Toxicity normally
depends on several factors, such as the concentration of the toxin
or the type and duration of exposure.'” Except in Asian
countries, where tea consume can exceed even 5 cups per day, the
rest of the countries have low tea and tea extract intakes.'*>'%

Liver toxicity is one of the most important complications in
most  studies, and meta-analyses,>*?%29:1027104
Catechins, particularly high concentrations of EGCG, have the
highest hepatotoxicity effect.>>'** Acute dose-dependent tox-
icity has been described.'®*'°* The pro-oxidant properties of
these compounds (due to high concentrations) are the main
mechanism of hepatic cytotoxicity.”>'® At high concen-
trations, EGCG is able to modulate the potential of the mito-
chondrial membrane and induce the formation of reactive
oxygen species,'®® which produce oxidative damage capable of
degrading cellular DNA.>* Damage caused by increased lipid
peroxidation has also been described."**

According to the European Food Safety Authority, the
average daily intake of EGCG from the consumption of green
tea infusions ranges from 90 to 300 mg day ', with up to
866 mg day ' in heavy tea drinkers.'®® Liver toxicity cannot be
established for regular consumption of traditional tea infu-
sions, since the incidence of adverse effects is rare and is only
detected in some consumers, although these data should be
taken into account,'%*1041%

Green tea consumption has been shown to produce also
nutrient-nutrient interactions.’” All studies indicate a decrease
in iron*?7'% and folic acid bioavailability."®® A cross-sec-
tional study in Pakistan with about 400 pregnant women inves-
tigated maternal tea consumption during pregnancy, and the
risk of developing iron deficiency anaemia. Serum iron and
ferritin were significantly higher in non-tea drinkers, while
total iron-binding capacity increased significantly in tea drin-
kers. Anaemia was found in pregnant women who drank tea.
Lower tea consumption was suggested during pregnancy and
never near mealtime.'”” Additionally, during pregnancy there
was also a decrease in the serum folate level.'®® This effect is
due to various mechanisms, such as the presence of caffeine
and other methylxanthines,”® capable of complexing nutrients
or irritating the gastrointestinal lining."*****

Sub-acute toxicity has been described, presenting localised
gastric effects.'®® Gastrointestinal damage depends on the
dose, and can range from mild gastric erosion to occasional
diarrhoea and vomits**37'°* to dilation, ulceration, even
severe effects.'®* Adverse effects were shown to be reduced if
the intake occurred after the meal.'®*
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The consumption of tea extracts also affects the level of
absorption, bioavailability, activity and elimination of
drugs.'®'% Tea can induce hydrophilic effects and conju-
gation reactions. Different reviews highlight interactions with
amoxicillin,'®*'°® codeine, atropine, ephedrine or warfarin. %

Ocular and skin toxicity were observed after topical admin-
istration of EGCG.'® In rats, sensitivity of the nasal cavity was
also found.'® A study in Assam (India) by Kumar et al. found
a higher incidence (48%) of placental weight loss and low
birth weight. This was attributed to different factors such as
intensity of work, health and socio-economic levels, increased
exposure to pesticides and heavy metals.'”® However, another
possibility could be related to the chronic toxic effect of pro-
longed exposure to tea. Further studies in this matter would be
necessary.

High doses of green tea can generate other side effects such
as headaches, insomnia or tachycardia.?**” These toxicological
findings can be derived from liver and gastrointestinal tox-
icity."® No toxic effects on the viability of normal cells were
demonstrated if the viability of the cancer cells was decreased,
thus demonstrating selective toxicity.'”> There is no enough
evidence on thyroid toxicity.'®* Theanine consumption has not
demonstrated any adverse effect on humans.>®> The same
results have been found for catechin intake.'® However, high
intakes of tea can cause some sleep disorders in babies during
breastfeeding."*?

Tea consumption during pregnancy may be associated with
an increased risk of premature birth and with different para-
meters related to foetal growth, although there is not enough
conclusive evidence. Current studies suggest that maternal
intake of polyphenols, especially during the third trimester of
pregnancy, could be associated with foetal ductal constriction
and, therefore, involve an increased risk of low birth weight or
more severe complications.'*>'!" Anti-inflammatory and anti-
oxidant effects suggest to be counterproductive in the third tri-
mester of pregnancy.'” The suspension of flavonoid-rich
drinks produced a reversal of foetal ductal constriction.'®
Even the Brazilian foetal cardiology guide presented rec-
ommendations to restrict the consumption of products rich in
polyphenols, such as tea, during the last trimester of
pregnancy.'!!

A study by Lu et al. on occasional tea consumption during
pregnancy did not find associations with an increased risk of
premature birth or abnormal foetal growth.''® Given the high
number of births in China and its high tea consumption, the
findings may suggest an ethnic effect."'’ Caffeine intake
during pregnancy can also affect the new-born weight, length
or head circumference.'’?> The limit for consumption is
200 mg day " of caffeine, but there are still studies that differ
in terms of its toxicity during pregnancy.''” Wierzejska et al.
evaluated the caffeine intake of 100 Polish pregnant women.
Only 2% of the women exceeded the caffeine intake limits,
60% coming from black tea.'"?

In summary, the main side effects of tea consumption and
its components in acute, sub-acute and chronic tests are mild
but diverse. The most frequent effects are hepatotoxicity, inter-
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action with drugs and nutrients such as iron, gastrointestinal
alterations (such as vomiting and diarrhoea) and effects on
the health of babies. The reviews and meta-analyses show a
great heterogeneity in the results."” Although the
effects are minimal and rare in general, the evidence
shows that green tea infusions are safe in a wide range of
intakes and conditions.'**'°> However, limiting intake is rec-
ommended in kidney and liver disease and during pregnancy
or lactation to limit likely side effects in susceptible
individuals.'*

4. New approaches and
developments

Currently, approaches based on omics sciences provide more
information on the potential of bioactive compounds, their
association, interactions and their possible genetic role."** In
this sense, omics sciences are showing a plethora of infor-
mation related to the interaction of tea with the gut micro-
biota. There is strong evidence that the gut microbiota pro-
vides information about different characteristics, such as geo-
graphical location, nutrition or host genetics.''* The gut
microbiota is composed of a large number of bacterial species
and modulates the gastrointestinal system."'* Gut microbiota
can regulate the immune system, prevent chronic diseases and
affect the metabolism and bioavailability of different
compounds.®®'"** Meta-analytical methods showed that the
consumption of tea, specifically black tea,"** oolong tea''> and
green tea''® affected the abundance of gut microbiota in a
dose-dependent manner.'*®

Green tea polyphenols can modulate the diversity and com-
position of the gut microbiota.®*%%°71137123 gtudies suggest
that they promote the growth of specific bacteria, mainly ben-
eficial bacterial species such as Bifidobacterium spp.,
Lactobacillus spp., Clostridium coccoides, Actinobacteria and
Firmicutes, while inhibiting the proliferation of pathogenic
bacterial species such as Clostridium perfringens, Clostridium
difficile, Bacteroides spp., E. coli 0157 and Helicobacter
pylori 3¥114 113117124 Thege changes in turn affect the host
health. The antibacterial activity can be explained by the
binding of polyphenols to bacterial membrane proteins, and
their pro-oxidant effect (which will alter the permeability) and
the possible inhibition of glucose transport®**'” and changes
in the metabolic profile of bile acids.”” In contrast, the
increase in beneficial bacteria could be related to the prebiotic
effects of tea phenolic compounds.''>"17:118122,123

Absorption in the intestinal tract depends on bio-
availability. Green tea phenolic compounds, in particular cate-
chins, have a low bioavailability.®* Those phenolic compounds
that are not absorbed are metabolized in the colon by
microbial enzymes, leading to the formation of metabolites
(such as acetic, propionic and succinic acids) with major meta-
bolic implications.?*!'*117:118 These compounds are able to
regulate the functions of the intestinal barrier and directly
affect physiological changes. An example is the hydrolysis of

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

EGCG, which releases gallic acid, which has a high rate of
metabolization by the gut microbiota.* EGCG has the greatest
affinity for interacting with mucins, being able to generate a
selective barrier and helping in the defence against patho-
gens.”® In addition, EGCG modulates different cytokines and
acts against intestinal inflammation.*****!

In Japan, green tea has been traditionally consumed and its
polyphenols are likely to be metabolized by intestinal bacteria
and/or specific enzymes among the Japanese population.®®
This confirms the possibility of an ethnic factor in the bio-
availability and metabolism of tea polyphenols. These factors
may increase the possible beneficial or toxic effects. More
omics studies are necessary as this new approach can provide
answers and open new strategies for the treatment of
diseases.?*?71"7

Farag et al. evaluated the impact of tea on different meta-
bolic pathways in a gut microbiota model. In particular, these
authors studied the effect of black and green tea extracts in
the eight bacterial species more abundant in the human gut
microbiota. A decrease in sugars and amino acids was
observed, as well as an increase in gallic acid and purine
levels. A high concentration of methylxanthines and GABA was
also found, which worked as a direct substrate in the metab-
olism of the microbiota."*?

Fluctuations in circadian rhythm also affect the gut micro-
biota. Gut microorganisms can regulate brain activity by
means of GABA production.'® GABA plays a crucial role in
modulating neuronal signals and circadian rhythms.'**"*?
Customized approaches to consume phenolic compounds at
specific times can maximize their specific prebiotic effects to
remodel intestinal microbiota and circadian rhythm
disorders.'*>">3

Currently, many products are trying to take advantage of
the properties of tea and its biological compounds.®'%?*">
There is growing interest among consumers for green tea sup-
plements. In recent years, there has been a shift from consum-
ing tea beverages to the intake of tea in solid form. In this
sense, several products based on tea have been developed,
such as green tea cake, green tea noodles, green tea bread or
tea ice cream.'® These foods are also considered functional
foods.*® The addition of different tea extracts to white choco-
lates positively influenced antioxidant activity by more than
doubling the total amount of polyphenols, flavonoids and phe-
nolic acids. The best results were obtained with the addition of
green teas.'>” The use of green tea extracts in the manufacture
of yoghurt, wheat dough or biscuits has also shown encoura-
ging results."®

At present, some compounds such as theanine or polyphe-
nols, (specifically green tea catechins) are being used as a food
additive with technological functions,”® being antioxidants
and anti-bacterial are their main effects.'*®'*” In the study
conducted by Lorenzo et al. green tea extracts in meat products
inhibited the development of undesirable microorganisms
and improved shelf life."*® The incorporation of green tea poly-
phenols effectively inhibited bacterial growth and lipid oxi-
dation in lamb sausages. It did not improve the sensory
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quality although it reduced odour by inhibiting specific
lipids."*” Overall, studies revealed that green tea extracts
improved meat quality characteristics such as meat colour and
shelf life and reduced lipid oxidation."*®'*” On the other
hand, high pressure processing has a higher extraction yield of
bioactive ingredients. This means that cold processed white
tea could be a viable alternative to hot tea, as the bioactive
compounds were retained to a greater extent.’

Green tea is also used in cosmetic products'® or in animal
feed."”® Supplementing the diet of laying hens with green tea
extract improves egg production, the quality and free amino
acid, fatty acid and antioxidant profiles of eggs.'”® Due to its
excellent biocompatibility, antioxidant activity and anticarcino-
genic capacity, tea EGCG is being used in health materials,
such as multifunctional nanomaterials, targeted nanoparticles
and self-assembled nanogels.”®

5. Conclusions

Tea is one the most consumed beverages around the world,
which probably makes it also one of the most studied. Tea is
potentially beneficial for a number of health conditions
related to oxidative stress, inflammation, obesity and cancer,
among others. Most tea benefits have been associated with
different bioactive compounds, mostly phenolic compounds,
and specifically catechins. The antioxidant capacity of these
compounds after entering the systemic circulation is respon-
sible for most of their beneficial effects. However, the most
promising results come from in vitro studies or in experi-
mental animal models. Under certain conditions, it is possible
that tea, even if weak, could present some specific toxicity or
alteration effects on the intestinal absorption of some nutri-
ents. On the other hand, the findings on the modulation of
the gut microbiota and the new trends on its use as a feed,
additive or in materials are remarkable. Therefore, even
though there are good prospects, there is still much work to
do since large human trials are needed to confirm tea
benefits.
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