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Abstract

:

Green tea, which is produced from the leaves of the Camellia sinensis plant, is one of the most popular beverages worldwide. Over the past 30 years or more, scientists have studied this plant in respect to potential health benefits. Research has shown that the main components of green tea that are associated with health benefits are the catechins. The four main catechins found in green tea are: (−)-epicatechin (EC), (−)-epicatechin-3-gallate (ECG), (−)-epigallocatechin (EGC), and (−)-epigallocatechin-3-gallate (EGCG). Of these four, EGCG is present in the largest quantity, and so has been used in much of the research. Among the health benefits of green tea are: anticarcinogenic, anti-inflammatory, antimicrobial, and antioxidant properties, and benefits in cardiovascular disease and oral health. Research has been carried out using various animal models and cells lines, and is now more and more being carried out in humans. This type of research will help us to better understand the direct benefits of green tea. This review will focus primarily on research conducted using human subjects to investigate the health benefits of green tea.
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1. Introduction


Tea is a popular drink worldwide. Cultivation of tea plants is economically important in many countries, and the tea plant, Camellia sinensis (Figure 1), is known to be grown in as many as 30 countries. Camellia sinensis grows best in certain tropical and subtropical regions [1]. There are four main types of tea produced from this same plant, depending on how the tea leaves are processed. These teas are white, green, Oolong, and black tea. White tea is produced from very young leaves and buds that have not yet turned green, and the only processing is drying. Green tea is produced from mature leaves with minimal processing (only drying). Oolong tea is produced from partially fermented mature leaves, and black tea is produced from fully fermented mature leaves [1,2]. Green tea, which makes up around 20% of tea production worldwide, is consumed most often in China, Korea, and Japan. Oolong tea is consumed most in China and Taiwan. Black tea (around 78% of tea production) is mostly consumed in the United States and the United Kingdom. Black tea contains up to three times the amount of caffeine as green tea [3,4,5].



The components of green tea that are the most relevant medically are the polyphenols, with the flavonoids being the most important. The most pertinent flavonoids are the catechins, which make up 80%–90% of the flavonoids, and approximately 40% of the water-soluble solids in green tea [6,7,8]. The amount of catechins in the tea can be affected by which leaves are harvested, how the leaves are processed, and how the tea is prepared. In addition, where the leaves are grown (geographically) and the growing conditions affect catechin amounts [3,9,10,11,12]. Polyphenols are quickly oxidized after harvesting due to the enzyme polyphenol oxidase. To prevent loss of the polyphenols, green tea leaves are heated rapidly (most commonly by steaming or pan frying) to inactivate polyphenol oxidase. Black tea leaves are dried, then rolled and crushed, which promotes oxidation. Therefore, black tea has far fewer active catechins than green tea [1,2,5,8]. Green tea contains four main catechins: (−)-epicatechin (EC), (−)-epigallocatechin (EGC), (−)-epicatechin-3-gallate (ECG), and (−)-epigallocatechin-3-gallate (EGCG). The most abundant of these in green tea is EGCG, which represents around 59% of total catechins. The next most abundant is EGC (around 19%), then ECG (around 14%), and EC (around 6%) [2,3,8]. Figure 2 shows a representation of green tea catechin composition.



The health benefits of green tea depend on its bioavailability after consumption. In the body, the components in green tea may undergo metabolic processing such as glucuronidation, methylation, and sulfation, which produces active metabolites [13]. The catechins and their metabolites may be detected in blood plasma, urine, and various tissues. Studies on bioavailability are often conducted collecting specimens at timed intervals (after ingestion). Various studies have been conducted using normally prepared green tea beverages [14,15,16], ingested green tea extract (total catechins) [14,17,18], or ingestion of specific catechins [19,20,21]. These studies have shown that ECG and EGCG, and metabolites of EC and EGC can be detected and measured in blood plasma. In urine, only metabolites of EC and EGC can be detected. Peak concentrations of components in blood plasma generally occur about 2 h after ingestion. Peak concentrations of components in urine generally occur between 4 and 6 h after ingestion. Certain studies have been conducted using various concentrations of catechins, and generally show that the bioavailability of these substances is in proportion to the amount ingested [18,19,22,23,24]. It has been suggested that levels of EC and ECG detected are too low to be of any therapeutic value, so most research considers only EGC and EGCG [25]. Table 1 shows a summary of the results of some of these studies.



Over the past 15–20 years, a number of other research studies have been conducted to determine what health benefits can be attributed to consumption of green tea and its extracts. This research has shown that green tea has a variety of potential health benefits. These benefits include anticarcinogenic, anti-inflammatory, antimicrobial, and antioxidant properties, and benefits in cardiovascular disease and oral health. While much of this research has been performed in vitro, and a significant amount of the research done in vivo, using animal models, this paper will focus mainly on studies conducted with human subjects (plus pertinent information from the other types of studies).




2. Anticarcinogenic Properties of Green Tea


Cancer is currently a major source of morbidity and mortality worldwide. Billions of dollars in research monies have been poured into cancer research over the past 50 plus years, and yet we do not seem to be any closer to actually curing it. In addition, quite often the chemotherapies do as much, if not more damage to the patient as the disease. Because cancer appears in so many different forms in multiple parts of the body, it has been difficult to determine the mechanisms that lead to the disease. Even with what we now know about cancer risk factors, there are still many people who seemingly have none of the risk factors, and yet succumb to a rapidly aggressive form. Encouraging people to think about how a healthy lifestyle can prevent disease is certainly a step in the right direction, and it would be most helpful to identify substances that could be useful in prevention and treatment.



The main component of green tea that has been studied in cancer research is EGCG. There are several cancer related mechanisms attributed to EGCG. These include: inhibition of angiogenesis, DNA hypermethylation, NF-κB, telomerase activity, and tumor cell proliferation and metastasis; induction of tumor suppressor genes; and promotion of tumor cell apoptosis [26,27,28,29,30]. Inhibition of angiogenesis is suggested to occur through a decrease in RNA and peptide levels of vascular endothelial growth factor (VEGF), and by disrupting the dimerization of VEGF with the vascular endothelial growth factor receptor 2 (VEFR2) [31]. Another suggested way in which green tea catechins may generally inhibit carcinogenesis is through increasing levels of glutathione S-transferase pi (GST-pi), which catalyzes detoxification reactions that inhibit carcinogen-induced DNA damage [32].



Analysis of studies performed using human oral consumption of green tea to assess cancer risk showed that case-control studies gave the most consistent results and were positive for reduced cancer risk in breast, cardiac, colorectal, esophageal, gastric, lung, ovarian, pancreatic, and prostate cancers [33,34]. A recent large study showed a relationship between breast cancer risk and tea consumption, with the risk being highest in the groups that did not consume tea and lowest in the groups that consumed the most cups per day. Number of cups were assessed in five categories (0.1–1.0 cups, 1.1–2.0 cups, 2.1–3.0 cups, 3.1–5.0 cups, >5.0 cups) [35]. Analysis of the types of green tea beverage or extracts used in studies suggests that green tea beverage or a supplement containing mixed catechins may be more effective than using single catechin (e.g., EGCG) supplements [36].



The potential molecular mechanisms and targets that might explain how green tea catechins possess anticarcinogenic properties have been widely studied (using various cell cultures, etc.), especially in breast cancers. These include interaction with specific proteins, anti-angiogenesis mechanisms, targets for inhibition of enzyme activities and cell signaling pathways, and induction of cell cycle arrest and apoptosis [37]. Table 2 gives a summary of some of these potential targets and mechanisms.



The mushrooming area of nanotechnology has lead to the development of potential chemotherapy involving nanoparticles (NPs). Various particles (e.g., gold) can be used to deliver compounds to specific areas of the body. Research using EGCG and nanoparticles has already begun using a number of delivery approaches. These include: coating an NP, such as gold, with EGCG; use of encapsulated (in liposomes or polymeric NPs) EGCG in NPs along with anti-cancer drugs, outer ligands that will bind to specific targets, or outer polymers that will enhance the intestinal absorption of EGCG [30].




3. Cardiovascular Disease Health Benefits


Cardiovascular disease (CVD) is a complex disorder involving multiple factors. Among those factors are inflammation, oxidative stress, platelet aggregation, and lipid metabolism. Some of these factors are also involved in other disease processes, but will be discussed in this paper under CVD. There have been a number of studies over the years assessing green tea consumption in respect to CVD risk [58]. Two studies from Japan that included nearly 50,000 people found a decreased mortality rate due to CVD based on consumption of various numbers of cups per day. One study showed a 28% decrease in CVD death between those who consumed ≤3 cups and those who consumed ≥10 cups. The other study showed a 14% decrease in CVD mortality between those who consumed <1 cup and those who consumed ≥5 cups [59,60]. Other studies in Japan using a green tea extract found that, after 12 weeks, the subjects had reductions in body fat (10%), blood pressure (6.5%), and low-density lipoprotein (LDL) levels (2.6%), suggesting reduced risk of CVD. After two months, diabetic patients also had reduced fasting blood glucose levels (from 135 to 128.8 mg/dL), and hemoglobin A1c (HBA1c) levels (from 6.2% to 6.0%) [61,62]. A large meta-analysis of 17 studies from over 30 years, including data from Europe, the UK, and the U.S., found that increasing consumption of green tea by three cups per day decreased the risk of myocardial infarction (MI) death by 11% [63]. Another study showed a decreased risk of mortality in patients who had an acute MI and a history of regular green tea consumption for at least a year prior to the MI. Participants who did not drink green tea had a 14% rate of death due to the MI; participants who drank up to 14 cups per week had an 11% rate of MI death; and participants who drank more than 14 cups per week had a 10% rate of MI death [64]. An interesting study in patients with CVD showed that consumption of EGCG resulted in a rapid improvement of vascular endothelial function. Participants who ingested an initial dose of 300 mg of EGCG had an improved brachial artery flow-mediated dilation from 7.1% to 8.6% after 2 h [65]. Another recent study found that increased intake of dietary flavonoids was associated with a decreased risk of CVD. The participants were divided into three groups based on average daily consumption of flavonoids. The first tertile consumed 89 mg/day, the second tertile consumed 251 mg/day, and the third tertile consumed 532 mg/day. The number of deaths due to CVD in the first tertile was 8.6%; in the second tertile, 6.4%; and in the third tertile, 5.0% [66].



3.1. Inflammation


Besides CVD, inflammation is also involved in arthritis, aging, cancer, etc. Many of the anti-inflammatory effects when using green tea have been studied in rheumatoid arthritis (RA) and osteoarthritis (OA), and are pertinent to CVD as well. Some general anti-inflammatory mechanisms of green tea components are: increased production of the anti-inflammatory cytokine, IL-10; regulation of IL-6 synthesis and signaling; decreased production of destructive matrix metalloproteinases via TNF-α induced phosphorylation of mitogen-activated protein kinases (MAPKs); and decreased expression of the chemokine receptor CCR2 and decreased levels of the proinflammatory cytokines IL-1β and TNF-α [2,67,68,69,70].



The specific studies on inflammation can be roughly categorized into: inhibition of neutrophil-endothelium interaction, modulation of neutrophil functions and death, and regulation of inflammation factors. Neutrophil migration and function is an integral part of the inflammatory response, so controlling neutrophils is vital in decreasing inflammation. Studies have shown that green tea catechins cause a reduction in the number of leukocyte-endothelial cell adhesion molecules (CAMs), such as ICAM-1, VCAM-1, and E-selection, expressed on the endothelial cell surface. This restricts the ability of the neutrophils to migrate to sites of infection [71,72]. Other studies have shown that factors known to regulate neutrophil function, such as IL-1β, IL-2, TNF-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF), are suppressed by consumption of green tea or EGCG, resulting in inhibition of inflammation [73,74,75]. Studies on the inhibition of pro-inflammatory factors have shown that green tea catechins downregulate many inflammatory chemokines, cytokines, and inflammatory markers such as: IL-1α, IL-1β, IL-6, IL-8, Interferon gamma (INF-γ), and C-reactive protein (CRP) [74,76,77,78].




3.2. Oxidative Stress


Oxidative stress in the body is closely tied to inflammation and CVD, and is the result of the damaging effects of reactive oxygen species (ROS). These ROS are capable of causing chronic inflammation through induction of inflammatory cytokines and chemokines, and pro-inflammatory transcription factors. In general, green tea catechins have been found to have antioxidant activity through: inhibiting redox sensitive transcription factors and pro-oxidant enzymes, scavenging ROS, and inducing anti-oxidant enzymes [8].



Studies to determine the antioxidant capabilities of green tea may measure a variety of substances. Tests may measure the presence of known ROS or their metabolites, such as hydroxyl radical, peroxides, superoxide, and singlet oxygen. Other measurements may be for known antioxidant substances such as superoxide dismutase (SOD) and glutathione peroxidase, or substances that indicate inflammation such as high-sensitivity C-reactive protein (hs-CRP) and TNF-α. Another type of testing assesses total antioxidant capacity (TAC), also known as total antioxidant status (TAS), which measures the amount of oxidants that are neutralized in the body (e.g., moles of oxidant neutralized by 1 L of plasma), with a lower number translating into a higher risk of disease [67].



The results from recent studies have shown that green tea catechins can affect levels of ROS [79,80,81,82], increase levels of antioxidants [83,84,85,86], decrease levels of inflammatory substances [87,88], and increase TAC (TAS) [84,86,87]. An excellent summary of earlier studies that measured ROS and TAC can be found in a chapter by Serafini et al. 2011 [67].




3.3. Platelet Aggregation


Platelet activation and subsequent aggregation play an important role in CVD. When the vascular endothelium is damaged, platelets usually respond rapidly and aggregate to form plugs at the damage site, and may also form clots that could lead to vessel occlusion [8,89]. Many of the studies on platelet aggregation have been carried out using various animal platelets. In addition to showing that green tea catechins were involved in inhibition of platelet aggregation, studies suggested that catechins may affect several cellular targets that are related to platelet activation, including: through the arachadonic acid pathway, inhibition of a cytoplasmic increase in calcium, decreased thrombaxane A2 (TXA2) production, and inhibition of cyclooxygenase-1 (COX)-1 [90,91,92,93]. A study using human platelets concluded that EGCG was able to inhibit platelet activation by adenosine diphosphate (ADP) stimulation, and suppressed the p38 MAPK phosphorylation of heat shock protein 27 (HSP27), which would inhibit the release of pro-thrombotic contents from platelets [94].




3.4. Lipid Metabolism


Increased blood lipid levels have long been suspected as an increased risk for CVD, especially LDLs [95]. One mechanism that is linked with atherosclerosis is the presence of oxidated LDL [96]. There have been many studies performed using humans subjects to determine the effect of green tea catechins on lipids. The studies have reported that consumption of green tea catechins lowers total cholesterol and LDL levels and also reduces blood pressure [87,97,98,99,100,101,102,103,104]. In addition, a recent study found that green tea catechins are incorporated into LDL particles, and are then able to reduce the oxidation of LDL. Catechins prevent LDL oxidation via radical-trapping abilities and act as hydrogen donors to α-tocopherol radicals [105].





4. Antimicrobial Properties


A large amount of research has been performed assessing the antimicrobial scope of green tea catechins. Organisms affected by green tea include a large number of Gram-positive and Gram-negative aerobic bacteria, anaerobic bacteria, viruses, fungi, and at least one parasite (see Table 3). Among the antimicrobial mechanisms that have been attributed to green tea are: damage to the bacterial cell membrane, inhibition of bacterial fatty acid synthesis, inhibition of other enzymes (e.g., protein tyrosine kinase, cysteine proteinases, DNA gyrase, ATP synthase), and inhibition of efflux pump activity [25].



Not only do green tea catechins exhibit direct effects on microorganisms, but they also show activities related to the prevention of infection. Studies using mice and ferrets showed that consumption of green tea could inhibit transmission of bacteria and viruses; and studies with humans showed that consumption of green tea resulted in fewer fever illnesses, fewer illnesses with cold or influenza symptoms, and fewer actual infections with Influenza A or B [106].




5. Oral Health Benefits


During the course of the many research studies done using green tea catechin consumption, it was noticed that the research subjects seemed to have improved oral health after consumption. Research was then launched to focus on the effects of green tea on oral health. Two of the general ways in which green tea consumption helps oral health are due to its anti-inflammatory properties, and antimicrobial activity against mouth flora such as Streptococcus mutans [1,107,108]. The antimicrobial activity may also be responsible for the improvement observed as to bad breath [109]. The two major types of effects on oral health are a decrease in periodontist and dental caries.



5.1. Periodontitis


Green tea consumption has been found to result in decreased tooth loss, and prevent the development and progression of periodontitis. Green tea consumption also has positive effects on periodontal health when assessed as to probing depth, attachment loss, gingival bleeding, and dentin erosion. In addition to the antimicrobial effects on the main bacteria involved in gingivitis, Porphyromonas gingivalis, EGCG has been shown to inhibit the ability of the bacteria to bind to oral epithelial cells via fimbriae, and has also been shown to inactivate bacterial collagenases. EGCG also inhibits production of matrix metalloproteins and IL-8, which are responsible for initiating tissue destruction [107,108,110,111].




5.2. Dental Caries


Prevention of dental caries is attributed to the ability of EGCG to bind and inhibit salivary and bacterial amylases, in particular, α-amylase. EGCG also prevents generation of acid from carbohydrates through inhibiting the transcription and function of LDH. One of the main things that encourages tooth decay is that the major oral bacteria (e.g., Streptococcus mutans) form a biofilm on the surface of teeth. EGCG inhibits the adherence of the bacteria to teeth, decreases biofilm formation, and inhibits the ability of the bacteria to produce an acid environment. EGCG also inhibits the hydrogen binding and hydrophobic interactions of bacterial collagenases. Consumption of green tea has also been associated with an increase in oral peroxidase activity [107,111,112,113].





6. Conclusions


Green tea catechins have proved to be very versatile in providing health benefits. This means that there are potential health benefits for everyone in the consumption of green tea. Even moderate amounts of consumption (drinking 1–2 cups of tea per day) may have benefits. It is a very good thing that it is the second most popular beverage worldwide, as the differences in health in a world without green tea might be significant. There is fortunately a wide variety of research being performed using green tea catechins, and we are starting to see many studies performed using human subjects, as it is extremely important that we are able to show the direct benefits to humans. The expansive repertoire of green tea activity in health is important, especially to those people who live where medical assistance is not generally available or affordable.
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Figure 1. Drawing of the Camellia sinensis plant. 
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Figure 2. Relative composition of green tea catechins. 
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Table 1. Green tea catechin bioavailability studies summary.
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Source

	
Initial Dose Ingested

	
Plasma Concentration (Peak Time)

	
EGC in Urine/24 h (Peak Time)

	
References






	
Green tea beverage

	
EGCG 230–235 μmol

	
EGCG 55 nmol/L (1.9 h)

	
33 μmol

	
[15]




	
EGC 257–260 μmol

	
EGC 126–205 nmol/L (2.2 h)

	
[16]




	
Green tea extracts

	
EGCG 88–110 mg

	
EGCG 119–135 ng/mL

	
3.0 mg (3–6 h)

	
[17]




	
EGC 82–102 mg

	
EGC 140–148 ng/mL

	
[18]
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Table 2. Potential targets and mechanisms of green tea catechins in breast cancer.
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Source

	
Molecule(s) Affected

	
Pathway

	
Result

	
References






	
Inhibition of Cancer Cell Growth, Proliferation, Invasion




	
EGCG

	
67-kDa laminin receptor (67LR)

	
Silences 67LR by binding to it which activates myosin phosphatase

	
Inhibition of cell growth

	
[38]




	
EGCG

	
Cyclin-dependent kinase 2 (Cdk2) and 4 (Cdk4)

	
Inhibits activity of Cdk2 and Cdk4

	
Cell cycle arrest at G1

	
[39]




	
EGCG

	
Dual-specificity tyrosine-phosphorylated and regulated kinase 1A (DYRK1A)

	
Inhibits DYRK1A

	
Decreased cell proliferation

	
[40]




	
EGCG

	
Epidermal growth factor receptor (EGFR)

	
Down regulates levels of EGFR protein

	
Inhibition of cell growth and invasive activity

	
[41]




	
EGCG

	
Estrogen receptor alpha (ER-α)

	
Down regulates level of ER-α protein

	
Inhibition of cell proliferation

	
[42]




	
EGCG

	
HMG-Box transcription factor (HBP1)

	
Increases levels of HBP1 which represses Wnt signaling

	
Inhibition of cell invasive activity

	
[43]




	
EGCG

	
Human epidermal growth factor receptor 2 (HER-2)

	
Inhibits phosphorylation of HER-2

	
Inhibition of cell growth

	
[44,45]




	
EGCG

	
Hepatocyte growth factor (HGF)

	
Inhibits HGF inducing phosphorylation of its receptor (Met)

	
Inhibition of cell motility and invasive activity

	
[46]




	
EGCG

	
Insulin-like growth factor-1 receptor (IGF-1R)

	
Binds to IGF-1R and inhibits its kinase activity

	
Inhibition of cell proliferation and transformation

	
[47]




	
EGCG

	
Phosphoinositide-3-kinase (PI3K)

	
Binds to PI3K kinase domain competing with ATP

	
Inhibition of cell proliferation

	
[48]




	
Green tea extract (GTE)

	
Vascular endothelial growth factor (VEGF)

	
Inhibits transcription of VEGF

	
Decreased tumor cell blood vessel density, inhibition of proliferation

	
[49,50,51]




	
EGCG

	
Intermediate filament vimentin

	
Binds to vimentin inhibiting its phosphorylation

	
Inhibition of cell proliferation

	
[52]




	
Induction of Apoptosis




	
EGCG

	
B-cell lymphoma-extra large protein (Bcl-xL)

	
Binds in the P1 pocket of Bcl-xL

	
Suppression of anti-apoptosis

	
[53]




	
EGCG, green tea catechins

	
Caspase-3, -8, -9; tumor protein 53 (p53)

	
Increased expression of caspase-3, -8, -9, and p53

	
Induction of apoptosis

	
[54,55,56]




	
EGCG

	
Glucose-regulated protein 78 (GRP78)

	
Binds GPR78 at ATP-binding site

	
Suppression of anti-apoptosis

	
[57]
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Table 3. Organisms affected by green tea [106].
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Bacteria

	
Viruses

	
Fungi

	
Parasites






	
Acinetobacter baumannii

	
Epstein-Barr virus

	
Actinomyces spp.

	
Trypanosoma cruzi




	
Bacillus cereus

	
Hepatitis B

	
Aspergillus niger




	
Escherichia coli (intestinal)

	
Hepatitis C

	
Candida albicans




	
Escherichia coli (uropathogenic)

	
HIV-1

	




	
Enterococcus faecalis

	
HSV-1

	




	
Helicobacter pylori

	
Influenza A H1N1

	




	
Listeria monocytogenes

	
Influenza A H3N2

	




	
Porphyromonas gingivalis

	
Influenza A H5N2

	




	
Prevotella intermedia

	
Influenza B

	




	
Proteus mirabilis

	

	




	
Pseudomonas aeruginosa

	

	




	
Salmonella typhi

	

	




	
Salmonella typhimurium

	

	




	
Staphylococcus aureus

	

	




	
Methicillin-resistant Staphylococcus aureus

	

	




	
Staphylococcus epidermidis

	

	




	
Stenotrophomonas maltophilia

	

	




	
Streptococcus mutans

	

	




	
Streptococcus pyogenes

	

	




	
Vibrio cholerae

	

	




	
Yersinia enterocolitica

	

	








Abbreviations: HIV-1, Human immunodeficiency virus-1; HSV-1, Herpes simplex virus-1. 
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