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Abstract

:

Theanine, an amino acid unique to tea leaves, has been reported to exhibit stress-relieving effects. However, the stress-relieving effects of theanine (T) are greatly inhibited by caffeine (C) and epigallocatechin gallate (E), the main components of green tea, while being enhanced by arginine (A). Animal and clinical studies using matcha tea have shown that it can alleviate stress if the molar ratio of C and E against T and A (CE/TA) is less than 2. In general, the CE/TA ratio in tea leaves is reflected by the CE/TA ratio in the infused solution; however, it is not clear what infusion conditions would be expected to ensure a stress-relieving effect. In this study, to examine the stress-relieving effect of green-tea-infused solutions, the CE/TA ratio was measured under different infusion conditions. Furthermore, a study using a model solution consisting of C, E, T, and A revealed that a CE/TA ratio of at least less than 2 and a T content greater than 0.23 mM were required for stress reduction. Based on these results, we identified tea leaves and their infusion conditions that can be expected to reduce stress.
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1. Introduction


Theanine, an amino acid unique to tea leaves, is synthesized by theanine synthase from glutamic acid and ethylamine in the roots of the tea plant and migrates through the stem to new shoots as the plant grows [1]. Once transferred to the leaves, theanine is rapidly metabolized to glutamate and ethylamine, and the ethylamine-derived carbon is intensively converted to catechins. However, under shading, this metabolism to catechins is severely inhibited. Thus, while shading prevents theanine decline, it also inhibits catechin synthesis.



Green tea is usually made by collecting immature shoots. This is because as maturity progresses, free amino acids such as theanine decrease, and the umami taste decreases. However, green tea that is shaded with black cheesecloth for 2–3 weeks before harvest maintains a high content of free amino acids, resulting in green tea with a high umami taste. Green tea made from new shoots grown in sunlight is called “Sencha” and is high in catechins and low in amino acids. Coarse tea, or “Bancha”, is generally made from hard shoots and old leaves and contains much less amino acids.



Theanine has been reported to exhibit relaxant [2] and stress-relieving effects [3]. However, the stress-relieving effects of theanine (T) are greatly inhibited by the presence of caffeine (C) and epigallocatechin gallate (EGCG, E), which are major components of green tea, while arginine (A), the second most abundant amino acid in tea after T and glutamine, has been found to cooperatively improve T’s effects [4]. Therefore, we propose that the stress-relieving effect of green tea can be predicted by calculating the ratio of the molar sum of T and A, which have stress-relieving effects, to the molar sum of C and E, which have counteracting effects [5]. In animal and clinical studies using matcha green tea, we have shown that a ratio of C and E to T and A (CE/TA ratio) of 2 or less is sufficient to alleviate stress [5]. In addition, we have shown that commercially available matcha teas have varying CE/TA ratios [5].



Among the amino acids other than T and A in green tea, aspartic acid and glutamic acid—which are known to act as excitatory neurotransmitters [6]—have no suppressive effects on stress response, but the stress-reducing effect of T was cancelled with the addition of asparagine and aspartic acid [7]. However, the effect of aspartic acid is not as strong as the antagonistic effect of C and E on T [7]. It has also been confirmed that epigallocatechin (EGC), the second most abundant catechin after EGCG, does not counteract T [4]. Based on these findings, it is reasonable to use the CE/TA ratio in tea leaves and infused solutions as an index for evaluating the stress-reducing effect of green tea, in terms of the suppression of stress response.



The ratio of these components in tea leaves varies greatly depending on the growing conditions, cultivar, harvest time, and part of the leaf to be harvested [8]. In addition, even when the same green tea is used, the ratio of components in the eluate varies depending on the infusion conditions [9]. For example, E and C elute well in hot water but decrease in cold water. On the other hand, amino acids and catechins without a gallate group, such as EGC and epicatechin (EC), elute well even in cold water. Although the infusion rate of each component in green tea eluate solution varies depending on the conditions, the CE/TA ratio in tea leaves is generally reflected in that of the infused solution. However, the infusion conditions under which the stress-relieving effects of tea leaves can be expected have not yet been clarified. In this study, we aimed to clarify the relationship between the CE/TA ratios in tea leaves and the associated infused solutions. For this purpose, the amounts of each component and CE/TA ratios were determined when tea leaves with different CE/TA ratios were infused at various water temperatures and times. Furthermore, as green teas with CE/TA ratios of 2 or higher are generally more common, we investigated whether these teas could reduce stress through modifying the infusion conditions.



An initial response to stress is the activation of the HPA (hypothalamus–pituitary–adrenal) axis, causing the body to initially enter a state of heightened excitation when experiencing stress [10,11,12,13,14]. As continued overexcitement during stress can lead to undesirable changes in various biological responses [15,16,17,18,19], it is important to suppress stress-induced overexcitement as an initial countermeasure to stress. In this study, we evaluated the suppressive effects of green tea on the relatively early stress response in male mice using confrontation rearing as an experimental model.




2. Results


2.1. Tea Components in Tea Leaves


Five types of green tea were used, denoted from sample A to sample E, which were predicted to differ mainly in T content. The amount of T increases when tea leaves are shaded before harvest. Therefore, three types of shaded tea were selected, differing in the tea cultivars and the way they were shaded. The tea samples A and B (cultivars “Seimei” and “Yabukita”, respectively) were grown under 85% shading for 10 days and 98% shading for 5 days starting from the two-leaf stage. Sample C (“Yabukita”) was shaded with 85% light for 15 days from the three-leaf stage. The other two teas (samples D and E) were regular “Yabukita” Sencha green tea, grown under normal sunlight, with different leaf hardnesses. Sample D was made from soft new leaves, while Sample E was coarse tea with hard new leaves and old leaves used as raw materials.



The amount of T differed depending on the tea cultivar and the method of shading and was higher in the shaded tea leaves. After T, the amino acids with the highest contents were glutamine, A, aspartic acid, glutamic acid, serine, and asparagine, in that order. This order was generally the same in all tea samples. C levels were also higher in the shaded tea leaves than in the unshaded ones. Catechins, on the other hand, were higher in the unshaded tea leaves than in the shaded leaves. In “Seimei” tea leaves, E was lower than in “Yabukita” tea leaves. The molar ratios of C and E to T and A in each green tea are shown in Table 1.




2.2. Stress-Relieving Effects of Tea Leaf Powder Consumption


The evaluation of stress-relieving effects can be determined according to whether a test substance can suppress hypertrophy of the adrenal glands through the activation of the HPA axis under stress-loading conditions, which can be assessed in terms of the territoriality of male mice [20]. When two male mice are kept alone in a partitioned cage for about one week, they establish a sense of territoriality. Then, the partitions are removed, and the two mice are housed in the same cage, both mice are subjected to stress from the presence of other mice in their territory (i.e., confrontation stress). Aggressive and defensive behaviors are sometimes observed in these mice.



In the control group, the adrenal glands were significantly enlarged in mice under the stressful conditions of confrontation rearing, compared to those in the group-reared mice (Figure 1). On the other hand, mice fed green tea with CE/TA ratios of 1.33, 1.98, and 2.74 (samples A, B, and C) had significantly suppressed adrenal gland hypertrophy, even under the stressful conditions of confrontation rearing. On the other hand, the green tea samples with CE/TA ratios of 5.80 and 14.58 (samples D and E) did not suppress adrenal hypertrophy.



Green tea samples A–C contained more than 18 mg T/g green tea. This is almost consistent with the amount of T required to reduce stress in an animal experiment using matcha green tea, which was 17 mg/g or greater [21]. The intake of powdered green tea by mice was about 100 mg/kg, indicating that the required amount of T for stress reduction was more than 1.8 mg/kg.




2.3. Tea Components in the Infused Solution


The concentrations of amino acids, catechins, and C in tea-infused solutions and CE/TA ratios were compared for green teas with different CE/TA ratios. The concentrations of each component in the infused solutions obtained under the same infusion conditions (5 g tea leaves infused in 200 mL of hot water at 60 °C for 2 min) are shown in Table 2. Green tea with a CE/TA ratio of 1.98 (sample B) had CE/TA ratios of 1.11 and 1.25 when infused at 60 °C and 80 °C, respectively, and both infused solutions were expected to have a stress-reducing effect (Table 2, Figure 2). On the other hand, green tea with a CE/TA ratio of 5.8 (sample D) had a CE/TA ratio of 2.36 when infused at 60 °C and, thus, can be expected to be effective in reducing stress; however, when infused at 80 °C, the CE/TA ratio was 3.29 and, in this case, the stress reduction effect was not expected.



T, A, and C in the infused solutions were higher for the shaded teas (samples A and B) than the non-shaded regular tea leaves (samples D and E), while the content of E did not significantly differ between these green tea eluates. From the values in Table 1 and Table 2, the infusion efficiency of each component at 60 °C can be determined. The CE/TA ratio in the infused solution reflected that of the tea leaves under the same infusion conditions (Figure 2), but there were slight differences in the elution efficiency of each tea component (Table 3). The elution efficiency of T and C was significantly lower in sample E (CE/TA 14.58), while that of E did not differ much (Table 3). The elution efficiency of sample E was lower than those of the other samples, probably as sample E was a coarse tea made from hard new leaves and old leaves. The CE/TA ratio in the infused solution was lower than that of the tea leaves; however, for tea leaves with higher CE/TA ratios, the CE/TA ratio in the infused solution approached that of the tea leaves as the infusion temperature increased (Figure 2).



The CE/TA ratio in the infused solutions increased with increasing infusion time at the same water temperature (Figure 3). At 60 °C, the CE/TA ratio was 0.83 after 1 min of elution, whereas it was increased to 1.21 after 3 min of elution.



Furthermore, at the same infusion time, the higher the water temperature wase, the higher the CE/TA ratio was in the infused solution (Figure 4). Even with an infusion time of 2 min, the CE/TA ratio in the infused solution was 0.94 at 50 °C but increased to 1.4 at 80 °C.



On the other hand, when 2.5 g of tea leaves were infused in 100 mL of water at 60 °C for 2 min, the CE/TA ratio in the eluate was 1.11 (Table 4). When the amount of tea leaves was increased to 5 g, the CE/TA ratio was 1.09, and the amount of each component, including T, was almost doubled (Table 4). Thus, changing the amount of tea leaves relative to the amount of water had little effect on the CE/TA ratio.



The CE/TA ratio decreased when the tea leaves were infused at 4 °C, and the CE/TA ratio in the infused solution was less than 2 even for tea leaves with a CE/TA ratio of 5.8 (sample D) (Figure 5). As twice as many tea leaves were used in the 4 °C elution as in the 80 °C elution, the amino acids in the eluate and the non-gallate catechins (i.e., EGC and EC) increased by approximately 1.5-fold (Table 5). On the other hand, the elution of E and C was suppressed; E and ECG were about 30%, and C was about 44% of the predicted values when 5 g of tea leaves were eluted at 80 °C (Table 5). These results indicate that the water temperature used for infusion has a significant effect on the CE/TA ratio in the eluate.




2.4. Evaluation of Stress-Relieving Effects of Model Green Tea Ingredients


Next, we confirmed that the stress reduction effect of the green-tea-infused solutions could be properly evaluated according to the CE/TA ratio based on the four components T, A, C, and E. Their concentrations in the model green tea were set as shown in Table 6, referring to the values of these components in the infused solution detailed in Table 2.



Stress exposure through confrontation rearing significantly suppressed adrenal hypertrophy in the model green tea intake group with CE/TA ratios ranging from 0.5 to 2.0, with a minimum at a CE/TA ratio of 2.0 (Figure 6). In the group-rearing, adrenal hypertrophy tended to be suppressed in the model green tea intake group with CE/TA ratios of 0.5 to 2.0. As the mice were not completely stress-free, even under group-rearing conditions, it is likely that drinking the model green tea solution reduced their stress. On the other hand, adrenal hypertrophy was not suppressed in the model green tea intake group with a CE/TA ratio of 4.0 or higher.



Next, we examined the amount of T required for stress relief using varying T concentrations with a CE/TA ratio of 2, as shown in Table 7. The results showed that a CE/TA ratio of 2 and a T concentration of 0.23 mM (40 mg/L) or higher significantly suppressed adrenal hypertrophy, even under the stressful conditions caused by confrontation rearing (Figure 7). Thus, the results suggest that a T concentration of 0.23 mM (40 mg/L) or greater is necessary for stress reduction.



The daily water intake of mice was approximately 8 mL, and the amount of T required for stress reduction could be calculated to be 10 mg/kg or more. However, as the water intake per body weight of mice is approximately eight times that of humans, it is necessary to consider species differences when extrapolating these results to humans.



Based on the results of the experiment using powdered green tea (Figure 1), the amount of T required for stress reduction was calculated to be 1.8 mg/kg and, so, the T requirement for a 50–60 kg human is estimated to be 100 mg. For a T concentration of 0.23 mM (40 mg/L) in solution, 2.5 L is estimated to be needed; meanwhile, for a 1.15 mM (200 mg/L) solution, 500 mL is needed.





3. Discussion


Two mechanisms are currently believed to be important for the stress-relieving effects of T: one is inhibition of the excessive release of the excitatory neurotransmitter glutamate via the glutamine transporter, while the other is the increased release of the inhibitory neurotransmitter GABA via Npas4 (Neuronal PAS domain protein 4). As T has a high affinity for the glutamine transporter; it has been proposed that T inhibits the uptake of glutamine and, consequently, the release of glutamate, an excitatory neurotransmitter [22]. Npas4 is a transcription factor that enhances many inhibitory GABA-releasing synapses to maintain the balance between excitation and inhibition in the nervous system [23]. We have found that T intake increases the expression of Npas4 in the hippocampus [5]. Thus, T maintains the balance between excitation and inhibition, thereby reducing stress.



As E and C cause a variety of effects, several mechanisms may be possible for their action in the brain. An important effect, however, may be that they act to counteract the action of T to enhance GABA release. It has been reported that E may modulate its activity through binding to the GABAA receptor [24]. As GABA exerts its neuroinhibitory effects via the GABAA receptor, E may antagonize the effects of T by acting on this receptor. Furthermore, C has been reported to have Ca2+-independent inhibitory effects on GABAergic inhibition [25] and also to increase glutamate levels by inhibiting adenosine A1 receptor [26]. On the other hand, Nr4a1 (nuclear receptor 4a1, Nur77) expression was significantly increased in the hippocampus of mice in response to psychosocial stress, but its expression was significantly suppressed in A-fed mice, even under stress conditions [27]. Nr4a1 is a dopamine- and glutamate-dependent transcription factor known to be induced during stress [28]. This may suggest that A causes inhibition of excessive glutamate release. Alternatively, as endogenous NO has been reported to modulate GABA and glutamate release [29], A may enhance endogenous NO and reduce stress. These findings suggest that T and A reduce stress through maintaining a balance between excitatory glutamate and inhibitory GABA, whereas E and C inhibit the action of GABA.



Although green tea contains glutamic acid and small amounts of GABA, these cannot cross the blood–brain barrier and do not directly affect the balance between excitation and inhibition in the brain.



In this study, we examined tea leaves and their infusion conditions for stress-relieving effects. When mice ingested powdered green tea in feed, stress-relieving effects were observed for shaded green teas with CE/TA ratios of 1.33 to 2.74. On the other hand, green teas with CE/TA ratios of 5.80 and 14.53 (non-shaded green tea) showed no effect. This was in agreement with previous results [5], which showed that the stress-relieving effects of matcha teas occurred with CE/TA ratios of 2 or less.



The CE/TA ratio in the infused solutions was found to be lower than that in the tea leaves, suggesting that if the CE/TA ratio in the tea leaves is less than 2, the infused solution can be expected to have a stress-reducing effect when infused at a water temperature of 50–80 °C and infusion time of 2 to 3 min, according to the standard infusion method [30].



The results obtained when using a model green tea component solution showed that stress-relieving effects were obtained when the CE/TA ratio was 2 or less (Figure 6), and there was a minimum amount of T required (Figure 7); that is, the concentration of T must be greater than 0.23 mM (40 mg/L). T alone can be effective in reducing stress at concentrations of 30 µM or higher [20]; however, when C and E are present, at least eight times the concentration of T is required.



Based on the results of the experiment using powdered green tea (Figure 1), the amount of T required for stress reduction was calculated to be 1.8 mg/kg, and the estimated requirement for a human (50–60 kg body weight) was 100 mg. In previous studies in which C-reduced green tea was consumed by elderly and middle-aged people, a stress-reducing effect was observed at 60 mg/day of T [31]. Since the amount of C was reduced by about one-third in C-reduced green tea, the amount of T that would result in a CE/TA ratio of 2.0 was calculated to be exactly 60 mg. Considering these results, the estimated requirement of 100 mg of T in humans in the case of green tea obtained in this experiment is considered to be a reliable value. Table 4 indicates that, for green tea with a CE/TA ratio of 1.98 infused with water at 60 °C for 2 min, at least 250 mL would be required for stress reduction. Furthermore, when using an infused solution with 4 °C water for 15 h using tea leaves with a CE/TA ratio of 5.80, at least 725 mL would be required to reduce stress (Table 5). As these are feasible amounts for drinking, it can be expected that drinking infused green tea can reduce stress through the careful selection of tea leaves and brewing conditions.



The shaded green teas examined in this study were new leaves collected at the appropriate harvest time from tea plants grown under good growing conditions and with adequate shading. These teas had T levels of 18–32 mg/g. When new leaves were grown under favorable conditions and collected at the appropriate harvest time, T levels in the unshaded tea leaves were not low; however, T levels in the late harvested, slightly hardened tea leaves were very low. Furthermore, the T infusion efficiency decreased as the T content decreased. On the other hand, the efficiency of infusing C and E did not vary much among tea types.



Matcha is considered a typical green tea that is shaded from sunlight. However, about half of the matcha sold in Japan (76 samples) had a CE/TA ratio of 2 or less, while only one matcha sold overseas (67 samples) had a CE/TA ratio of 2 or less, and more than half had a ratio greater than 5 [5]. Although many shaded green teas have potential stress-reducing effects, it may be necessary in the future to share information such that consumers are aware of the CE/TA ratio in green teas.



A moderate level of stress is thought to be necessary for life and to have positive effects. However, when overloaded over a long period of time, stress is thought to cause the onset or worsening of various diseases, such as depression, mood disorders, cardiovascular diseases, and aging-related diseases [17,32,33,34]. During stress, the balance between excitation and suppression in the brain is disrupted, resulting in a state of heightened excitement. Therefore, substrates such as green tea that relieve initial excitement are important. We demonstrated the involvement of green tea components and infusion conditions in the associated stress relief effect.




4. Materials and Methods


4.1. Measurement of Tea Components


All green tea samples used in the study were produced in Mie Prefecture, Japan. Sample A was prepared by a green tea producer in Mie Prefecture. Samples B, C, and D were produced at the Mie Prefectural Agricultural Research Center for research purposes. Sample E was purchased commercially at a supermarket in Mie Prefecture.



The concentrations of amino acids, catechins, and caffeine in tea leaves and tea-infused solutions were determined through high-performance liquid chromatography. Free amino acid content was determined for eight amino acids, according to the method of Goto et al. [35], under the following measurement conditions. For the analysis of tea leaf samples, 50 mg of tea powder and 150 mg of polyvinylpyrrolidone were added to 50 mL of hot water with glycylglycine (final concentration 10 mg/L) as an internal standard, sonicated for 10 min, and extracted in a hot water bath at 80 °C for 30 min. The tea-infused solution was used as the sample, which was filtered. The guard column was Develosil ODS-HG-5 (φ4 mm × 10 mm, Nomura Chemical Co., Ltd., Aichi, Japan), and the separation column was Develosil ODS-HG-5 (φ4.6 mm × 150 mm, Nomura Chemical Co., Ltd., Aichi, Japan). The column temperature was 40 °C, and the injection volume of the induced sample was 10 μL. Mobile-phase A was 95% 5 mM citrate buffer (pH 6.0) and 5% acetonitrile, and B was 30% 5 mM citrate buffer (pH 6.0) and 70% acetonitrile at a flow rate of 1 mL/min. Elution was maintained at A:B = 95:5 from 0 to 5 min, with a gradient of A:B = 88:12 from 5 to 20 min and A:B = 62:38 from 20 to 30 min. Fluorescently labeled free amino acids were detected at an excitation wavelength of 340 nm and a fluorescence wavelength of 450 nm.



The four catechins and C content were measured using high-performance liquid chromatography under the following measurement conditions, according to the method of Yamaguchi et al. [36]. The mixture was mixed well, filtered, and diluted 10-fold with distilled water to form the sample for analysis. The guard column was Develosil ODS-HG-5 (φ4 mm × 10 mm, Nomura Chemical Co., Ltd., Aichi, Japan), and the separation column was Develosil ODS-HG-5 (φ4.6 mm × 150 mm, Nomura Chemical Co., Ltd., Aichi, Japan). The column temperature was 40 °C and the sample injection volume was 20 μL. The mobile phase was distilled water:acetonitrile:phosphoric acid (volume ratio 400:10:1) as liquid A, liquid B was liquid A:methanol (volume ratio 2:1), and the flow rate was set at 1 mL/min. Elution was maintained at A:B = 80:20 from 0 to 27 min, and A:B = 20:80 from 27 to 37 min. Detection was performed at 272 nm. Reagents used in chromatography were purchased from Kanto Chemical Co. Inc., (Tokyo, Japan). Standards used in chromatography were purchased from Fujifilm Wako Pure Chemicals Corporation (Osaka, Japan).




4.2. Preparation of Tea Sample for Mice


The intake of green tea was set at 100 mg/kg, based on the amount normally consumed by humans (6 g/60 kg). As mice (weighing approximately 30 g) eat approximately 5 g of food per day, the concentration of green tea in the powdered feed was set at 0.6 mg (green tea)/g (feed). The green tea leaves were ground into tea powder using a cyclone mill (CSM-F1, Shizuoka Seiki, Shizuoka, Japan) and mixed with powdered feed (CE-2; Clea Co. Ltd., Tokyo, Japan).



In the experiment in which green tea components were ingested as drinking water, the following four purified components were dissolved in water and fed ad libitum to mice: T (Suntheanine, Taiyo Kagaku Co., Ltd., Yokkaichi, Japan), E (Sunphenon EGCg, Taiyo Kagaku Co., Ltd. Yokkaichi, Japan), A, and C (Fujifilm Wako Pure Chemicals Corporation, Osaka, Japan).




4.3. Infusion Method


Tea leaves were leached as shown in Figure 8. Distilled water at various temperatures was prepared in a beaker, and this hot water was placed with the weighed tea leaves in another beaker heated to the respective temperature. After standing for each infusion time, the tea leaves were removed using a net cup, and the tea infused solution was used for the measurement. The infusion was carried out at room temperature and was not heated to maintain the temperature during the infusion process. The method used here was designed to imitate the common Japanese method of brewing tea using a Japanese teapot (Kyusu) and to eliminate variations in the brewing process.




4.4. Evaluation Methods for Stress Relief Effects


When stress is applied to the body, the HPA axis is activated in response to stress via excitatory signals, and the adrenal cortex releases glucocorticoid (corticosterone), resulting in adrenal hypertrophy [4]. We evaluated the stress-relieving effects of each green tea by comparing the degree of suppression of adrenal hypertrophy. Male ddY mice (Slc: ddY, 4 weeks old) were purchased from Japan SLC Co., Ltd. (Shizuoka, Japan) and reared under a controlled environment with a 12-h light/dark cycle (light period, 08:00–20:00), temperature (23 ± 1 °C), and relative humidity (55 ± 5%). Experiments were conducted with the approval of the University of Shizuoka Animal Experiment Committee (Approval No. 225354). All experimental protocols conformed to the U.S. National Institutes of Health guidelines for the care and use of laboratory animals.



Two mice were kept alone in partitioned cages (CLEA Japan Inc., Tokyo, Japan) for one week to establish territoriality, as shown in Figure 9. When the partitions were removed on day 7, the two mice were stressed by the presence of other mice in own territory. Since adrenal hypertrophy is maximal after 24 h [20], they were dissected one day later; adrenal glands were removed, and the total wet weight (left and right) was precisely measured. A dominant–subordinate relationship was observed in confrontation-reared mice, but neither the submissive nor dominant mice suffered any serious injuries. Body weights did not differ between the confrontation rearing. Significant adrenal hypertrophy persists for more than a week in ddY mice used in this study. It persisted even longer in the strain that is vulnerable to stress. Confrontation stress has been observed in all strains of male mice we have examined. The control group was fed a powdered or solid diet (CE-2, CLEA Japan Inc., Tokyo, Japan) without green tea. Group-fed (4 mice/cage) mice, which is considered less stressful for mice, were used for comparison (i.e., as a control) (Figure 9).



These cages were placed in Styrofoam boxes or cage covers (Natsume Seisakusho Co., Ltd., Tokyo, Japan) in order to avoid social contact between cages. The groups, including the control, were tested twice with confrontation and group-reared mice (4 mice per group), and data from a total of 8 mice were compiled to evaluate the stress-relieving effects of each green tea.




4.5. Statistical Analysis


Wet weights of adrenal glands in each group are presented as mean ± standard error. Statistical analysis was performed using one-way analysis of variance, and statistical significance was set at p < 0.05. Confidence intervals and significance of differences in means were estimated according to Fisher’s least significant difference method.





5. Conclusions


The amino acids T and A in tea leaves exhibit excellent stress-relieving properties. On the other hand, C and E, the major components in green tea, antagonize their effects. When tea leaves with a CE/TA ratio of 5.80 (one of the Sencha green teas grown under sunlight) were consumed as a powder, no stress-relieving effect was observed. However, when the tea leaves were infused with hot water at 60 °C or cold water at 4 °C, the CE/TA ratio of the infused solution was less than 2, indicating that the infused solution could have stress-relieving effects. It was also found that the T concentration in the infused solution should be at least 0.23 mM. These results suggest that the CE/TA ratio in tea leaves and their infusion conditions should be carefully selected if green tea is expected to have stress-relieving effects.







Author Contributions


Conceptualization, K.U., T.M., and Y.N.; methodology, K.U. and T.M.; software, K.T. and T.M.; validation, K.U., T.M., and Y.N.; formal analysis, K.T. and T.M.; investigation, K.U., K.T. and T.M.; resources, T.M.; data curation, K.T. and T.M.; writing—original draft preparation, K.U.; writing—review and editing, Y.N. and T.M.; supervision, Y.N.; project administration, Y.N.; funding acquisition, T.M. and Y.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the University of Shizuoka, grant number DG23337-10.




Institutional Review Board Statement


The animal study protocol was approved by the University of Shizuoka’s Laboratory Animal Care Advisory Committee (Approval No. 225354, 3 March 2022) and all experimental protocols were performed in accordance with the guidelines of the US National Institutes of Health for the care and use of laboratory animals.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Konishi, S. Biochemistry of Tea Tree. In The Science of Tea; Muramatsu, K., Ed.; Asakura Publishing Co., Ltd.: Tokyo, Japan, 1991; pp. 32–42. [Google Scholar]

	



Kobayashi, K.; Nagato, Y.; Aoi, N.; Juneja, L.R.; Kim, M.; Yamamoto, T.; Sugimoto, S. Effects of L-theanine on the release of α-brain waves in human volunteers. Nippon. Nogeikagaku Kaishi 1998, 72, 153–157. [Google Scholar] [CrossRef]

	



Kimura, K.; Ozeki, M.; Juneja, L.R.; Ohira, H. L-Theanine reduces psychological and physiological stress responses. Biol. Psychol. 2007, 74, 39–45. [Google Scholar] [CrossRef]

	



Unno, K.; Hara, A.; Nakagawa, A.; Iguchi, K.; Ohshio, M.; Morita, A.; Nakamura, Y. Anti-stress effects of drinking green tea with lowered caffeine and enriched theanine, epigallocatechin and arginine on psychosocial stress induced adrenal hypertrophy in mice. Phytomedicine 2016, 23, 1365–1374. [Google Scholar] [CrossRef]

	



Unno, K.; Nakamura, Y. Green Tea Suppresses Brain Aging. Molecules 2021, 26, 4897. [Google Scholar] [CrossRef]

	



Kettenmann, H.; Schachner, M. Pharmacological properties of gamma-aminobutyric acid-, glutamate-, and aspartate-induced depolarizations in cultured astrocytes. J. Neurosci. 1985, 5, 3295–3301. [Google Scholar] [CrossRef]

	



Unno, K.; Furushima, D.; Nomura, Y.; Yamada, H.; Iguchi, K.; Taguchi, K.; Suzuki, T.; Ozeki, M.; Nakamura, Y. Antidepressant Effect of Shaded White Leaf Tea Containing High Levels of Caffeine and Amino Acids. Molecules 2020, 25, 3550. [Google Scholar] [CrossRef]

	



Ikegaya, K. Chemistry of Tea. In The Science of Tea; Muramatsu, K., Ed.; Asakura Publishing Co., Ltd.: Tokyo, Japan, 1991; pp. 85–92. [Google Scholar]

	



Monobe, M.; Ema, K.; Tokuda, Y.; Maeda-Yamamoto, M. Effect on the epigallocatechin gallate/epigallocatechin ratio in a green tea (Camellia sinensis L.) extract of different extraction temperatures and its effect on IgA production in mice. Biosci. Biotechnol. Biochem. 2010, 74, 2501–2503. [Google Scholar] [CrossRef]

	



Mehta, A.; Prabhakar, M.; Kumar, P.; Deshmukh, R.; Sharma, P.L. Excitotoxicity: Bridge to various triggers in neurodegenerative disorders. Eur. J. Pharmacol. 2013, 698, 6–18. [Google Scholar] [CrossRef]

	



Lee, R.S.; Sawa, A. Environmental stressors and epigenetic control of the hypothalamic-pituitary-adrenal axis. Neuroendocrinology 2014, 100, 278–287. [Google Scholar] [CrossRef]

	



Oyola, M.G.; Handa, R.J. Hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes: Sex differences in regulation of stress responsivity. Stress 2017, 20, 476–494. [Google Scholar] [CrossRef]

	



Olloquequi, J.; Cornejo-Córdova, E.; Verdaguer, E.; Soriano, F.X.; Binvignat, O.; Auladell, C.; Camins, A. Excitotoxicity in the pathogenesis of neurological and psychiatric disorders: Therapeutic implications. J. Psychopharmacol. 2018, 32, 265–275. [Google Scholar] [CrossRef]

	



Nicosia, N.; Giovenzana, M.; Misztak, P.; Mingardi, J.; Musazzi, L. Glutamate-Mediated Excitotoxicity in the Pathogenesis and Treatment of Neurodevelopmental and Adult Mental Disorders. Int. J. Mol. Sci. 2024, 25, 6521. [Google Scholar] [CrossRef]

	



Hing, B.; Gardner, C.; Potash, J.B. Effects of negative stressors on DNA methylation in the brain: Implications for mood and anxiety disorders. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2014, 165B, 541–554. [Google Scholar] [CrossRef]

	



Chmielewska, N.; Szyndler, J.; Maciejak, P.; Płaźnik, A. Epigenetic mechanisms of stress and depression. Psychiatr. Pol. 2019, 53, 1413–1428. [Google Scholar] [CrossRef]

	



Schiele, M.A.; Gottschalk, M.G.; Domschke, K. The applied implications of epigenetics in anxiety, affective and stress-related disorders—A review and synthesis on psychosocial stress, psychotherapy and prevention. Clin. Psychol. Rev. 2020, 77, 101830. [Google Scholar] [CrossRef]

	



Hollis, F.; Pope, B.S.; Gorman-Sandler, E.; Wood, S.K. Neuroinflammation and Mitochondrial Dysfunction Link Social Stress to Depression. Curr. Top. Behav. Neurosci. 2022, 54, 59–93. [Google Scholar]

	



Hodes, G.E.; Pfau, M.L.; Leboeuf, M.; Golden, S.A.; Christoffel, D.J.; Bregman, D.; Rebusi, N.; Heshmati, M.; Aleyasin, H.; Warren, B.L.; et al. Individual differences in the peripheral immune system promote resilience versus susceptibility to social stress. Proc. Natl. Acad. Sci. USA 2014, 111, 16136–16141. [Google Scholar] [CrossRef]

	



Unno, K.; Iguchi, K.; Tanida, N.; Fujitani, K.; Takamori, N.; Yamamoto, H.; Ishii, N.; Nagano, H.; Nagashima, T.; Hara, A.; et al. Ingestion of theanine, an amino acid in tea, suppresses psychosocial stress in mice. Exp. Physiol. 2013, 98, 290–303. [Google Scholar] [CrossRef]

	



Unno, K.; Furushima, D.; Hamamoto, S.; Iguchi, K.; Yamada, H.; Morita, A.; Horie, H.; Nakamura, Y. Stress-Reducing Function of Matcha Green Tea in Animal Experiments and Clinical Trials. Nutrients 2018, 10, 1468. [Google Scholar] [CrossRef]

	



Kakuda, T.; Hinoi, E.; Abe, A.; Nozawa, A.; Ogura, M.; Yoneda, Y. Theanine, an ingredient of green tea, inhibits [3H]glutamine transport in neurons and astroglia in rat brain. J. Neurosci. Res. 2008, 86, 1846–1856. [Google Scholar] [CrossRef]

	



Lin, Y.; Bloodgood, B.L.; Hauser, J.L.; Lapan, A.D.; Koon, A.C.; Kim, T.K.; Hu, L.S.; Malik, A.N.; Greenberg, M.E. Activity-dependent regulation of inhibitory synapse development by Npas4. Nature 2008, 455, 1198–1204. [Google Scholar] [CrossRef]

	



Kaplan, A.; Nash, A.I.; Freeman, A.A.H.; Lewicki, L.G.; Rye, D.B.; Trotti, L.M.; Brandt, A.L.; Jenkins, A. Commonly Used Therapeutics Associated with Changes in Arousal Inhibit GABAAR Activation. Biomolecules 2023, 13, 365. [Google Scholar] [CrossRef]

	



Isokawa, M. Caffeine-Induced Suppression of GABAergic Inhibition and Calcium-Independent Metaplasticity. Neural Plast. 2016, 2016, 1239629. [Google Scholar] [CrossRef]

	



Alasmari, F. Caffeine induces neurobehavioral effects through modulating neurotransmitters. Saudi Pharm. J. 2020, 28, 445–451. [Google Scholar] [CrossRef]

	



Pervin, M.; Unno, K.; Konishi, T.; Nakamura, Y. L-Arginine Exerts Excellent Anti-Stress Effects on Stress-Induced Shortened Lifespan, Cognitive Decline and Depression. Int. J. Mol. Sci. 2021, 22, 508. [Google Scholar] [CrossRef]

	



Campos-Melo, D.; Galleguillos, D.; Sánchez, N.; Gysling, K.; Andrés, M.E. Nur transcription factors in stress and addiction. Front. Mol. Neurosci. 2013, 6, 44. [Google Scholar] [CrossRef]

	



Philippu, A. Nitric Oxide: A Universal Modulator of Brain Function. Curr. Med. Chem. 2016, 23, 2643–2652. [Google Scholar] [CrossRef]

	



Research Group of Green Tea Brewing. Brewing Condition of Tasty Cup of Green Tea. Tea Res. J. (Chagyo Kenkyu Hokoku) 1973, 40, 58–66. [Google Scholar]

	



Unno, K.; Noda, S.; Kawasaki, Y.; Yamada, H.; Morita, A.; Iguchi, K.; Nakamura, Y. Reduced Stress and Improved Sleep Quality Caused by Green Tea Are Associated with a Reduced Caffeine Content. Nutrients 2017, 9, 777. [Google Scholar] [CrossRef]

	



Rentscher, K.E.; Carroll, J.E.; Repetti, R.L.; Cole, S.W.; Reynolds, B.M.; Robles, T.F. Chronic stress exposure and daily stress appraisals relate to biological aging marker p16INK4a. Psychoneuroendocrinology 2019, 102, 139–148. [Google Scholar] [CrossRef]

	



Lyons, C.E.; Razzoli, M.; Bartolomucci, A. The impact of life stress on hallmarks of aging and accelerated senescence: Connections in sickness and in health. Neurosci. Biobehav. Rev. 2023, 153, 105359. [Google Scholar] [CrossRef] [PubMed]

	



Rosso, G.; Albert, U.; Asinari, G.F.; Bogetto, F.; Maina, G. Stressful life events and obsessive-compulsive disorder: Clinical features and symptom dimensions. Psychiatry Res. 2012, 197, 259–264. [Google Scholar] [CrossRef]

	



Goto, T.; Horie, H.; Mukai, T. Analysis of major amino acids in green tea by high-performance liquid chromatography coupled with OPA precolumn derivatization. Tea Res. J. (Chagyo Kenkyu Hokoku) 1993, 77, 29–33. [Google Scholar] [CrossRef]

	



Yamaguchi, M.; Kanemori, T.; Kanemaru, M.; Takai, N.; Mizuno, Y.; Yoshida, H. Performance evaluation of salivary amylase activity monitor. Biosens. Bioelectron. 2004, 20, 491–497. [Google Scholar] [CrossRef]








[image: Molecules 29 04553 g001] 





Figure 1. Inhibition of adrenal hypertrophy in mice fed tea leaf powder. The wet weight of the adrenal glands of mice that had been confrontation-reared for 1 day was compared between groups of group-reared mice and groups of mice that had ingested tea leaves with different CE/TA ratios. Bars in each column represent means ± SE (n = 8) (* p < 0.05 and ** p < 0.01, Fisher’s least significant difference method). 
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Figure 2. Relationship between CE/TA ratio in tea leaves and CE/TA ratio in infused solutions. Five grams of each tea leaf was infused in 200 mL of water at 60 °C for 2 min (○) or 80 °C for 1 min (▲). 
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Figure 3. Change in CE/TA ratio with infusion time. Tea leaves (2.5 g) with a CE/TA ratio of 1.98 (sample B) were infused with 100 mL of water at 50 °C (○), 60 °C (■), 70 °C (△), or 80 °C (●) for each infusion time. 






Figure 3. Change in CE/TA ratio with infusion time. Tea leaves (2.5 g) with a CE/TA ratio of 1.98 (sample B) were infused with 100 mL of water at 50 °C (○), 60 °C (■), 70 °C (△), or 80 °C (●) for each infusion time.



[image: Molecules 29 04553 g003]







[image: Molecules 29 04553 g004] 





Figure 4. Change in CE/TA ratio as a function of infusion temperature. Tea leaves (2.5 g) with a CE/TA ratio of 1.98 (sample B) were infused in 100 mL of water at various temperatures for 1 min (○), 2 min (■), 3 min (△), or 5 min (●). 
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Figure 5. CE/TA ratio was lowered when samples were infused in cold water. Five grams of tea leaves with CE/TA ratios of 1.98 (●; sample B) and 5.80 (■; sample D) were infused in 200 mL of water at 4 °C for 15 h, or 2.5 g of tea leaves in 200 mL of water at 80 °C for 1 min. 
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Figure 6. Inhibition of adrenal hypertrophy in mice fed model green tea. The wet weight of the adrenal glands of mice that had been confrontation-reared for 1 day was compared between groups of group-reared mice and groups of mice that had ingested the model green tea with different CE/TA ratios. Bars in each column represent means ± SE (n = 8) (* p < 0.05 and ** p < 0.01, Fisher’s least significant difference method). 
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Figure 7. Inhibition of adrenal hypertrophy in mice fed model green tea with CE/TA ratio of 2.0. The wet weight of the adrenal glands of mice that had been confrontation-reared for 1 day was compared between groups of group-reared mice and groups of mice that had ingested the model green tea with different T contents. Bars in each column represent means ± SE (n = 8) (* p < 0.05 and ** p < 0.01, Fisher’s least significant difference method). 
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Figure 8. Tea leaf infusion method. Distilled water at various temperatures was placed together with weighed tea leaves in separate beakers heated to various temperatures. After the standing time, the tea leaves were removed using a net cup. The infused solution was then analyzed. 
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Figure 9. The control group was kept in groups of four animals per cage. The stress group was reared alone for 7 days, followed by 1 day of confrontation rearing with the partition board removed. These cages were placed in a Styrofoam box or cage cover in order to avoid social contact between cages. 
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Table 1. Tea components in tea leaves.
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Tea Component

	
Sample A

	
Sample B

	
Sample C

	
Sample D

	
Sample E




	
Shaded

“Seimei”

	
Shaded

“Yabukita”

	
Shaded

“Yabukita”

	
Non-Shaded

Soft New Leaves

	
Non-Shaded

Hard New Leaves




	
mg/g

	
μmol

	
mg/g

	
μmol

	
mg/g

	
μmol

	
mg/g

	
μmol

	
mg/g

	
μmol






	
Theanine (T)

	
32.29

	
185.4

	
27.51

	
157.9

	
18.07

	
103.7

	
7.46

	
42.8

	
3.26

	
18.7




	
Arginine (A)

	
6.77

	
38.9

	
4.42

	
25.4

	
2.19

	
12.6

	
0.76

	
4.4

	
0.30

	
1.7




	
Glutamine

	
12.68

	
86.8

	
7.82

	
53.5

	
4.93

	
33.7

	
1.51

	
10.3

	
0.55

	
3.8




	
Serine

	
1.55

	
8.4

	
1.44

	
7.8

	
0.86

	
4.6

	
0.37

	
2.0

	
0.24

	
1.3




	
Asparagine

	
1.30

	
9.8

	
1.20

	
9.1

	
0.39

	
3.0

	
0.02

	
0.2

	
0.06

	
0.5




	
Glutamic acid

	
6.04

	
41.1

	
3.98

	
27.1

	
3.27

	
22.2

	
1.47

	
10.0

	
1.27

	
8.6




	
Aspartic acid

	
6.50

	
48.8

	
4.72

	
35.5

	
2.74

	
20.6

	
1.04

	
7.8

	
1.10

	
8.3




	
Caffeine (C)

	
33.66

	
173.3

	
37.36

	
192.4

	
29.86

	
153.8

	
21.32

	
109.8

	
22.78

	
117.3




	
EGCG (E)

	
57.47

	
125.4

	
77.94

	
170.0

	
75.51

	
164.7

	
75.12

	
163.9

	
82.36

	
179.7




	
EGC

	
28.93

	
94.5

	
18.88

	
61.6

	
31.73

	
103.6

	
47.24

	
154.2

	
52.15

	
170.3




	
ECG

	
12.36

	
27.9

	
12.91

	
29.2

	
11.94

	
27.0

	
12.54

	
28.3

	
14.27

	
32.3




	
EC

	
8.83

	
30.4

	
6.65

	
22.9

	
7.99

	
27.5

	
10.46

	
36.0

	
10.85

	
37.4




	
CE/TA

molar ratio

	

	
1.33

	

	
1.98

	

	
2.74

	

	
5.80

	

	
14.58








ECG; epicatechin gallate.













 





Table 2. Tea components in each tea-infused solution.
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