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FULL PAPER lmmunology 

Enhancement of Antigen-Specific Immunoglobulin G Production in Mice 

by Co-Administration of L-Cystine and L-Theanine 
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AsSTRACf. Supplementation with both cystine and glutamic acid increases出esynthesis of glutathione (GSH)， which has a marked effect 
on immune cell function， as compared with supplementation with either amino acid alone in human macrophages inνitro. As dietary 
glutamic acid is metabolized during intestinal甘ansport，oral administration of L-theanine (y-glutamylethylamide)， which is metabolized 
to glutamic acid mainly i目白eliver， may act as a glutamic acid donor in vivo. The present study was performed to investigate the effects 
of oral administration of L-cystine and/or L-theanine on GSH levels and immune responses. Co-administration of L-cystine (200 mダkg)
and L-theanine (80 mglkg) for 11 days before immunization significantly increased the 1巴velsof total GSH in the liver 6 hr after immu-
nization as compared with出elevels in control mice. To exarnine the effects of adrninistration of L-cystine and/or L-theanine on the bal-
ance of T h巴Iper(Th) l/Th2 cell responses， the s巴rumratios of出eTh 1 cytokine， interferon (IFN)-y， and the Th2 cytokine， interleukin 
(IL)ー10，were investigated. At 24 hr after immunization， co-administration significantly increased the IL-IOIIFN-y ratio comp紅 edwith 
the ratios of出巴 controland single-adminis回 tionmice. Furthermore， co-administration before primary immunization significantly 
enhanced serum antigen-specific IgG levels. Taken together， these findings suggest由atco-administration of L-cystine and L-theanine 
enhances antigen-specific IgG production p紅t1ythrough augmentation of GSH levels and Th2-mediated responses. 
KEY WORDS: antigen-specific immune response， cystine， cytokine， glutathione， theanine. 

Glutathione (GSH) is a tripeptide of cysteine， glutamic 

acid and glycine (L-y-glutamyトレcysteinyl-glycine)and is a 

ubiquitous major antioxidant in vivo [14，21，26]. The anti-
oxidative activity ofGSH is exhibited by supplementing and 

removing reactive oxygen species generated in the living 

body， and many recent findings have indicated its impor-
tance in the immune system [8， 13，26]. In the immune sys-
tem， lymphocytes act as a def，巴nsemechanism against 

infection by bacteria and viruses. A reduction in the level of 

GSH in lymphocytes results in inhibition of their activity 

and proliferation. Thus， the level of GSH is correlated with 

lymphocyte activity and proliferation， and an appropriate 
intracellular GSH concentration of lymphocytes is believed 

to be important for normal functioning of the immune sys-

tem [7， 8， 13]. In addition， it has been suggested that GSH 

e山ancesthe functions of macrophages (Mゆ)， one class of 

antigen-presenting cells [5]. When an individual is infected， 
the cell-mediated immunity and humoral immune response 

are activat巴dto initiate the defense mechanism， and the 
function of M<t is to control the direction of this activation 

[6]. These findings also suggest出atan increased GSH level 

is important in both cell-mediated immunity and humoral 

immune response， and this has also been demonstrated 

experimentally [10， 18]. 

Cysteine is a precursor ofGSH， and its supply is rate-lim-
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iting for GSH synthesis [24]. Bioavailability of cysteine is 

low， and cystine is transported into the cell via the cystine/ 
glutamate antiporter in the cel1 membrane [24]. An in vitro 

experiment indicated that出eGSH level within human M<t 
is increased by cystine treatment， but is increased further by 
addition of glutamic acid [24]. This indicates出atadminis-

tration of cystine and glutamic acid promotes in vitro GSH 

synthesis by immunocytes; however， when it is adminis-

tered orally， glutamic acid is metabolized in the intestinal 

tract [31， 32] and dose not reach GSH-producing organs. L-

Theanine (y-glutamylethylamide)， an amino acid found in 

gre巴ntea， is a derivative of glutamic acid and is known to be 

metabolized by glutamic acid and ethylamine in出eintes-

tine and liver [1]. Oral administration ofL-theanine tends to 
increase serum ethylamine and glutamic acid concentrations 

[30]. 

The findings described above suggest that L-theanine 

functions in delivery of glutamic acid in vivo， and oral 
administration of L-cystine and L-出eaninemay enhance the 

immune system by promoting GSH synthesis. In the present 

study， we first investigated the impact of oral administration 

of L-cystine and L-theanine on the plasma cystine and 

glutamic acid concentrations. Then， changes in the hepatic 
GSH levels after antigenic stimulation were analyzed in 

mice given L-cystine and/or L-theanine orally， as the liver is 
known to contain high concentrations of GSH that decrease 

on stimulation with LPS [3，28]. The relative levels of inter-
feron-y (IFN -y) and interleukin-lO (IL-lO) are believed to be 
important in determining出巴 balanc巴betweenT helper (Th) 

lITh2 c巴lls，which in turn deterrnines the direction of activa-
tion of cell-mediated immunity or humoral immune 

response [16， 23]. We investigated this using the IL-lO/ 
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IFN-y ratio in the serum as a referenc巴. Finally， the impact 
of oral administration of L-cystine and/or L-theanine on anti-
gen-specific antibody production was examined. 

MATERIALS AND METHODS 

Animals: Nine-week-old female BALB/c mice w巴r巴pur-
chased from Charles River Japan， Inc. (Yokohama， Japan). 
The animals were housed under sp町出cpa出ogen-freecon-
ditions with food and wat巴rad libitum and were kept on a 
12: 12 hr light:dark cycle. The mice were given a standard 
laboratory diet， CRF-l (Oriental Yeast Co.， Ltd.， Tokyo， 
Japan)， which contained L-metruonine (0.45 g/lOO g diets) 
and L-cystine (0.35 g/lOO g diets) as sulfur amino acids (data 
provided by Oriental Yeast Co.， Ltdふ Allanimal experi-
ments were performed using twelve-w巴ek-oldmice. The 
experimental protocol was approved by the Ethical Com-
mission for Animal Research of Ajinomoto Co.， Inc 

Reagents: Dinitrophenylated dex仕組 (DNP-dextran)was 
prepared by conjugation of dextran T-2000 (Amersham 
Biosciences， Piscataway， NJ， U.S.A.) to e-DNP-L-lysine 
hydrochloride (MP Biomedicals， Irvine， CA， U.S.A.) 
according to the standard method [12]. DNP-keyhole lim-
pet hemocyanin (DNP-KLH) and incomplete Freund's adju-
vant were obtained from Merck (Darmstadt， Germany). 
Aluminum hydroxide was purchased from LSL (Tokyo， 
Japan). DNP-bovine serum alburnin (DNP-BSA) was gen-
erously donated by Dr. Yasururo Takagi (Osaka Prefectural 
Institute of Public Health， Osaka， Japan). Rabbit anti-
mouse IgM-horseradish peroxidase (HRP) and rabbit anti-
mouse IgG (H+L)-HRP were obtained from Invitrogen 
(Carlsbad， CA， U.S.Aふ Ratanti-mouse IgE (巴 chainspe-
cific)-HRP was obtained from Southern Biotech (Birming-
ham， AL， U.S.A.). 0出erchernicals were of commercially 
available reagent grade. 
Administration of cystine and/or theanine: L-Cystine 

(Ajinomoto Co.， Inc.， Tokyo， Japan) was suspended in 0.5% 
carboxymethylcellulose sodium salt (CMC). L-Theanine 
(Taiyo Kagaku Co.， Ltd.， Yokkaichi， Japan) was dissolved 
in 0.5% CMC. The L-cystine and/or L-theanine suspension 
(cystine:theanine = 5:2， 10 ml/kg ofbody weight) was orally 
administered to the rnice every morning once a day for 
eleven days. Control rnice were orally administered 0.5% 
CMC (10 ml/kg ofbody weight) during the same p巴riod.On 
the day following the final oral administration， the body 
weights of the rnice were measured， and th巴n出巴 rnic巴were
immunized. The weights of liver samples isolated from出巴

rnice were also measured. 
Determination of plasma cystine and glutamic acid con-

centration: Plasma samples were collected from the rnic巴at
0， 0.5， 1，2，4 and 6 hr after final ad 

mstructions 
Immunization and evaluation of the DNP-specific IgM， 

IgG and IgE antibody: For analysis of IgM production， the 
mice received an intravenous inoculation of the antigen 
DNP-dextran (10 μg/mouse). For analysis of IgG produc-
tion， the mice were intraperitoneally immunized with the 
antig巴nDNP・KLH(100μg/mouse) in incomplete Freund's 
adjuvant as the primary immunization. Four w巴eksafter 
immunization， the rnice were intraperitoneally immunized 
withDNP・KLH(50μg/mouse) as secondary immunization. 
For analysis of IgE production， the rnice were intraperito晴

neally immunized with the antigen DNドKLH(4μg/mous巴)
and aluminum hydroxide adjuvant (4 mg/mouse). All 
serum samples were collected using a standard method and 
were stor巴dat -80oC until analysis. Evaluation of DNP-
IgM and IgG antibody was conducted in accordance with a 
previous report [17]. The antibody titer was defined as the 
dilution rate calculat巴dusing the intercept and slope of the 
measured valu巴for巴achdilution sample 鉱山eoptimal opti-
cal density. The final titer of IgM or IgG in each sample was 
calculated as the mean value of two titers. Anti-DNP-IgE 
titers were determined by the following methods. Serum 
samples were diluted 1:100 with PBS. Protein A sepharose 
beads (Amersham Biosciences) were then added to the 
diluted serum samples. After出巴 sampleswere rnix巴dby a 
rotator at 40C overnight， 100μ1 of the supernatant was 
applied to an ELlSA using rat anti-mouse IgE (e chain spe-
cific)-HRP (x 2，000 in PBS-T) according to出eSame proto-
cols used for determination of DNP-IgM or DNP-IgG 
described abov巴. The final antibody production of IgE in 
each sample was represented as出eoptical density. 

Ana加isof GSH: Liver samples were isolated from出巴

rnice at 6，24 and 48 hr after immunization using DNP-KLH 
(4μg/mouse) and aluminum hydroxide (0.2 mg/mouse). 
The isolated liver sample (0.1 mg) was homogenized with 1 
ml of extraction buffer (5% sulfosalicylic acid and 5 mM 
EDT A). After centrifugation，出eGSH and glutathione dis-
ulfide (GSSG) supematants were collected and quantified 
using a Glutathione Assay Kit according to the manufac-
tur巴r'sprotocol (Cayman Chemical， Ann Arbor， MI， 
U.S.A.). 

Analysis of serum IL-IO/ IFN-y ratio: Serum samples 
were collected from rnice at 0， 6， 24 and 48 hr after irnmuni-
zation using DNP-KLH (4μg/mouse) and aluminum 
hydroxide (0.2 mg/mouse). The IL-l 0 and IFN-y concentra-
tions were analyzed using mo 
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by the Tukey test as a multiple comparison test. A p-value 

below 0.05 was consider巴dsignificant. 

RESULTS 

lnfluence of simultaneous oral administration ofレcystine
and L-theanine on plasma cystine and glutamic acid levels: 
After oral administration of 280 mg/kg of L-cystine and L-

theanine for 11 days， the plasma concentrations of cystine 
and glutamic acid were determined.τ'he results indicated a 

2.7-fold increase in出ecystine concentration 0.5 hr after 

oral administration comp紅 edwith that at 0 hr， and the con-
centration出endecreased and gradua1ly r巴tumedto the ref-

erence value after 4 hr (Fig. la). A 1.3-fold increase was 

observed in the plasma glutamic acid concentration 0.5 hr 

after oral administration， indicating that L-theanine func-

tions as a supplier of glutamic acid and causes increases in 

the blood glutamic acid conc巴ntrationin vivo (Fig. 1 b). 

These results were observed after a single administration of 

L-cystine and L-theanine (data not shown). 

lnfluenceザoraladministration of L-cystine andJor L-
theanine on hepatic GSH level: L-Cystine and/or L-theanine 
were administered ora1ly for 11 days， and the in vivo GSH 

level was then analyzed. The results shown in Table 1 indi-

cated出at由巴 totalGSH level increas巴din the L-cystine or L-

theanine single-administration group 6 hr after antigenic 

stimulation compared with the control group， but the differ-
ence was not significant. However， in the L-cystine and L-
theanine co-administration group， the total GSH level 

increased significantly compared with the control group. In 

addition， the GSHlGSSG ratio， which influences the Th1/ 

Th2 ratio was increased significantly in the co-adminis仕a-

tion and L-theanine single-administration groups 6 hr after 

antigenic stimulation compared with the controls. The 

increases in the total GSH level and GSHlGSSG ratio were 

greater in the co-administration group than in the single-

adrninistration group， but the difference was not significant. 
The hepatic GSH level was used as a reference to inv巴stigat巴

the effects of co-adrninistration of L-cystine and L-theanine 

for different ratios (data not shown); an effect was only seen 

at a ratio of L-cystine to L-theanine of 5:2. 

lnfluence of oral administration of L-cystine andJor L-
theanine on serum IL-IO/IFN-y ratio: The巴ffectsof ora1ly 
adrninistered L-cystine and/or L-theanine on Thlffh2 cell 

responses were investigated. As shown in Table 2， L-CyS-
tine/L-theanine co-administration and L-cystine administra-

tion significantly increased t 
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Fig. 1. Effect of co-adminis回 tionof L-cystine加 dL-白eanineon 
the plasma cystine and glutamate levels. Mice were orally 
administered 0.5% CMC as a control (open circJe) or co-admin-
istered L-CyS凶巴 (200mg/kg)組 dL批 anine(80 mg/kg，印刷

circJes) for 11 days. Plasma samples were collected from出e
mice at 0， 0.5， 1，2，4 and 6 hr after the final co-administration of 
L -cystine and L -theanine. ln co附 01mice， plasma samples were 
collected at 0 hr after the final administration. The plasma a) 
cystine and b) glutamate concentrations were analyzed using an 
amino acid analyzer. Each value represents白emean :t SE of 
five mice. The data were加 a1yzedby one-way ANOV A fol-
lowed by出eTukey test as a multiple comparison test. * Signif-
lC初 tdifference from mice 0 hr after the fmal co-administration 
(p<0.05) 

in determining Thlffh2 ba1ance has been suggested [16， 
23]; therefore， we analyzed the serum IL・lO/IFN-yratio. 

The s巴rumIL-I01IFN-y ratio decreased significantly in the 
レcystine/L-theanineco・administrationgroup compared 
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Table 1. Effect of L-cystine andlor L-theanine administration on GSH i目白eIiver 

Control L-Cystine + L-Tbeanin巴 L-Cystine L-Theanine 

Total GSH 6hr 1.3 :t 0.1 2.5士0.2a) 2.2士0.1 2.2:t 0.4 
[jLmoνg tissue] 24 hr 2.0士0.5 2.3:t 0.2 2.5:t 0.4 2.4:t 0.3 

48 hr 2.9:t 0.7 3.4士 0.4 3.3 :t 0.5 2.8:t 0.5 

GSH/GSSG 6hr 6.0士0.7 15.5:t 1.6叫 12.7:t 0.7 14.2:!: 3.0a) 

[ratio] 24 hr 6.9 :t 2.4 7.2士0.9 7.7士2.1 7.1士l.l

48 hr 10.8:t 3.0 14.6:!: 2.1 12.6:t 1.8 1O.7:!: 2.3 

Mice wer巴orallyadrninistered L-cystine (200 mg/kg) andlor L-山巴anine(80 mg/kg) for 11 days and then 
intraperitoneally immunized with DNP-KLH and aluminum hydroxide. Six， 24 and 48 hr after 
immunization， livers were isolated and homogenized. The concentrations of total GSH and the ratio of GSH/ 

GSSG were analyzed in liver ex町actsusing a glutathione assay k:it. Each value represents白emean士SEof
four rnic巴.The data were analyzed by one-way ANOV A followed by the Tukey test as a rnultiple 
comparison test. a) Significant differenωfrom control mice at each time point (p<0.05). 

Table 2 Eff，巴ctof L-cystine andlor L-theanine administration on serum IL-IO/ IFN-y ratio 

Control L -Cystine + L -Theanine L-Cystine L-Theanin巴

IL-IO Ohr 30.9士1.4 46.7土3.3a) 55.0土5.5b) 31.6士2.5
[pg/ml] 6hr 48.6:t 7.4 52.2:t 1.9 41.6:t 2.4 40.2:t 2.3 

24 hr 37.1 :t 2.0 35.6:t 1.9 43.5:t 2.1 29.0:!: 0.5") 

48 hr 35.1 :t 2.0 36.3士4.3 43.3:!: 5.1 33.1 :!: 3.4 

IFN-y Ohr 4.1 :t 0.1 7.1 :t 0.8 8.8 :t 2.2 4.1土0.1
[pg/ml] 6hr 6.1 :!: 1.8 12.1士7.0 5.0:t 0.9 4.1 :t 0.1 

24 hr 4.1士0.1 3.2土0.6 5.1士0.7 4.1 :!:O.I 
48 hr 4.1 :t 0.1 4.5:t 0.4 6.5:t 1.4 3.7土0.4

IL-IOIIFN-y Ohr 7.5士0.3 6.6士0.5 6.3:t 0.6 7.7:t 0，6 
[ratio] 6hr 8.0:t 1.2 4.3:t 0，2b) 8.3:t 0.5c) 9.8土0，6d)

24 hr 9.1 :t0.5 11.2 :t 0，6b) 8.5土O.4d) 7.1 :tO.la，d) 

48 hr 8.5 :!:0，5 8.0土1.0 6.7 :t 0.8 9.0:t 0，9 

Mice were administered and immunized by the same protocol ωshown in Table 1. Zero， 6， 24釦 d48 hr after 
immunization， serum was collected， and tbe IL-lQ and IFN-y concentrations were investigated using a 
fluorescent microbead array system. The IL-I0江FN-yratio was caiculated by dividing each concentration 
Each value represents the mean士SEof four mice. The data were analyzed by one-way ANOV A followed by 
the Tukey test as a rnultiple comparison test. a，b) Significant difference from con位。1mice at each time point 
(p<0.05， p<O，OI， respectively). c，d) Significant difference from co-administered mice at each time point 
(p<0.01， p<O.OOI， respectively) 

with the control and single-adrninistration groups 6 hr after 

antigenic stimulation. However， 24 hr after antigenic stim-
ulation出eIL-lOlIFN-y ratio was increased significantly in 
出eco-adrninistration group compared with出巴 con住01and 

single-adrninistration groups. In addition，出巴 IL-lO.江FN-y

ratio was decreased significantly in出巴 L-theaninesingle-

adrninistration group 24 hr after antigenic stimulation， but 
this was not seen in the L-cystine single-administration 

group. The IL-lOIIFN-y ratio 48 hr after antigenic stimula-
tion was unaffected by oral administration of L-cystine andJ 

or L-theanine. 

(data not shown). We also investigated the concentration 

dependency of the effects of L-cystine and L-theanine on 

IgM antibody production. L-Cystine and L-theanine were 

adrninistered orally at doses of 140， 280 and 560 mg/kg for 

11 days. IgM antibody production exhibited the greatest 

increase 4 days after antigenic stimulation with co-adrninis-

tration at 280 mg/kg (139.1土40.5%vs. controls)， although 
the difference was not significant (data not shown). 

lnfluence of simultaneous oral administration of L-cystine 
and L-theanine on antigen-specific IgG antibody produc-
tion: We exarnined whether co-adrninistration of L-cystine 

and L-theanine confers a general preventive effect against 

infection and出einfluence on IgG antibody production with 

strong antigen specificity. L-Cystine and L-theanine were 

adrninistered orally at doses of 140， 280 and 560 mダkgfor 

11 days. As shown in Fig. 2， no significant increase was 
observed 7 days after secondary antigen stimulation with 
administration of 140 or 560 mg/kg， but a significant 

lnfluence of oral administration of L-cystine and/or L-
theanine on antigen-specがcIgM antibody production: We 

investigated whether oral adrninistration of L-cystine andJor 

L-出e叩 ineenhances antigen-sp配 ificIgM antibody produc-

tion. In the co-adrninistration group， IgM antibody produc-
tion was increased compared with the control and single-

adrninistration groups， but the difference was not significant 
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Fig. 2. Dose-response effects of co-administration of L-cystine 
and L-theanine (cystine:theanine=5:2) on antigen-specific IgG 
antibody production. Mice were orally administered 0.5% CMC 
as a control (open bar) or co-administered L-cystine and L-thean-
lOe at出eindicated doses (filled bars) for 11 days and then 
immunized with antigen. At 7 days after secondary immuniza-
tion， serum was collected， and antigen-sp巴cificanti-DNP-IgG 
antibody production was analyzed by ELISA. Each value repre-
sents白巴 mean:t SE of six mic巴 Thedata were analyzed by one-
way ANOV A followed by出eTukey test as a multiple compari-
son test. a Significant difference from control mice (p<0.01). 

16 14 6 8 10 12 

After 2nd immunization (day( 

4 

5 

。
2 

Fig.3. Eff，巴ctof山etirning of co-adrninistration of L-cystine and 
L-白eanineon antigen-specific IgG antibody production. Mice 
were orally adrninistered 0.5% CMC as a control (open circles) 
or co-adrninistered L-cystine (200 mダkg)and L-theanine (80 
mg!kg， fiUed circles) for 11 days a) b巴foreor b) after primary 
immunization. After secondary immunization， serum was col-
lect巴don the indicated days， and antigen-specific IgG antibody 
production was analyzed by ELISA. Each value represents the 
mean :t SE of six mice. The data w巴reanalyzed by two-way 
ANOV A. * Significant differenc巴fromcontrol rnice (p<0.05). 

increase in IgG antibody production was obs巴rvedat a dose 

of 280 mglkg. The results 14 days after antigenic stimula-

tion indicat巴da 1.2-fold increase compar巴dwith 7 days after 

stimulation in the control group. No significant increase 

was observed in出eco-administration group compar巴dwith 

the controls. We出enadrninistered a dose of 280 mglkg L-

cystine and L-theanine orally for 11 days before and after 

primary antigen stimulation to investigat巴 theinfluence of 

timing of L-cystin巴 andL-theanine administration on IgG 

antibody production. As shown in Fig. 3， a significant 

lllcreas巴 inIgG antibody production was observ巴dwhen 

oral administration occurred before primary antigen stimu-

lation (F=4.613， P=0.039). On出eother hand， IgG antibody 
production was unaffected when oral administration 

occurred after primary antigen stimulation (F=0.451， 

P=0.506). 

b抑制ceof simultaneous oral administration of L-cystine 

Table 3. Effect of co-adrninistration of L -cystine加 dL-theanine on antigen-spe-
cific IgE antibody production 

L-Cystine + L-Theanin巴

0.11 :t0.01 
0.54:t 0.20 
0.85:t 0.30 
1.06:t 0.40* 

Control 

0.14士0.01
0.74:t 0.14* 
1.14:t 0.27キ

1.27士0.27*

Day 0 
Day7 
Day 14 
Day21 

Anti-DNP-IgE 
antibody production 

[O.D.] 

Mice were orally adrninistered L-cystine (200 mg!kg) and L-theanine (80 mg/kg) for 
II days and then intrap巴ritoneallyimmunized with DNP-KLH and aluminum 
hydroxide. Serum was collected on the indicated days after immunization， and 
antigen-specific IgE antibody production was analyzed by ELISA. Each value 
represents the mean士SEof 6 rnice. The data were analyzed by one-way repeated 
measures ANOV A followed by the Tukey test as a muJtiple comparison test. * 
Significant difference from the IgE levels on day 0 in each group (p<0.05). 
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and L-theanine on antigen-specific IgE antibody production: 
Finally， we examined IgE antibody production， which is 
believed to be closely associated with allergic reaction in 
vivo. As shown in Table 3， significant increases in IgE anti-
body production were observed in出econtrol group after 7， 
14 and 21 days compared with the reference value measured 
after 0 days of antigenic stimulation. In the co-administra-
tion group， a significant increase was only observed 21 days 
after antigenic stimulation. In the co-administration group， 
decreases in IgE antibody production were observed in all 
blood samples taken at different times， althougb the 
decrease was not significant. 

DISCUSSION 

The results of the present study clearly indicated出atco-
administration of L-cystine and L-theanin巴 significantly
enhances the GSH level in the liver and significantly 
increas巴sthe serum IL-lO/IFN-y ratio. In addition， co-
adminis汀ationwas shown to significantly enhance antigen-
specific IgG antibody production. 

As shown in Tabl巴 1，co-administration significantly 
increased the GSH level of the liver. However，出iseffect 
was limited to the early stage (6 hr) after antigenic stimula-
tion. In addition，出eincreases in the total GSH level and 
GSHlGSSG ratio in the liver induced by co-administration 
tended to be higher than those seen in the single-administra-
tion groups. There were no differenc巴sbetween groups in 
GSH level or GSHlGSSG ratio before antigenic stimulation 
(data not shown)，叩dthe total GSH level and GSHlGSSG 
ratio of the control group decreased from 4.2 :t 0.2 to 1.3士

0.1μmol/g tissue and from 25.9 :t 1.2 to 6.0 :t 0.7， respec-
tively， after antigenic stimulation. These observations agree 
with those of a previous report that LPS tr巴atmentdecreases 
出eGSH level in the liver [3]， and the effect of co-adminis-
tration is believed to occur only when the GSH level is 

decreased after antigenic stimulation， as observ巴dwith LPS 
treatment. As shown in Fig. 1， there was an approximately 
2.7-fold increase in the plasma cystine level after co-admin-
istration. The plasma level of glutamic acid increased by 
approximately 1.3-fold after co-administration. These 
results suggest that an abundance of substrates， such as cys-
teine and glutamic acid， is necessary for recovery from a 
reduced GSH level resulting from antigenic stimulation in 
mice compared with出econtrol group or the single-admin-
istration group， and出isaids in early recovery (6 hr after 
antigenic stimulation)合oma reduced GSH level r巴sulting
from antigenic stimulation. The above discussion is sup-

ported by the results of a previous study indicating a 37% 
increase in intracellular GSH level when glutamic acid was 
added during cystine treatm巴ntin an experimental system 
using human M<t in vitro [24]. 

Many pr巴viousstudies have indicated that出eintracellu-
lar GSH level modifies cytokine production in monocytes 
and macrophages [11，22]. As shown in Table 2， co-adrnIn-
is回 tionresulted in a Th l-dominant pattem compared with 
the control and single-administration groups， and this was 

found to become a Th2-dominant pattern by 24 hr. 
Recently， it was reported that S-adenosylmethionine， a pre-
cursor of GSH， increases the intracellular GSH concentra-
tion. In LPS-stimulated RA W cells from a monocyte cell 
lin巴， S-adenosylmethionine inhibited TNF-αproduction but 
enhanced IL-lO and IL-6 production [27]. In the same 
report， it was suggested that N働 acety1cysteine(NAC)， which 
supplies the cysteine necessary for GSH synthesis， 

decreases the production of these 3 cytokines. These白nd-
ings indicate that increases in the intracellular GSH level 
alone cannot explain the modification of cytokine produc-
tion. In addition， GSH is known to increase both cell-medi-
ated immunity and the humoral immune response. This 
suggests that GSH induces either Thl or Th2 depending on 
the condition of the cell in vivo. Thus， from the above find-
ings， we concluded that detailed analysis of the mechanism 
of promotion of GSH synthesis， Th cytokine production 
modification and increases in antibody production induced 
by oral administration of L-cystine and/or L-theanine will 
lead to clarification of the relationship between cytokine 
production and the GSH level. 

Activated native T cells fust express both Thl and Th2 
cytokines; however， inappropriate cytokine expression 
ceases immediately， and differentiation toward either Thl or 
Th2 is determined. This has been reported to occur within 
24 to 48 hr of activation of the T cell [20]. Based on this 
finding， we believe出atdifferentiation toward Th2 was pro噂

moted by 24 hr after antigenic stimulation in the present 
study. In th巴 L-theaninesingle-administration group， Thl 
was dominant 24 hr after antigenic stimulation. As e出y-
larnine， a metabolite of L-theanine， induces secretion of Thl 
cytokines from yoT cells [4， 15]， it is possible that this 
enhancement is due to cell-mediated immunity in出巴L-出ea-
nine single-administration group. This also exhibits the dif-
ferent effects of co-administration and single administration 
of L-theanine. 

Co・administrationinduces a significant increase in anti-
gen-specific IgG antibody production. Ross et αl. reported 
that adenylate cyclase toxin derived from Bordetella pertus-
sis and LPS synergistically promote IL-lO production from 
innate immunocytes and induce Th2 and T regulatory 1 
(Trl) cells to enhance IgG 1 antibody production [25]. As 
shown in Table 2， our findings also indicate that the IL-lO/ 
I 
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antibody production. This result also indicates that yoT 

cells， which can act as antigen-presenting cells， may have an 
important role in enhancing the IgG antibody production 

induced by co-administration before primary antigen stimu-

lation. In addition， according to our data， co-administration 
enhanced IgG antibody production without influencing the 

IgE level. IL-lO secreted from Trl cells has be巴nrepo口ed

to be a key regulator causing the shift from IgE antibody 

production to IgG4 production and to correct inappropriate 

immune response [29]. As our findings indicate a signifi-

cant increase in the IL-l O/lFN -y ratio 24 hr after antigenic 

stimulation， our results showing that co-administration 
e出 ancesIgG antibody production without influencing the 

IgE level are not in conflict with th巴 findingsmention巴d

above. 

The intracellular GSH concentration is lower in the lym-

phocytes of older animals， and when GSH is suppli巴dfrom 

an extemal source， cell proliferation is induced more effi-
ciently in the splenocytes of older animal compared with 

those of younger animals [9]. It has been suggested that 

antibody production responses against foreign antigens紅巴

lower in older individuals [19]. These findings sugg巴st出at

it is meaningful to analyze the effects of administration of L-

cystine and L-theanine or the mechanism of action in older 

animals. Animal diseases related to the increased longevity 

of pets and infections in domestic animals have becom巴an

issue in recent years. L-Cystine and L-theanine supplemen-

tation may increase the GSH level， which decreases with 
aging or infection， and may巴nhanceantibody production. 

ACKNOWLEDGMENT. We wish to thank Dr. Yasuhiro 

Takagi (Osaka Prefectural Institute of Public Health， Osaka， 
Japan) for generously donating DNP-BSA and for helpful 

discussion during evaluation of antigen-specific IgM and 

IgG antibodies. 

REFERENCES 

1. Asatoor， A.M. 1966. Tea as a source of urinary ethylamine. 
Nature 210: 1358-1360 

2. Brandes， M.， Willimann， K. and Moser， B. 2005目 Professional
antigen-presentation function by human yo T cells. Science 
309:264--268 

3. Buetler， T.M目 1998.Identification of glutathione S-transferase 
isozymes and y-glutamylcysteine synthetas巴asnegau ve acute-
phase proteins in rat liver. Hepatology 28: 1551-1560. 

4. Bukowsk:i， J.F.， Morita， C.T. and Brenner， M.B. 1999. Human 
yo T cells recognize a1kylamines derived from microbes， edible 
plants， and tea: implications for innate immunity. lmmuniη11: 
57-65. 

5. Del Rio， M.， Ruedas， G.， Medina， S.， Victor， V.M. and De la 
Fuente， M. 1998. Improvement by several antioxidants of mac-
rophage function in vitro. L抑制.63: 871-881. 

6. Dobashi， K.， Aihara， M.， Arak:i， T.， Shimizu， Y.， Utsugi， M.， 
Iizuka， K.， Murata， Y.， Hamuro， J.， Nakazawa， T. and Mori， M. 
2001. Regulation of LPS induced IL-12 production by IFN-y 
and IL・4出roughintracellular glutathione status in human alve-
olar macrophages. Clin. Exp. lmmunol. 124: 290-296. 

7. Droge， W.， Hack， V.， Breitkreutz， R.， Holm， E.， Shubinsky， G.， 

Schmid， E. and Galter， D. 1998. Role of cystein and glu-
tathione in signal transduction， immunopathology and 
cachexia. BioFactors 8: 97-102. 

8. Fishman， C.， Udey， M.， Kurtz， M. and Wedner， H. 1981. lnhi-
bition of lectin induced Iymphocyte activation by 2-cyclohex-
ane-I-one: decreased intracellular GSH inhibits an early event 
ls血eactivation sequence. J. lmmunol. 127: 2257-2262. 

9. Frar水lin，R.A.， Li， Y.M.， Ark:ins， S. and Kelley， K.W. 1990. 
Glutathione augments in vitro proliferative responses of Iym-
phocytes to concanavalin A to a greater degree in old than in 
young rats. J. Nutr. 120: 1710ー1717.

10. Gohda， E.， Okamura， T.， Aoyama， E. and Yamamoto， 1. 2003. 
Augmentation by 2-mercapto巴thano1of in vitro anti-TNP antト

body production induced by butyrate plus IL・2in murine 
sp1enic B cells. lmmunopharm. lmmunotox. 25・539-550.

11. Gosset， P.， WalIaert， B.， Tonnel， A. and Fourneau， C. 1999. 
Thio1 regulation of th巴productionTNF-a1pha， IL-6 and IL-8 
by human a1veo1ar macrophages. Eur. Respir. J. 14: 98-105. 

12. Haba， S. and Hamaoka， T. 1974. Methods lmmunol. Exp. lll， 
865-869 (in Japanese) 

13. Hami10s， D.， Ze1訂 ney，P釦 dMasca1i， 1. 1989. Lymphocyte 
proliferation in glutathione-depleted Iymphocytes: direct rela-
tionship between gluta出ioneavailability and出eproliferative 
response. lmmunopharmacology 18: 223-235. 

14. Ishii， T.， Sugita， Y. and Barmai， S. 1987. Regulation of glu-
tathione levels in mouse sp1een Iymphocytes by transport of 
cystein. J. Cell. Physiol. 133: 330ー336

15. Kamath， A.B.， Wang， L.， Das， H.， Li， L.， Reinhold， V.N. and 
Bukowski， J.F. 2003. Antig巴nsin tea-beverage prime human 
Vy2VO2 T ceUs in vitro and in vivo for memory and nonmem-
ory antibacterial cytokine responses. Proc. Natl. Acad. Sci. 

100・6009-6014.
16. Katsik:is， P.D.， Cohen， S.B.， Londei， M. and Feldman， M. 1995. 

Are CD4+ Thl cells pro-inflammatory or anti-inflammatory? 
The ratio of IL-IO to IFN-gamma or IL-2 determines their 
function.lnt. Immunol. 7: 1287-1294 

17. Kimura， K.， Takagi， Y.， Miyano， K.， Sawabe， Y.， Miura， M.， 
Sakagami， Y.， Yokoyama， H. and Yoneda， K. 1997. Polysac-
charide of Astragali Radix巴nhancesIgM antibody production 
in aged mice. Biol. Pharm. Bull. 20: 1178-1182. 

18. Meydani， M. 1999. Dietary antioxidant modulation of aging 
and immune-endoth巴lialcell int巴raction.Mech. Ageing Dev 
11: 123-132. 

19. Moulias， R.， Devillechabrolle， A.， Lesourd， B.， Proust， J.， 
Marescot， M.R.， Doumerc， S.， Favre-Berrone， M.， Congy， F. 
and Wang， A. 1985. Respectiv巴rol



1270 S. KURIHARA， S. SHIBAHARA， H. ARISAKA AND Y. AKlYAMA 

24. Rimaniol， A.， Mialocq， P.， Clayette， P.， Dormont， D. and Gras， 
G. 2001. Role of glutamate transporters in the regulation of 
glutathione levels in human macrophages. Am. J. Physiol目 Cell.

Physiol. 281: 1964ー1970.
25. Ross， P. 1.， Lavelle， E. C， Mills， K. H. G. and Boyd， A. P. 2004 

Adenylate cyclase toxin from Bordetella pertussis synergized 

with lipopolysaccharide to promote innate interl巴ukin-1Opro-
duction and enhanced th巴 inductionof Th2 and regulatory T 
cells. Jnfect. Jmmun. 72: 1568-1579. 

26. Satz， G.T.， Bannister， W.H. and Bannister， J.V. 1990. Free rad-
icals and thiol compounds: the role of glutathione against free 
radical toxicity. pp. 237-257. Jn: Glutathione: Metabolism and 

Physiological Functions (Vina J， ed.)， CRC Press， Boca Raton 
27. Song， Z.， Uriarte， S.， Sahoo， R.， Chen， T.， Barve， S.， Hill， D 

and McClain， C. 2005. S-adenosylmethionine (SAMe) modu-

lates interleukin-1O and interleukin-6， but not TNF， production 
vla出eadenosine (A2) rec沼ptor.Biochim. Biophys. Acta. 1743: 

205-213. 

28. Tateishi， N.， Higashi， T.， Naruse， A.， Nakashima， K.， Shiozaki， 

H. and Sakamoto， Y. 1977. Rat liver glutathion巴:possible role 
as a reservoir of cysteine. J. Nutr. 107・51-60

29. Taylor， A.， Verhagen， J.， Blaser， K.， Akdis， M 釦 dAkdis， C. 
A. 2006. Mechanisms of immune suppression by interleukin-
10 and transforming growth factor-y: the role of T regulatory 

cells. Jmmunology 117: 433-442. 
30. Terashima， T.， Takido， J. and Yokogoshi， H目 1999.Time-

dependent changes of amino acids i目白巴 serum，liver， brain and 

urine of rats administered with theanine. Biosci. Biotechnol. 
Biochem. 63: 615-618. 

31. Windmueller， H.G. and Spaeth， A.E. 1975. lntestinal metabo-
lism of glutamine and glutamate from the lumen as compared 
to glutamine from blood. Arch. Biochem. Biophys. 171: 662-
672. 

32. indmueller， H.G. and Spae出， A.E. 1980. Respiratory fuels and 
nitrogen metabolism in vivo in small intestine of fed rats. 1. 
Biol. Chem. 255: 107-112. 

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

