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Effect of Carotenoids on In Yitro Tmmunoglobulin 
Production by Human Peripheral Blood 1 

Mononucle8r Cells: Astaxanthin, a Carotenoid 
Without Vitamin A Activity, Enhances In Vitro 
Immunoglobulin Production in Response to a 

T-Dependent Stimulant and Antigen 

Harumi Jyonouchi, Sining Sun, and Myron Gross 

Abitrac t 

The effect of carotenoids on in vitro immunoglobulin (Ig) production by peripheral blood 
mononuclear cells (PBMNC) was examined by employing biood samples from adult volunteers 
and fill-term newborn babies (umbilical cord blood). Under carotenoid-supplemented culture 
conditions, cells were stimulated by polyclonal stimulants, neoantigens, and a recall antigen (Ag), 
and IgM, IgA, and IgG4eveI.s in the cuiture supernatant were measured p-carotene and astak 
anthin were used as representatives of carotenoids with’and without vitamin A activity, reSpi&&ly.* 

Astaxanthin enhanced IgM production in response to T-dependent Ag (TD-Ag) an&~~~%i&‘;, 1’ 
pendent polyclonal stimulant. Astaxanthin also augmented IgGproduction in response top ri%all . : -,.. :.#g.-$- .;- - 
Ag. IgA production without supplemental carotenoids was negligible for aN stimuli However,. in” ‘. 
carotenoid-supplemented cultures, IgA production was significantly higher in response to~<,~~~{de-. -.’ 
pendent pdlyclonal stimulant than in unsupplemented cultures. IgM and IgA produ~~~6~%&‘~ :, ‘. ,. . ,;:;*s 2: 4 ._ . . 
augmented at 1&a molt1 astaxanthin. whereas astaxanthin enhanced IgG production ~;,~~ePo~&-*~‘-; .-&:~ I- .- to a recall Ag at IQ-1Q-IQ-9 molfl. Similar enhancing actions ofastaxanthin on IgM pi’@t.$on~ ._ 
were observed in cord blood mononuclear ceils (CBMNC), although CBMNCproduced~l.~~~~~~;~~~~ 
than adult PBMNC. @-Carotene did not have a significant effect on human Ig prod&on. Th$.~~ 
carotenoid aczionr were not demonstrated under serum-free culture conditions: setim ir esserdai,, 
for solubilization of carotenoidr. In summary, this study has shown for the first time that:. 
astaxanthin, a carotenoid without vitamin A activity, enhanca,Ifuman Ig production in respdnse 
to T-dependent stimuli. 
. (Nufr Cancer 23, 171-183, 1995) 

Introduction 

Carotenoids are widely distributed in green and yellow vegetables, fruits, and certain sea 
plants. Dietary intake of carotenoids and plasma carotenoid levels are positively correlated 
with the prevention of cancer and other degenerative diseases (l-3). The mechanisms of 
carotenoid biologic actions are not fully understood (1-4) and may include vitamin A activity, 

H. Jyonouchi and S. Sun are affiliated with the Division of Immunology, Department of 
Pediatrics, School of Medicine, and M. Gross with the Division of Epidemiology, School of 
Public Health, University of Minnesota, Minneapolis, MN 55455. 

:, _ 

.,,; 
- . . : i _ * 



antioxidant activity, the enhancement of’gap-junctional communication, and suppression of 
mutagenesis (1,5-g). Apart from their direct suppressive effect on tumor growth, carotenoids 
can modulate functions of the immune system (9,10), The enhancement of tumor immunity 
(9,iO) as well as other carotenoid-modulating actions on the immune system have been. 
reported, especially under conditions of immunologic stress (1 l-1 31, which may be a major 
factor in their chemopreventive action. 

Our study of carotenoid biologic actions focuses on humoral immunity. In animal models, 
we have shown that carotenoids with and without vitamin A activity enhance antibody (Ab) 
production against T-dependent antigen (‘I’D-Ag) in viva and in vitro (14-16). Carotenoids 
seem to exert their enhancing actions partly through modulating T-helper (‘I%) cell functions 
in the initial stage of Ag priming (15). This carotenoid action occurs at carotenoid concen- 
trations of around 10-S moVl. In this study,.we examined the effects of caiotenoid supplemen- 
tation on human immunoglobulin (Ig) production in vitro. We found that astaxanthin, a 
carotenoid without vitamin A activity, enhances Ig production by human lymphocytes in 
response to T-dependent stimuli. ,7. 

Materials and Methods 
. . . 

Study Subjects 
.j 

Hepaxinized peripheral blood samples were obtained from healthy adult nonsmokers by 
venipuncture. Human cord blood samples from healthy full-term newborns were taken from 
the umbilicus after!it was ligated, as approved by the Human Subject Committee, University 
of Minnesota. Blood samples were obtained on the day of the experiment. 

tell Suspensions 

Peripheral blood mononuclear cells (PBMNC) and cord biood mononudear cells (CBMNC) 
were separated by Ficoll-Hypaque gradients and washed three times with phosphate-buffered 
saline (PBS; pH 7.4) before use. 

,- 
Reagents 

All-trons+carotene was purchased from Sigma Chemical .(St. Louis, MO). Astaxanthin 
was kindly provided from Hoffmann-La Roche fNutley, NJ). Both carotenoids were dissolved 
in ethanol plus hexane (49:l) and filtered, and the concentrations were measured spectro- .- . 

) photometrically on the day of the experiment: the stock solutions typically ranged from fO” . . _.- to 5 x l(Ys mol/l. Further dilution was made with the culture medium for human Ig production 
assay. The same amount of solvents (ethanol plus hexane) used for dissolving carotenoids did 
not affect Ig production by adult PBMNC when tested in five healthy adult volunteers, 
consistent with our previous observations in rodents. Serum-free medium was provided with 
serum replacement reagent (20 mU1; TCM, Celox, Hopkins, MN). 

In Vitro Ig Production 

PBMNC and CBMNC were incubated at 109 cells/l in RPM1 1640 with fetal calf serum (FCS, 
25 ml/l; Hyclone, Logan, UT), penicillin G (10s U/l), streptomycin (100 mg/l), 2-mercap- 
toethanol (lad mol/I), N-2-hydroxyethylpiperazine-?T-2-er~a~e~z@& acid (25 mmol/l), and 
glutamine (2 mmoNI) in S-ml disposable plastic tubes with a cap (Costar, Cambridge, MA). Ten 
days after incubation in a 5% COz incubator, supernatants were harvested, and IgA, IgG, and 
IgM levels in the culture supematants were measured by enzyme-linked immunosorbent assay 
@LISA) (17,18). Stimuli employed to potentiate Ig production include I> Staphylococcus aureus 
Cowan I strain (SAC, 0.05 g/l; Pansorbin, Calbiochem, San Diego, CA) as a T-independent 
polyclonal stimulant, 2) pokeweed mitogen (PWM, l:l,OOO; GIBCO-BRL, Gaithersburg, MD) 



. . . 

‘- 

.-- 

as a Tdependent polyclonal stimulant, 3) trinitrophenol-modified keyhole l@npet hemocyanin 
(TNP-KLH, 10 mg/l) as a TD-Ag, 4) trinitrophenol-madified l ipopolysaccharide (TNP-LPS, 2 
mg il; Sigma Chemical) as a T-independent Ag (TI-Ag), and 5) tetanus toxoi! (1: 10,000; Wyeth- 
Ayerst, Philadelphia, MA) as a recall Ag. KLH (Calbiochem) was modified with TNP (Sigma 
ChemicaI) in our laboratory, as reported previously (17). The concentrations of the sti&,li 
employed were those that produced optimal responses in healthy adults (17,18). In a previous. 
study, no significant differences were found between ma les and females in Ig production (17). A - 
lOday incubation period was selected on the basis of the previous study to detect responses of 
IgM, IgA, and IgG production by human PBMNC (17). 

ELISA for Human Ig 

An ELISA plate (F96 Ma&or-p, Nunc, Napktille, IL) was coated with goat anti-human . . 
ig (20 mg/I; Sigma Chemical) overnight at 4°C in 0.1 mvI NaHCQ, @H 9.6) with 0.2 g/l NaN3. 
After the plate was washed with rinse buffer (PBS, pH 7.4, with 0.5 m l/l Tween 20), samples 
were diluted with dilution buffer [0.05 mo l/l tr is(hydroxymethyl)aminomethane @H 8.1) with 
1 mmoM MgC12,O. 15,moYi NaCl, 0.05 m l/l Tween 20,0.2 mg ll NaNs, and IO fl bovine serum 
albumin; Sigma Chemical] and incubated at room temperature for two hours. The plate was 
washed extensively with rinse buffer and incubated with the second Ab @oat anti-human IgG-, 
IgM-, or &A-alkaline phasphatase conjugate, l:l,OOO-1:3,ooO dilution; Sigma Chemical). The 
color was developed by addition of substrate solution (p-nitrophenyl phosphate, .l g/I; Sigma. 
Chemical), and optical density at 410 run was read by an ELISA reader. Monoclonal hunian 
IgG, IgA, and: fgM were used as standards in each pIate (&A, Sigma Chemical; IgM and IgG, 
ICI?. Irvine, CA). 

Experimental Design - 
I 

Experiment 1: PBMNC were tested for in vitro Ig production in response to 1) polytiloti~~ 
stimu li (PW M , a T-dependent polyclonal stimu lant, and SAC, a T-indkpendent polj&n&%&- 

-y: Vz 

lant), 2) neoa?i’tigens fJNP-KLH, a TD-Ag, -andTNP-LPS, a T I-Ag), and 3) a rec& p;g.‘it&&s’ ‘- 
toxoid). Cells were cultured in a medium 1) without carotenoid supplementatioii’ [com$‘@$~~ ‘. .. :, :... ?&d* . ;*&. _ 
supplemented with p-carotene (10-s mo l/I), and 3) supplemented with astaxanthin’(lO” mo l/l):*Ig. 
production was tested in a total of nine healthy adult volunteers (age >19 yrs, 5 fer&es*arid’&$$k$~ 
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nonsmokers). The optimal concentration (10% moVI) for Ab and Ig production by rodents was 
‘;:I%  ‘; 
. -.’ ’ 

effective with humans in preliminary experiments and was used in Experiment 1. 

Experiment 2: CBMNC were tested for in vitro IgM production in response to P W M , SAC, 
TNPYKLH, and TNP-LPS in the presence of 1) medium alone (contror), 2) pcarotene (lb* 
mo l/l), and 3) astaxanthin (10-s mo l./l). A totalof five cord blood samples froth healthy full-term  
newborns were tested. In each experiment, adult PBMNC from a healthy volunteer were used 
as controls. Tetanus toxoid was not used, because CBMNC are not primed with tetanus. 

Experiment 3. The dose response of carotenoids was tested with adult PBMNC: PBMNC 
were stimu lated by P W M  and tetanus toxoid in the presence of various amounts of carotenoids. 
For IgM and IgA production, lO- ‘o-10-7 mo l/l carotenoids were supplemented to the culture. 
For IgG production, IO- 14-10-7 n&/l carotenoids were added to the culture. A total of eight 
and five individuals were tested for fg production in response to P W M  and tetanus toxoid, 
respectively. Similar dose-response experiments for carotenoid action on Ig production in 
response to SAC were conducted in four individuals. 

Experiment 4: Our previous results indicate that the solubility of carotenoids was depend- 
ent on serum concentrations of the culture medium (19). Thus the effects of carotenoids 



(astaxanthin and p-carotene, IO-* m$l) on in vitro Ig production by PBMNC were tested in 
culture media supplemented with 1) nb serum, 2) 25 ml/l FCS, 3) 50 mUl FCS, and 4) 100 
ml/l FCS. Serum-free medium was provided with TCM (20 ml/l> as, a supplement for micro- 
nutrients, albumin, and transferrin;‘TCM does not contain lipoproteins. Ig production was 
potentiated by PWM and tetanus toxoid, because astaxanthin enhanced Xg production in 
response to these stimuli in preliminary experiments. The experiments were done’in triplicates: 
a total of three individuals were tested. 

Statistics 

Student’s t test or Welch’s test was used for the comparison of data, based on, the results 
of an F test; p < 0.05 was considered to be significant. 

Effects of Carotenoids on In Vitro Ig Production by Human PBMNC 

_ Ig production. by PBMNC was potentiated by polyclonal stimuli (PWM and SAC), neoan- 

I 
tigens (TNP-KLH and TN?-LPS), and a recall Ag (tetanus toxoid} in the presence of 1) 

1.‘.* medium (control), 2) astaxanthin, and 3) pcarotke. A total of nine healthy adult volunteers 
were tested, and the PBMNC were obtained from each individual. IgM, IgG, and IgA 

- production was modified by carotenoid supplementation (Figure 1) as follows. 
i 
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Figrne 1. ImmunoglobuIin (Ig) production by adult peripheral bIood mononucicar cells (PBMNC) in response to 
pokewccd mitogen (PWM, l:l,OGO), Stuphy&occur ~UT~IU Cowan I strain (SAC, 5.05 g/l), trinitrophenol-modified 
lip-opolysaccharide (TNT-LPS, 2 mfl), trinitrophenol-modified keyhole limpet hemocyanin (TN-P-KLI-I, IO mg/l), 
and tetanus toxoid (5 mgfl). IgM (A), IgG (B), and IgA (C) IeveIs arc expressed as means 1: SEM (n = 9). PBMNC 
were cultured with 1) medium only (control), 2) p-carotene ( 10e8 rnoVI), and 3) astaxanthin ( 10e8 mom). SC, Significantly 
higher than control values obtained in response to stimuli without carotcnoid supplementation (P values arc provided 
in Resulb); l , significantly higher than background values obtained without stimuli (P values arc provided in Results). 
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IgM production: Astaxanthin (lO-* mol/l) augmented IgM production in response to PWM 
(p < O.OOs), TNP-KLI-I (p < O.OOl), and tetanus toxoid (p c 0.001). All responses are with 
T-dependent stimuli. P-Carotene (IO-* mol/l) did not significantly enhance IgM production in 
response to any of the stimuli. 



IgG production: Astaxanthin (10-g rnol/l) enhanced IgG production in response to tetanus 
toxoid (p < 0.01). P-Carotene (lo-8 mol./l) did ntit have a sign&ant effect. 

IgA production: 1gA production in response to PWM was significantly higher in the 
carotenoid-supplemented cultures 07 < 0.02 for astaxanthin and p < 0.05 for p-carotene vs. 
background values). IgA production in cultures without supplemental carotenoids was negli- 
gibIe for all stimuli. 

Effects of Curotenoids on Ig Production by Cord Blood Ljrmphocytes 

CBMNC from healthy full-term babies were stimulated with polycional stimulants (PWM 
and SAC) and neoantigens (TN’-LPS and TNT-KU-I). Response to recall Ag was not tested: 
CBMNC were unprimed, and recall Ag responses were not possible (18). CBMNC produced 
less IgM than adult PBMNC, consistent with our previous report (18). NevertheIess, asta- 
xanthin augmented IgM production in response to TNP-KLH (p < 0.05) (Figure 2). p-carotene 
did not enhance IgM production in response to any of the stir&i. As reported previously 
(IQ, CBMNC produced negligible amounts of IgA and IgG in response to the stimuli. Neither 
carotenoid enhanced IgG and IgA production by CBMNC (data not shown). 

Dose-Response St@ for Carotenoids 

The relationship between a carotenoid dose and its action on human Ig production was 
examined with PBMNC. Ig production potentiated by PWM and tetanus toxoid was examined 

? 
tl control 
= p-carotene 
13a astaxanthin 

SAC TNP-LPS TNP-KLH 

Figrne 2. IgM production by cord blood mononuclear CCIIS (CBMNC) in response to PWM (l:l,ooO), SAC (0.05 
@I, lTJP-LPS (2 mgll),and TNP-KLH (10 mg/l). IgM 1 evcts are cxpruscd as means k SEM (n = 5). Concentration 
of carotcnoids in culture was IO-8 molk -k, Significantly higher than control values obtained in response to stimuli 
without carotcnoid supplementation (P values are provided in Results). 



for eight and five individuals, respectively, Concentrations of astaxanthin and P-carotene tested 
were as follows: 1) 10!“-10-7 m&l for IgM and IgA production and 2) IOJ~-IO-J moyl for 
IgG production. Results are shown in Figs. 3 and 4 and summarized as foIlows. 

IgM and IgA production: IgM and IgA production were highest at 10-s moUl astaxarkhin 
when PBMNC were stimulated with PWM and significantly higher than controls without 
added carotenoids (p < 0.005 for IgM and p < 0.01 for IgA). IgM and IgA production in 
response to tetanus toxoid was highest with SuppIementation of 10-g-10-8 m&l astaxanthin: 
the amounts of IgM and IgA produced were higher in the astaxanthin-supplemented cultures 
than in the unsupplemented control cultures [p < 0.05 for IgM (10-S mol/I) and p < 0.05 for 
IgA (IO-g moVI)]. 

igGproduction: IgG production in response to PWM and tetazms was highest at lO-‘O-10-9 
mol/l astaxanthin. The IgG levels were significantly higher than controls Ip < 0.05 for Pm 
(IO-10 mol/l) and p < 0.05 for tetanus (IO-10 and 10-g moI/l)J. 

Ig production in response to SAC was tested in four individuals with 10-‘O-10-7 mol/l of 
each carotenoid, and, consistent with previous experiments, there was no significant augmen- 
tation of Ig production (data not shown). 

Effecr of Serum Concentrations on Carotenoid-Enhancing Action on Human Ig Production 

Ig production was measured in PBMNC cultures, in which the media contained 0, 25, 50, 
and 100 ml/l FCS. PWM and tetanus toxoid were used as stimuli, and -the medium was 
supplemented ,with each carotenoid at 10-g k,ol/l. Results were expressed as the p&cent 
difference in Ig production compared with control values. Control cultures contained media 
without carotenoid supplementation (Table 1). Astaxanthin did not enhance IgM and IgG 
production when ceils were cultured in serum-free medium. In the presencd of 25, 50, and 100 
mUl FCS in the media, astaxanthin had a similar enhancement effect on Ig production (Tabi- 
1). Astaxanthin did not enhance IgA production in response to PWM under se&m-frek cult&k ’ 
conditions (Table 1). 

Discussion ’ 

Our studies in rodent models demonstrate that astaxanthin, a carotenoid without vita&in . -._ 
A activity, enhances T-dependent humoral immunity in viva and in vitro (14-16). In this 8ti$E- -‘.:.:j 
we have shown an enhancing action of astaxanthin on in vitra Ig production by h&kg” ‘? 
lymphocytes. Human PBMNC produce more IgM, IgC, and IgA in carotenoid-supplement& 
cultures than in unsupplemented cultures. This is the first $scription of an enhancement of 
human Ig production by a carotenoid. 

Fqr the in vitro culture experiments with human cells, it is necessary to ensure the solubility 
of carotenoids. In studies using high catotkoid concentrations (lp6 mol/l), we confirmed 
that p-carotene and astaxanthin are readily solubilized in medium supplemented with 100 ml/l 
FCS: the carotenoids bind to Iipoproteins in the media (19,20; unpublished observations). 
Carotenoids are stable in the culture supernatant. Moreover, astaxanthin and p-carotene are 
detected in washed celI pellets of carotenoid-supplemented celI cultures (19; unpublished 
observations). Therefore, astaxanthin is likely to be dissolved in the medium at 10-* rnou as 
long as small amounts of FCS are provided to the medium. 

To test the serum dependence of carotenoid action in human cell cultures, we Fxamined 
carotenoid action on human Ig production in the media supplemented with O-100 ml/l FCS. 
The results demonstrate that the enhancement of Ig production by astaxanthin requires 
medium containing FCS. Solvents used for dissolving carotenoids did not affect the assay of 
human Ig production, consistent with our previous observations in rodents (16). Apparently, 
the carotenoids dissolve in serum-supplemented medium, and augmentation of human Ig 
production by carotenoids depends on the presence of lipoprotein-solubilized carotenoids. 
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FIgme 3. Effects of changes in carotenoid concentrations on IgM (A), Igc2 (B), and IgA (CT) production in response 
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i~‘“-l~7 mol/l for Ig.h4 production and IO- *‘-iP7 moV1 for IgG production. -k, Significantly higher than control 
values obtained in mponsc to slimuli without carotenoids (P values arc provided in Results). 
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By use of the in vitro culture system for human Ig production, this study extends our analysis 
of carotenoid actions on immune responses in rodents to hiunans. In previous studje.$ exami&& _. .*. .., . * --4’:;.rw ,f’. 
fg production by human lymphocytes, we showed that PBMNC produce significant amo$ii?i i,, ; 
of fgM and IgG in response to the Stimuli used in this study (17). &,A prod@ipn by$~.$&G<: 
is negligible for any of the stimuli (17). In the astaxanthin-suppfemented culturk; %%?+?%<~ .’ 
produce m?re IgM and IgG in response to a T-dependent poIyclona1 st&nulant (F’$k$%i@?~ 
TD-Ag. Moreover, carotenoids induced a significant increase of I&A production i~~~$&$@~ ._. 
to PWM, a T-dependent polyclonal stimulant. Thus astaxanthin enhance& T-de~n.@&?&&.,~~ 
production in humans. We showed in rodent models that astaxanthin enhances -A6 pr&$&r&‘$;~,FSS ... 
through Th ceils in the early stages of Ag presentation (14,15). It appears that -i‘;h cells+zxeq$$$Y ;. 
this enhancing action during the process of cognitive c&cell interactions between ‘s$!&.!:. .’ 
and Ag-presenting cells (15). These results suggest that carotenoids may also affect Th fun&%? 
for Lg production in humans. I 

In the experimental model of tumor rejection, astaxanthi; bromotes tumor rejection through 
cflotoxic T cells (2I,22). Therefore the astaxanthin effect on human Ig production may also 
indicate that astaxanthin, a carotenoid witbout vitamin A activity, preferentially affects T ~11 
functions. This effect may be relevant for interpretations of epidemiological studies indicating 
carotenoid chemopreventive actions for degenerative diseases including cancer (1,2). 

While studying carotenoid action in rodent models, we consistently observed that actions 
of astaxanthin on in vitro Ab production are highest at around 10-s mol/l (14,15,23). This is 
also true for human lymphocytes: astaxanthin is effective at relatively low concentrations in 
augmenting human Ig production. Others also report that carotenoids without vitamin A 
activity enhance activation-marker expression by human lymphocytes at IO-9 n?oH in the 
culture (24). Carotenoid tumor suppression and antioxidant activity are optimal at h&her 
concentrations (>10-6 mom) (i ,2,5--S). Thus our findings in this study suggest that carotenoids 
may modulate T-dependent human Ig production by as yet undescribed mechanisms, apart 
from antioxidant and vitamin A activity. 

Recent progress in immunology has disclosed a complex yet intricate network of immune 
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Table 1. ‘Effect of Serum Supplementation on Ig Production by Human 
PBMNC-Results of Experiment 4”d 

FCS (O?!) FCS (2.5%) FCS (5.0%) . FCS’(lO.t%) 

IgM production 
Astaxanthin (IO-” moWl) 

PWM (l:l,OOO) 45 Lk 9 325 zt 86’ 286f4lt ’ 201f17t 
Tetanus (5 mgil) 101 zk 24 280 i 13$ 159 -L 24f 172 f 30$ 
p-Carotine (1 tY* molfl) 
PWM (l:I.OOO) 59* 17 218 .ir 81 135 * 13 190r70. 
Tetanus (5 mg/l) 87 f 20 174 f 27 184 f 16 147 f 15 

IgG production 
Astaxanthin (l@” moUl) 

PWM (l:l,OOq 83 f 17 220 f 23t 219 J: 1st. 169 f 51 
Tetanus (5 mrJi) 9Ok 19 182 f 134 169 f 171 144*7* 
P-Carotene (IO-* motnj 

PWM (l:l,ooO) 76k 16 138klS ,, .9444 112 f 18 
Tetanus (5 mg/l) 8Odz I2 133 i 18 85f II 112r 18 

IgA production 
Astaxanthin ( 10V8 mol/l) 

PWM (1:l.OOO) 93 k 45 158 f 323 155 f 22$ 132kt.t 
Tetanus (5 mu) 63 zk 43 1ioit 43* 13 94 * 25 
f3-Carotene (1 O-* mol/I) 
PWM (l:l,OOO) 75 zt 36 15s * 58 106 k 13 12Oztz4 . 
Tetanus (5 mu) 70 * 2x 94 * 75 57 f 30 140;t56 

u: Values are means f SE of 3 replicate experiments expressed as mean percent difference in immunoglob~n 
(1~3) production in carotenoid-supplemented cultures compared with control values obtained in cultures 
without carotenoids. 

h: Abbreviations arc as follows: FCS, fetal calf serum; PWM, pokeweed mitogcn. 
(‘: Spontaneous Ig production without stirrruii was not significantly altered by carotenoids, irrespective of 

serum concentrations in culture medium. 
II: Statistical significance (Student‘s I test) is as follows: *, p < 0.05 VS. control (control values are obtained 

in crtlturcs without carotenoid supplementation); t, p < 0.01 vs. control; i, p < 0.02 vs. control; fi. p < 0.005 
vs. cllnlrld. 

1x1 
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responses regulated by Th cells. Th cells carry out versatiIe regulatory actions by producing. 
humoral factors called cytokines and cognitive cell-cell interactions with target cells through 
cell surface mo lecules (25). Th cells differentiate into type 1 and type 2 Th cells (Thl and T li2 
cells) upon activation by Ag stimu li or other stimu li (25). In studies using murine ThI and 
Th2 clones, carotenoids enhance Th cell functions partly by modulating T-cell activation 
marker expression and cytokine production (23; unpublished observations). It is possible that 
carotenoids modulate the human immune system by modify&g the process ofTh ceil activation. 

Serum IgA levels are low compared with serum IgM and IgG levels. However, the largest 
amount of Ig produced in the body is IgA, and it is ma inly present in the gastrointestinal aud 
airway mucosa: IgA is believed to have an essential role in the first-line defense mechanisms 
for pathogen invasion at the mucosal surface (26). In that rkgard, our fmding that carotenoids 
enhance IgA production against P W M , a T-dependent polyclonal stimu lant, is interesti&, 
dietary carotenoid could enhance IgA production of the gastrointestinal and airway mu&&? 
and consequent ly reduce infection-associated inflammatory responses and lower the risk of 
tumor transformation. 

In summary, this study demonstrates carotenoid’s effect on human Ig production: this 
carotenoid effect may have a role in the prevention of human cancers and other degenerative 
disease. Further studies of biologic actions of carotenoids and their mechanisms of action in 
human models will aid in understanding the m icronutrient role of carotenoids. 

Acknowledgments and Notes 

The authors than; Ikolly Reed for secretarial help. This study was supported in part through funding from National 
Institute on Aging Grant AI-2S065 from the National institutes of Health (Bethesda. MD), a Variety Children’s 
Scholarship, the University of Minnesota, and a grant from Nikkcn Sohonsha (Gifu, Japan). Address reprint requests 
to Dr. Harumi Jyonouchi. Div. of Immunology, Dept. of Pediatrics, Univ. of Minnesota, BOX 610, UMHC, 420 
Delaware St. SE. Minneapolis, MN 55455. 

. 

Submitted 17 August 1994; accepted in final form 18 November 1994. 

4. 
References 

1. Gcrster. H: “Anticarcinogenic Effect of Common Carotenoids.‘” Inl J Vir Mutt &s 63, 93-121, 1993. 
2. Van Pop& G: “Carotcnoids and Cancer. An Update W ith Emphasis on Human Intervention Studies.” Eur -ii’ 2  

tamer 29A, 1335-1344, 1993. 
3. Ames. BN, Shigcnaga, MK, and Hagen, TM: “Oxidants, Antioxidants, and the Degenerative Diseases of Aging.‘” ’ 

Proc Narl Acad Sci USA YO,791%7922,  1993.  
4. Cardield,.LM, Forage, JW, and Valcnzuda, JG: “Carotenoids as CelluIar.,&tioxidants.” Proc Sot Exp Biof Med 

m, 260-265, 1992. 
5. Bertrum, JS, Pung, A, Churley, M, Kappock, TJ, W ilkins, LR, et al.: “Diverse Carotenoids Protect Against 

Chemically Induced Neoplastic Transformation.” Cakinogenesir  12, 671678, 1991. 
6. Zhang, LX, Cooney, RV, and Bertrum JS: “Carotenoids Up-Regulate Connexin43 Gene Expression Independent 

of Their Provitamin A or Antioxidant Properties.” Cancer Res 52, 5707-5712,  1992. 
7. Bclisatio, MA, Pecu. R, Battista, C, Panza, N, and Pancilio, G: “Inhibition ofcyclophosphamidc Mutagenicity 

by P-Carotene.” Biomed Pharmucother 39, 445-448,  1985. 
8. He. ‘f. and Campbell, TC: “Effects of Carotenoids on Aflatoxin B,-Induced Mutagenesis in S. fyphimurilm 

TA~@J and TA98.” Nutr Cancer 13, 243-253. 1990. 
9. Bcndich, A: “P-Carotene and the Immune Response.” Proc Nutr Sac SO, 263-274,  1991. 

10. hndich. A: “Carotenoids and the Immune Response.” / Er’ulr 119, 112-115, 1989. 
11. Watson. RR, Prabhala, RH, PI&a, RM, and Alb+z-ts, DS: “Effect ofp-Carotene on Lymphocyte Subpopulations 

in Eldcriy Humans: Evidence for a Dose-R~ponx Relationship.” ,4m J Cfin Nucr 53, 90-94, 1991. 
12. Prabhala, RH, Garewal, HS, Hits, MJ, Sampfincr, RE, and Watson, RR: ‘The Effects of I3-cir-Retinoic Acid 

and Beta-Carotenes on Cellular Immunity in Humans.” Cancer 67, I%-1560, 1991. 
13. Garcwal. HS, An@, NM, Watson, RR, Prabhala, RH, and Dols, CL: “A Preliminary Trial of Beta-Carotene 

in Subjects Infected W ith the Human Immunodcficicncy Virus.” J jVufr 122, 728-732, 1992. 
14. Jyonouchi, H. Hill, RJ, Tomita, Y, and Good, RA: “Studies of Immunomodulating Actions of Carotcnoids. I. 



IS. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

Effecu of j3-Carotene and Astaxanthin on Murine Lymph-c-Functions .a+ Cell Surfaa Marker Expression 
in fn yiiro Culture System.” Nutr Cimccr 16, 93-105, 1991. 
Jyonouchi, H, Zhang, L, and Tomita, Y: ‘%x&s of Immunomodulating Actions of Carotenaids. II. Astaxanthin 
Enhances In Yirra Antibody Production to T-dependent Antigens Without Facilitating Polyclonal B-Cell Acti- 
vation.” Nufr Cancer 19, 269-280, 1993. 
Jyonouchi. H, Zhang L, Gross, M, and Tomita, Y: “Immunomodulating Actions of Carotenoids: Enhancement 
of In Vivu and In Yiiro Antibody (Ab) Producition to T-dependent Antigens (ID-A&.” Nufr &cer 21, 47-58, 
1994. 
Jyonouchi, H, Zhang, L, and Tut&a, Y: “Studies of Immunomodulating Actions of RNAMucleo tides. RNAMu- 
cleotides Enhance In vitro Ig Production by Human Peripheral Blood Mononuclear Ceils in Response to 
T-dependent Stimuli.” Pediurr Res 33,458-W, 1993. 
Jyonouchi, H. Hang, L, Geotgieff, M, and Ton&q Y: “Immunomodulating Actions of Nucleotides. Enhance- 
ment of Ig Production by Human Cord Blood Lymphocytes.” Pediutr Ru 34,565-571, 1993. 
Bishop, T, Jacobs, D, B&her, JD, and Gross; MD: “Carotenoid-Induced HL60 CclI Dierentiation.” .4&r J&h 
hf symp G7rorenoidr, 1993, p9-3. 
Campbell. DR. Gross, CD, Martini, MC, Grandis, G, Slavin, JL, et al.: “Plasma Carotcnoids as Bioma&& oi a’ 
Vegetable and Fruit Intake.” Gncer Epidcmioi Biomarkcrs Prcv 3,493-500, 1994. 
Tomita, Y, Himemo, K, Nomoto, K, Endo, H, and Hirohata, H: “Augmentation of Tumor Immunity Against 
Synergic Tumor in Mia by j3Carotene.” 78,679-681, 1987. 
Tot&a, Y, Hiicno, K, Nomoto, K, and Hiiohata, T: “Augmentation of Tumor Immunity in Mia by 
Carotenoids.” Abe 8th Inr Symp Ccrrotertoidr. 1987. p63. 
Jyonouchi, H, Sun, S, and Gross, MD: “The Mediition of Carotcnoid IrnmunomoduJating~Activities by Cloned 
T-Helper Cells and Cytokinc mRNA Expression” (al&r). FASEB I8, A4R9, 1994. 
Prabhala. RH, Vaxcry, V, Hicks, MJ, and Watson, RR: ‘Enhancement of the Expression of Activation Markers 
on Human Peripheral Blood Mononuclear Cells by In Vitro Culture With Retinoids and Carotcnoids.” JLeukocyf~ 
Biol45, 249-254. 1989. 
Swain, SL. Bradly, L, Croft, M, Tonkonogy. S, Atkins, 6, et al.: “Hdper T-Cell Subsets: Phenotype, Function, 
and the Role of Lymphokincs in Rcguiating Their Development.” lmmunoi Rev 123, 115-144, 1991. 
Strober, W, and Brown WR: “The Mucosal Immune System.” In Immunoiogical Diwases, 4th Cd, M San&' 
EW Talmagc, MM Frank, KF Austen, and.HN Claman (eds). Boston, MA: Little, Brown, 1988, pp 79-139. 


