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Abstract
Vitamin C (VC) is a vital micronutrient for humans and some other mammals and also has antioxidant activity. Stress-induced elevation of glu-
cocorticoid production is well known to cause immunosuppression. The present study evaluated the effect of high VC intake on glucocorticoid-
induced immune changes in mice. Senescence marker protein 30 knockout mice with genetic VC deficiency were fed a diet containing the
recommended VC content (20 mg/kg per d; 0·02 %VC group) or a high VC content (200 mg/kg per d; 0·2 %VC group) for 2 months, then dex-
amethasone was given by intraperitoneal injection. After administration of dexamethasone, the plasma ascorbic acid concentration decreased
significantly in the 0·02 %VC group and was unchanged in wild-type C57BL/6 mice on a VC-deficient diet (wild-type group), while it was sig-
nificantly higher in the 0·2 %VC group compared with the other two groups. In the 0·02 %VC and wild-type groups, dexamethasone caused a
significant decrease in the cluster of differentiation (CD)4þ and CD8þ T cells among splenocytes as well as a significant decrease in IL-2,
IL-12p40 and interferon-γ protein production by splenocytes and a significant decrease in T-cell proliferation among splenocytes. In the 0·2
%VC group, these dexamethasone-induced immunosuppression improved when compared with the other two groups. In addition, reduction
in the intracellular levels of ascorbic acid, superoxide dismutase and glutathione in splenocytes by dexamethasone as well as elevation in thi-
obarbituric acid-reactive substances were significantly suppressed in the 0·2 %VC group. These findings suggest that high dietary VC intake
reduces glucocorticoid-induced T-cell dysfunction by maintaining intracellular antioxidant activity.
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Vitamin C (VC), an essential micronutrient for maintaining
homeostasis in humans and some mammals, has an important
role in antioxidant activity to protect against oxidative stress
and is also known to be a coenzyme for biosynthesis of collagen,
L-carnitine and norepinephrine(1,2). The current RDA of VC for
adults is 75–90 mg/d in the USA, while it is 100 mg/d in
Germany, Switzerland and Japan(3). The dietary intake of VC
at five to twenty times the RDA has been reported to reduce
not only serum lipid peroxide in clinical trials(4,5) but also

hydrogen peroxide (H2O2)-induced DNA damage in lympho-
cytes isolated from healthy subjects(6).

Glucocorticoids (GC) are steroid hormoneswith an important
role in regulating various physiological processes such as energy
metabolism, neurological function and immune function. GC are
also stress hormones that activate the hypothalamic–pituitary–
adrenal axis when secreted in response to physical or psycho-
logical stress(7,8). Excess of GC has been shown to cause atrophy
of lymphoid tissues such as spleen and thymus and to increase

Abbreviations: APC, antigen-presenting cells; CD, cluster of differentiation; ConA, concanavalin A; DEX, dexamethasone; GC, glucocorticoids; GSH, reduced
glutathione; GSSG, oxidised glutathione; IFN-γ, interferon-γ; KO, knockout; ROS, reactive oxygen species; SMP30, senescence marker protein 30; SOD, super-
oxide dismutase; TBARS, thiobarbituric acid-reactive substances; Th1/Th2, T helper type 1/T helper type 2; VC, vitamin C; WST-1, 4-(3-(4-iodophenyl)-2-
(4-nitrophenyl)-2H-5-tetrazolio)-1,3-benzol-disulfonate; WT, wild type.
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the death of lymphocytes in these tissues(9,10), resulting in the
inhibition of immune functions such as cytokine production,
lymphocyte proliferation and cytotoxicity, natural killer (NK)
activity and antigen-presenting capacity(11,12). The immuno-
suppressive effects of GC are considered to increase the risk
of infection and cancer(7,13). Reduction in antioxidant activity
or increased oxidative stress are known to contribute to lympho-
cyte damage and immune dysfunction(14). Dexamethasone
(DEX) is a GC analogue that has been reported to increase
the production of reactive oxygen species (ROS) along
with reduction in antioxidants such as reduced glutathione
(GSH) and superoxide dismutase (SOD) in lymphoid tissue,
including spleen and thymus(10,15). Suppression of antioxidant
activity for removal of ROS can lead to oxidative damage of
proteins, lipids and DNA, resulting in apoptotic death of
splenocytes and T cells(10,16,17). In addition, intracellular
deficiency of GSH and SODdecreases proliferation and cytokine
production by T cells or antigen-presenting cells (APC)(18–20).
It has been reported that VC prevents GC-induced lymphocyte
death by maintaining the GSH level(21,22), but the in vivo
effects of high-dose VC intake on the lymphocyte count and
immune function after GC administration are not clearly
understood.

Senescence marker protein 30 (SMP30) is a 34-kDa protein
that was initially identified in the rat liver, and its expression
has been reported to decrease with age in both sexes(23).
SMP30 is also known as gluconolactonase, and it has a role in
VC biosynthesis as a lactone hydrolysing enzyme. Ishigami
et al. generated SMP30 knockout mice (SMP30-KO mice) that
developed symptoms of scurvy when fed a VC-deficient diet(24).
Thus, SMP30-KO mice may be a useful animal model for inves-
tigating the physiological functions of VC(25). Recently, the daily
dietary VC requirement of SMP30-KO mice was estimated and it
was also demonstrated that high VC intake (ten times of the
requirement) suppressed the age-related thymic atrophy and
decline in the T-cell count in the peripheral blood, thymus
and spleen in these mice(26).

To investigate the effect of high VC intake on lymphoid organ
weight, splenic immune function and the intracellular redox
status of splenocytes after GC treatment, we measured spleen
and thymus weights as well as lymphocyte count, T-cell prolif-
eration, cytokine production and intracellular antioxidants/lipid
peroxide in the splenocytes after administration of DEX to
VC-deficient SMP30-KO mice fed a normal-VC diet or high-
VC diet.

Materials and methods

Animals

Specific pathogen-free male C57BL/6 (wild type (WT)) mice
were purchased from Charles River Japan and were acclima-
tised for 7 d before the experiments. Throughout the experi-
ments, mice were housed in individual cages and were
maintained under specific pathogen-free conditions in a
controlled environment (room temperature: 22 to 24°C, relative
humidity: 50 to 60 % and 12 h light–12 h dark cycle). SMP30-KO
mice were generated from C57BL/6 mice by gene targeting,

as described previously(24). Experiments were performed with
7- to 9-week-old male SMP30-KO mice and 9- to 10-week-old
male WT mice. Animal experiments were performed in accor-
dance with the animal care and use protocol approved by the
Institutional Animal Care and Use Committee of Tokyo
Metropolitan Institute of Gerontology (TMIG) (permit number:
18038) and the TMIG Guidelines for the Care and Use of
Laboratory Animals.

Experimental design

The daily VC requirement of SMP30-KO mice was previously
reported to be 20mg/kg(26). Animal and clinical studies have
shown that supplementation with antioxidants such as melato-
nin and VC for 2 months reduces oxidative stress of peripheral
blood lymphocytes and improves immune function such as
T-cell proliferation(27–29). Thus, SMP30-KO mice were rando-
mised to two groups based on body weight and fed a purified
diet containing 0·02 %VC (20mg/kg per d, n 10) or 0·2 %VC
(200mg/kg per d, n 10) for 2 months. WT C57BL/6 mice (WT
mice; n 10) were fed the purified diet without VC for 2 months
as a control group. Mice were given access to each diet and
drinking water ad libitum throughout the study. The purified
diet was based on the American Institute of Nutrition (AIN)
93M diet(30) and its composition is shown in Table 1. α-Maize
starch, casein, soyabean oil, cellulose powder, AIN93M mineral
mixture and AIN93 vitamin mixture were purchased from
Oriental Yeast Co. Maize starch and sucrose were obtained from
Matsutani Chemical Industry and Mitsui Sugar Co., Ltd, respec-
tively. Choline bitartrate, L-cystine, tert-butylhydroquinone and
L-ascorbic acid were purchased from Wako Pure Chemicals.
After 2 months, SMP30-KO mice receiving the 0·02 %VC or
0·2 %VC diet were randomised by body weight to a vehicle sub-
group (n 5) or a DEX subgroup (n 5 each), and WT mice were
also randomly allocated to two subgroups in a similar manner.
The size of the subgroups was determined from the results of
a previous investigation into the effect of betulinic acid, a natural
plant triterpenoid, on the decrease of splenocytes after DEX
administration(10). A size of n 5 was estimated to be sufficient
based on the following assumptions: a splenocyte count of 5·0

Table 1. Composition of the basal diet*
(Values are the amount of ingredients (g/kg diet) in each group)

Ingredients 0·02 %VC 0·2 %VC

Corn starch 465·5 463·7
α-Maize starch 155·0 155·0
Casein 140·0 140·0
Sucrose 100·0 100·0
Cellulose powder 50·0 50·0
Soyabean oil 40·0 40·0
Mineral mix (AIN-93M-MX) 35·0 35·0
Vitamin mix (AIN-93-VX) 10·0 10·0
Choline bitartrate 2·5 2·5
L-Cystine 1·8 1·8
Tert-butylhydroquinone (mg) 8·0 8·0
Ascorbic acid 0·2 2·0

VC, vitamin C; AIN, American Institute of Nutrition.
* The basal diet was based on the AIN-93M diet, which was supplemented with 0·02 or

0·2 % ascorbic acid.
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(SD 1·5) × 107 cells after DEX administration to SMP30-KO mice
receiving the 0·02 %VC diet, 25 % restoration of the splenocyte
count by 0·2 %VC, statistical power of 80 % and type I error of
5 %. Mice in the two DEX subgroups were administered DEX
(Wako) intraperitoneally at a dose of 2·5 mg/kg once daily for
2 d, while mice in the vehicle groups were given the same vol-
ume of 0·9 % saline (Otsuka Chemical) containing 10 % v/v
ethanol. Before the start of the present study, we performed
the preliminary examination for determining the optimum
DEX conditions (solvent, dosage and exposure period) that lead
to a significant reduction in lymphoid organ weight as well as
splenic lymphocyte count and immune function compared with
vehicle by reference to previous reports(31–33). At 12 h after DEX
administration on day 2, the plasma ascorbic acid concentration,
body weight, thymus weight and spleen weight were measured,
and splenocytes were prepared for further analyses. After mice
were anesthetisedwith isoflurane, blood samples were collected
from the inferior vena cava using a 1-ml disposable syringe
(Termo) containing heparin (Ajinomoto). Then the animals were
killed by exsanguination, and the thymus and spleen were
harvested and washed with saline to minimise contamination.

Measurement of the plasma ascorbic acid concentration

The plasma level of ascorbic acid was measured by HPLC with
electrochemical detection, as described previously(26). Briefly, a
plasma sample was mixed with an equal volume of 10 %w/vmet-
aphosphoric acid containing EDTA-2Na and then was centrifuged
at 8000 g for 10min at 4°C. Before HPLC, the supernatant was
mixed with 10 % w/v TCA and was centrifuged at 5200 g for
10 s at room temperature, after which the resulting supernatant
was diluted with the mobile phase and injected into a semi-micro
HPLC system (Nanospace SI-2, Shiseido). Separation was per-
formed using a Capcell Pak C18MG column (Shiseido)with an iso-
cratic mobile phase (0·1 M potassium phosphate buffer, pH 2·0),
and electrochemical detection (Model 3016, Shiseido) was done
in the amperometric mode at an oxidation potential of þ700mV.

Preparation and counting of splenocytes

Spleen cells were prepared according to the reportedmethod(26).
In brief, the spleen was initially minced with scissors and then
mashed with the plunger of a syringe to obtain a cell suspension
that was centrifuged at 250 g for 5 min at 4°C. After removing the
supernatant, erythrocytes were lysed by incubation in lysis sol-
ution (17 mM NH4Cl and 140 mM Tris-HCl, pH 8·0) for 5 min at
4°C. Then an excess of Hank’s solution (Sigma) containing
5 % fetal bovine serum (FBS; Hyclone) was added and the cell
suspension was centrifuged at 250 g for 5 min at 4°C. After
removing the supernatant, the pellet was resuspended in the
PBS containing 2 % FBS to measure the total splenocyte count
and the splenic T-cell population by flow cytometry or was
resuspended in Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco) supplemented with 0·2 % w/v NaHCO3,
10 % v/v heat-inactivated FBS, 100 IU/ml penicillin, 100 μg/ml
streptomycin and 5 ng/ml 2-mercapto-ethanol) to evaluate
cytokine production and proliferative capacity. Single-cell
suspensions of splenocytes were obtained by passage through
a 70-μm nylon cell strainer (Becton-Dickinson). The total

splenocyte count was obtained with an automated cell counter
(CDA-500; Sysmex), after which the splenocyte suspension was
stored at –80°C until measurement of the intracellular ascorbic
acid content, SOD activity, GSH content and lipid peroxide
content.

Flow cytometry

Splenocytes were pre-incubated with anti-cluster of differentiation
(CD)16/CD32 antibody (10139, Clone: 93, Biolegend) to block the
Fc receptor and then were stained with monoclonal antibodies
according to each manufacturer’s instructions. Splenocytes were
stained with fluorescein isothiocyanate-labelled anti-CD3 antibody
(100306, Clone: 145-2C11; Biolegend), phycoerythrin-labelled
anti-CD4 antibody (12-0042-82, Clone: RM4-5; eBioscience) and
peridinin chlorophyll protein complex-labelled anti-CD8 antibody
(100732, Clone: 53-6.7; Biolegend). CD3þCD4þ cells were defined
as helper T cells and CD3þCD8þ cells were defined as cytotoxic
T cells. Splenocyte subpopulations were analysed by flow
cytometry (EPICS XL ADC using EXPO 32 ADC software;
Beckman Coulter), and the absolute count of each subpopulation
was calculated as the total splenocyte count multiplied by the
percentage of each cell type.

Cell culture and measurement of cytokine production

First, ninety-six-well polystyrene microplates (Greiner) were
precoated by incubation with 5·0 μg/ml anti-CD3ϵ antibody
(MAB484; R&D Systems) in 50 μl of PBS overnight at 4°C.
After aspiration of the antibody solution, splenocytes (5·0 ×
105 per well) were seeded in the coated wells and were cultured
in RPMImedium at 37°C under a 5%CO2 atmosphere. After 24 h,
supernatants were collected and the levels of IL-2, IL-4, IL-10, IL-
12 and interferon (IFN)-γ in each supernatant were determined.

Determination of cytokine levels

Cytokine levels in culture supernatants were measured by sand-
wich ELISA, as reported previously(34). The reagents used for
ELISA are summarised in online Supplementary Table S1. To
evaluate the balance between T helper type 1 (Th1) and T helper
type 2 (Th2) cells, the Th1:Th2 ratio was calculated indirectly as
the ratio of Th1 cytokine (IFN-γ) production/Th2 cytokine (IL-4)
production.

Measurement of T-cell proliferation

Splenocytes (5·0 × 105 per well) were seeded into 96-well plates
containing RPMImediumwith orwithout concanavalin A (ConA;
C2010; Sigma) at a final concentration of 2 μg/ml and were incu-
bated for 48 h at 37°C under a 5 % CO2 atmosphere. At 4 h before
the end of incubation, 4-(3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio)-1,3-benzol-disulfonate (WST-1) solution (10 mM

WST-1 (Dojindo) and 0·4 mM 1-methoxy-5-methylphenazinium
methyl sulphate (Dojindo in PBS) were added to the plate.
On completion of incubation, the absorbance of each well
was measured at 450 and 630 nm (for reference) with a micro-
plate reader. Proliferative activity was assessed by calculating
the stimulation index (absorbance of ConA-stimulated wells/
absorbance of unstimulated wells).
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Measurement of intracellular total protein

Splenocytes (1·0 × 107 cells) were lysed in 100 μl of radioimmu-
noprecipitation assay (RIPA) buffer (Cayman Chemical) supple-
mented with a protease inhibitor cocktail (Sigma-Aldrich) and
were homogenised twice with a Sonifire SLPe 40 (Branson)
for 1 s at 20 % amplitude on ice. Then the homogenate was
centrifuged at 10 000 g for 10 min at 4°C, after which the super-
natant was diluted 5-fold with deionised water. Subsequently,
the total protein content of the homogenate was determined
by the bicinchoninic acid assay(35,36).

Measurement of intracellular ascorbic acid

The intracellular ascorbic acid content was measured by HPLC, as
described previously(26,37). After splenocytes (5·0× 106 cells) were
homogenised twice with a Sonifire SLPe 40 in 50 μl of 5 % w/v
metaphosphoric acid containing EDTA-2Na, the homogenate
was centrifuged at 8000 g for 10min at 4°C. Before HPLC, the
supernatantwas diluted 5-foldwith 10%w/vTCA and centrifuged
at 5200 g for 10 s at room temperature, after which the resulting
supernatant was diluted 5-fold with themobile phase and injected
into a semi-microHPLC system (Shiseido). The intracellular ascor-
bic acid content of splenocytes was normalised per mg of protein.

Measurement of intracellular superoxide dismutase
activity

Splenocytes (5·0 × 106 cells) were homogenised twice with a
Sonifire SLPe 40 in 100 μl of sucrose buffer (0·25 M sucrose,
10 mM Tris (hydroxymethyl) aminomethane and 1mM EDTA,
pH 7·40). Then the homogenate was centrifuged (10 000 g for
15 min at 4°C), and the total SOD activity in the supernatant
was measured with an SOD assay kit-WST (Dojindo), according
to the manufacturer’s directions. One unit (U) of SOD activity
was defined as causing 50 % inhibition of the assay reaction,
and intracellular SOD activity was normalised per mg of protein.

Measurement of intracellular glutathione

Splenocytes (1·0 × 107 cells) were homogenised twice with a
Sonifire SLPe 40 in 100 μl of 5 % w/v 5-sulphosalicylic acid sol-
ution, after which the homogenate was centrifuged at 8000 g for
10 min at 4°C and the supernatant thus obtained was diluted
5-fold with deionised water. Subsequently, total GSH and oxi-
dised glutathione (GSSG) levels were determined in the superna-
tant with a GSSG/GSH quantification kit (Dojindo), according to
the manufacturer’s instructions. The GSH content was calculated
as the difference between total GSH and GSSG, and the GSH:
GSSG ratio was also calculated. Intracellular GSH and GSSG con-
tents of splenocytes were normalised per mg of protein.

Measurement of intracellular lipid peroxide

To measure the intracellular level of thiobarbituric acid-reactive
substances (TBARS), splenocytes (1·0 × 107) were homogenised
twice using a Sonifire SLPe 40 in 100 μl of RIPA buffer (Cayman)
supplemented with protease inhibitor cocktail (Sigma-Aldrich).
The homogenate was centrifuged (1600 g for 10 min at 4°C)
and the supernatant collected for measurement with a TBARS

assay kit (Cayman Chemical), according to the manufacturer’s
protocol(38). The TBARS level was normalised per mg of protein.

Statistical analysis

Differences between the vehicle and DEX subgroups were
assessed with Student’s unpaired t test. Within the vehicle or
DEX subgroups, data were analysed by one-way ANOVA,
followed by the Tukey–Kramer test, for comparisons between
the 0·02, 0·2 %VC and WT groups. All analyses were performed
with Statcel3 software (OMS Publishing). Results are shown as
means and standard deviations. A probability (P) < 0·05 was
considered to indicate statistical significance.

Results

Effects of high vitamin C intake on body weight, organ
weights and plasma ascorbic acid in SMP30-KO mice

To examine the influence of high dietary VC intake on DEX-
induced changes in body weight, immune organ weights and
the ascorbic acid level in SMP30-KO mice, these parameters
were compared after administration of DEX or the vehicle. No
adverse events were observed in all experimental groups
throughout the experiment. While vehicle treatment did not
result in any significant differences in body weight, thymus
weight and spleen weight among the three groups (0·02,
0·2 %VC andWT groups), the plasma ascorbic acid concentration
was significantly higher in the 0·2 %VC group than in the other
two groups (Table 2). After DEX administration, body weight
showed no significant differences among the three groups
(Table 2). However, thymus weight was significantly decreased
byDEX in all three groups, with no significant differences among
the groups (Table 2). Spleen weight was significantly decreased
by DEX in all three groups, but it was significantly higher in the
0·2%VC group comparedwith the other two groups (Table 2). In
addition, the plasma ascorbic acid concentration showed a sig-
nificant decrease in the 0·02 and 0·2 %VC groups after DEX
administration, whereas it did not decrease significantly in the
WTgroup (Table 2). Despite being decreased byDEX, the plasma
ascorbic acid concentration was still significantly higher in the
0·2 %VC group compared with the other two groups (Table 2).

Effect of high vitamin C intake on the splenocyte count
and splenic T-cell subpopulations

It is well known that GC administration decreases the lymphocyte
count in mice(31,32). To investigate the effect of high VC intake
on DEX-induced changes in splenic T cells, we measured the
total splenocyte count and splenic T-cell subpopulations after
administration of the vehicle or DEX to SMP30-KO mice. After
vehicle treatment, the splenocyte count and the number of splenic
CD3þ T cells, CD3þCD4þ T cells and CD3þCD8þ cells did not
differ significantly among the three groups. DEX administration
caused a significant decrease in these cells in all three groups com-
pared with vehicle administration (Fig. 1(A)–(D)). However, the
splenocyte count and the number of splenic CD3þ T cells,
CD3þCD4þ T cells and CD3þCD8þ T cells were significantly

Immune effects of high vitamin C intake 1123

https://doi.org/10.1017/S0007114519001922  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114519001922


higher in the 0·2 %VC group compared with the other two groups
after DEX treatment (Fig. 1(A)–(D)).

Effect of high vitamin C intake on cytokine production by
splenocytes stimulated with anti-CD3 antibody

GC treatment inhibits the production of IL-2 and IFN-γ by T
helper type 1 (Th1) cells and also suppresses IL-12 production
by APC, causing a decrease of the Th1:Th2 cytokine ratio(11,39).
To examine the influence of high VC intake on DEX-induced

changes in cytokine production, we administered DEX or the
vehicle to SMP30-KO mice and then measured the concentra-
tions of IL-2, IL-4, IL-10, IL-12p40 and IFN-γ in splenocytes cul-
tured with anti-CD3 antibody. After vehicle treatment, the levels
of all cytokines and the Th1:Th2 ratio did not differ significantly
among the three groups (Fig. 2(A)–(F)). DEX administration sig-
nificantly reduced the IL-2 level in all three groups, but it was
significantly higher in the 0·2 %VC group compared with the
other two groups (Fig. 2(A)). IL-4 was slightly, but significantly,
decreased in the 0·02 %VC and 0·2 %VC groups after DEX

Table 2. Effect of high dietary vitamin C (VC) intake on body weight, thymus weight, spleen weight and plasma ascorbic acid after
administration of dexamethasone (DEX)
(Mean values and standard deviations for n 5 (vehicle or DEX subgroups of the 0·02 %VC, 0·2 %VC and wild type (WT) groups))

0·02 %VC 0·2 %VC WT

Mean SD Mean SD Mean SD

Body weight (g) Vehicle 34·6a 1·9 34·6a 1·6 34·6a 2·2
DEX 34·7a’ 2·5 34·8a’ 1·7 34·7a’ 1·8

Thymus weight (mg) Vehicle 34·8a 4·3 37·7a 5·2 33·8a 5·7
DEX 12·5**a’ 2·3 14·8**a’ 2·4 12·2**a’ 1·8

Spleen weight (mg) Vehicle 78·2a 10·8 75·2a 4·0 77·9a 14·2
DEX 54·1**a’ 3·7 60·2*b’ 2·2 51·8**a’ 4·5

Plasma ascorbic acid level (mg/l) Vehicle 6·6a 0·8 13·6b 1·9 7·1a 1·0
DEX 4·9*a’ 0·8 11·2*c’ 0·7 6·8b’ 1·1

a,b (vehicle subgroups) or a’,b’,c’ (DEX subgroups): mean values with unlike letters were significantly different (P < 0·05; one-way ANOVA with a post hoc
Tukey–Kramer test).

Mean value was significantly different from that of the vehicle subgroup: * P < 0·05, ** P < 0·01 (unpaired Student’s t test).
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Fig. 1. Effect of high dietary vitamin C (VC) intake on splenocytes and T-cell subsets after administration of dexamethasone (DEX; ). Values are means and standard
deviations for n 5 (vehicle ( ) or DEX subgroups of the 0·02, 0·2 %VC and wild type (WT) groups). a,b (vehicle subgroups) or a’,b’ (DEX subgroups): mean values with
unlike letters were significantly different (P < 0·05; one-way ANOVA with a post hoc Tukey–Kramer test). Mean value was significantly different from that of the vehicle
subgroup: * P < 0·05, ** P < 0·01 (unpaired Student’s t test).
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administration, while it was slightly higher in the WT group than
in the other two groups (Fig. 2(B)). IL-10 did not decrease in
either of the VC groups after DEX administration, but it showed
a significant decrease in the WT group. However, there was no
significant difference in IL-10 among the three groups after DEX
treatment (Fig. 2(C)). DEX administration caused a significant
decrease in IL-12p40 in the 0·02 %VC group and the WT group,
but the decrease in IL-12p40was significantly smaller in the 0·2%
VC group and the IL-12p40 level was significantly higher in this
group compared with the other two groups (Fig. 2(D)). IFN-γ
was significantly decreased in all three groups after DEX admin-
istration, but it was significantly higher in the 0·2%VC group than
in the other two groups (Fig. 2(E)). Finally, the Th1:Th2 ratio was
significantly decreased by DEX administration in all three
groups, but it was significantly higher in the 0·2 %VC group com-
pared with the other two groups (Fig. 2(F)).

Effect of high vitamin C intake on proliferation of splenic
T cells stimulated with concanavalin A

It was reported that GC treatment suppressed T-cell proliferation
when splenocytes were stimulated with a T-cell mitogen(32,39).
To investigate the influence of high VC intake on T-cell prolifer-
ation after DEX administration to SMP30-KOmice, we measured
the proliferative activity of T cells among splenocytes treated
with ConA. There were no significant differences in T-cell pro-
liferative activity among the three groups after vehicle treatment
(Fig. 3). On the other hand, T-cell proliferative activity showed a
significant decrease in the 0·02 %VC and WT groups after DEX
administration, while it did not decrease in the 0·2 %VC group
and was significantly higher in this group compared to the other
two groups (Fig. 3).

Effect of high vitamin C intake on intracellular
antioxidant activity and lipid peroxide content in
splenocytes

GC were reported to decrease antioxidant activity and increase
the lipid peroxide level in the spleen(10). We investigated the
influence of high VC intake on intracellular antioxidant and lipid
peroxide levels in splenocytes from SMP30-KOmice treatedwith
DEX by measuring the intracellular levels of ascorbic acid, GSH,
SOD and TBARS. After vehicle treatment, the intracellular levels
of ascorbic acid, GSH, SOD and TBARS showed no significant
differences among the three groups (Table 3). DEX administra-
tion significantly decreased the intracellular ascorbic acid level,
SOD activity and total GSH level in the 0·02 %VC group and WT
group but not in the 0·2 %VC group. As a result, the intracellular
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ascorbic acid level, SOD activity and total GSH level were signifi-
cantly higher in the 0·2 %VC group than in the other two groups
after DEX administration (Table 3). The intracellular GSH level
and GSH:GSSG ratio were significantly decreased by DEX in
all three groups but were significantly higher in the 0·2 %VC
group compared with the other two groups (Table 3). DEX sig-
nificantly increased the intracellular TBARS level in the 0·02%VC
and WT groups, but not in the 0·2 %VC group, with the TBARS
level being significantly lower in the 0·2 %VC group compared
with the 0·02 %VC group (Table 3).

Discussion

In the present study, high VC intake (ten times of the requirement)
significantly inhibited the induction of splenic atrophy by DEX in
SMP30-KO mice and also maintained the number of splenocytes
and splenic CD4þand CD8þ T cells. In addition, high VC intake
significantly ameliorated DEX-induced suppression of IL-2,
IL-12 and IFN-γ production by splenocytes, alteration of the
splenocyte Th1:Th2 ratio and inhibition of T-cell proliferation
among splenocytes. Furthermore, high VC intake inhibited the
reduction in intracellular ascorbic acid, SOD and GSH levels in
splenocytes after administration of DEX and suppressed elevation
of the intracellular TBARS level. These results suggest that high
dietary intake of VC may decline the intracellular antioxidant
activity and maintain the T-cell count, Th1 cytokine production,
Th1/Th2 balance andT-cell proliferative capacity, thus preventing
GC-induced T-cell dysfunction in response to stress.

SMP30 is a lactone-hydrolysing enzymewith an essential role
in VC biosynthesis, and SMP30-KO mice fed a VC-deficient diet
display scurvy symptoms(24,25). Recently, the dietary VC require-
ment of SMP30-KO mice was proposed to be 20mg/kg per d
(0·02 %VC in the diet) equivalent to human RDA (100 mg/d)
in the case of dose per body surface area, because the plasma

ascorbic acid concentration and splenocyte count were similar
in mice on a 0·02 %VC diet and WT mice(26). In agreement with
that report, the plasma ascorbic acid level, the T-cell count
among splenocytes, cytokine production by splenocytes, splenic
T-cell proliferation and splenocyte intracellular antioxidant con-
tent after administration of the vehicle were similar in the 0·02 %
VC andWT groups (Fig. 1–3, Tables 2 and 3). On the other hand,
the plasma ascorbic acid concentration after DEX administration
was significantly higher in the WT group compared with the
0·02 %VC group (Table 2). Normal mice with the SMP30 gene
can synthesise VC in the liver for supply to the peripheral blood
and tissues, and it is known that hepatic VC synthesis increases
under conditions causing oxidative stress such as physical-
restraint stress(40), lipopolysaccharide injection(41,42) and feeding
a high-fat diet(43). Thus, it seems that WT mice increased hepatic
VC production to maintain the plasma ascorbic acid concentra-
tion after DEX administration, but the intracellular levels of
ascorbic acid, SOD and GSH were still significantly decreased
by DEX, as were the T-cell count, cytokine production and T-cell
proliferation among splenocytes. In contrast, these effects of
DEX were significantly suppressed in SMP30-KO mice on the
high-VC diet (Fig. 1–3, Tables 2 and 3). These findings suggest
that endogenous VC production in the liver may not have been
sufficient to maintain the intracellular antioxidant level and
immune parameters in WT mice after treatment with DEX.

Physical or psychological stress activates the hypothalamic–
pituitary–adrenal axis and increases the production of adrenal
cortical hormones such as GC that promote the atrophy
of lymphoid organ, including spleen and thymus, with a
decreased in their lymphocyte count and suppress immune
function(33,44,45). In agreement with previous reports, the
decreased weight of these lymphoid organs were observed in
DEX-treated mice, while high VC intake reduced spleen atrophy
but had no effect on thymic involution, possibly due to the differ-
ence between organs’ sensitivity to DEX (Table 2). Furthermore,

Table 3. Effect of high dietary vitamin C (VC) intake on intracellular antioxidant and lipid peroxide levels in splenocytes from mice treated
with dexamethasone (DEX)
(Mean values and standard deviations for n 5 (vehicle or DEX subgroups of the 0·02, 0·2 %VC and wild type (WT) groups))

0·02 %VC 0·2 %VC WT

Mean SD Mean SD Mean SD

Ascorbic acid (nmol/mg protein) Vehicle 3·04a 0·30 3·31a 0·71 2·99a 0·36
DEX 1·56**a’ 0·33 3·04b’ 0·78 2·15**a’ 0·22

SOD activity (U/mg protein) Vehicle 55·2a 7·4 58·9a 8·8 48·5 3·8a

DEX 41·6*a’ 5·5 56·6b’ 5·0 42·2*a’ 4·3
Total glutathione (nmol/mg protein) Vehicle 12·9a 1·1 14·5a 3·4 12·8a 1·2

DEX 8·7**a’ 1·0 11·6b’ 1·1 8·9**a’ 0·8
GSH (nmol/mg protein) Vehicle 11·5a 0·9 13·3a 3·4 11·5a 1·2

DEX 6·9**a’ 0·8 9·9*b’ 1·1 7·2**a’ 0·7
GSSG (nmol/mg protein) Vehicle 0·68a 0·11 0·62a 0·09 0·65a 0·15

DEX 0·89*a’ 0·12 0·81**a’ 0·04 0·86*a’ 0·12
GSH:GSSG ratio Vehicle 17·3a 2·1 22·0a 6·5 18·3a 3·9

DEX 8·2**a’ 1·0 11·7**b’ 1·9 8·5**a’ 0·7
TBARS (nmol/mg protein) Vehicle 1·68a 0·14 1·55a 0·07 1·50a 0·13

DEX 2·00**b’ 0·13 1·67a’ 0·15 1·73*a’ 0·15

SOD, superoxide dismutase; GSH, reduced glutathione; GSSG, oxidised glutathione; TBARS, thiobarbituric acid-reactive substances.
a (vehicle subgroups) or a’,b’ (DEX subgroups): mean values with unlike letters were significantly different (P < 0·05; one-way ANOVA with a post hoc
Tukey–Kramer test).

Mean value was significantly different from that of the vehicle subgroup: * P < 0·05, ** P < 0·01 (unpaired Student’s t test).
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we demonstrated that DEX administration reduced the total
number of splenocytes, along with a decrease in splenic CD4þ

and CD8þ T cells, in SMP30-KO mice receiving the 0·02 %VC
diet, while these changes were significantly ameliorated in the
mice receiving the 0·2 %VC diet (Fig. 1). It was previously
reported that DEX increases the production of ROS, including
H2O2, and induces apoptosis of T cells by activation of
caspase-3, while these changes are suppressed in T cells
overexpressing catalase, a potent scavenger of H2O2

(46).
Administration of antioxidants such as betulinic acid and
melatonin maintains antioxidant activity, suppresses ROS
production/caspase activation, and increases expression of
B cell lymphoma-2 (Bcl-2), which prevents apoptosis by inhibiting
the caspase pathway, thus preventing GC-induced lymphocyte
apoptosis and splenic atrophy(9,10). Similar to these findings,
intracellular levels of antioxidants (ascorbic acid, SOD and
GSH) were maintained in the splenocytes of SMP30-KO mice
receiving the high-VC diet, and elevation of lipid peroxide
after DEX administration was also significantly inhibited in
these mice (Table 3). Treatment of thymocytes with VC was
reported to inhibit monosodium glutamate-induced apoptosis
by up-regulation of Bcl-2 protein expression(21). Our findings
suggested that high VC intake may maintain antioxidant activity
and reduce oxidative damage, which may lead to cell death
inhibition and preservation of the total number of the splenic
lymphocytes.

GC cause T-cell apoptosis, inactivate T cells and APC and
inhibit cytokine production to suppress the adaptive immune
system that normally eliminates cancer cells and pathogens such
as viruses(7,44). Oxidative damage to immune cells caused by
excessive ROS production and/or reduced antioxidant activity
has also been reported to decrease the production of various
cytokines. For example, preincubation of T cells with H2O2 or
buthionine sulfoximine (a potent inhibitor of GSH biosynthesis)
induces oxidative stress and suppresses activation of these cells
as well as suppressing the production of IL-2 and IFN-γ(47,48),
which induces IL-12 mRNA expression by macrophages(49,50).
In addition, elevation of endogenous ROS levels by H2O2 or
by GSH synthesis inhibitors was reported to suppress IL-12
expression in activated APC(20,51). In the present study,
administration of DEX to the 0·02 %VC group decreased
the secretion of IL-2, IL-12p40 and IFN-γ by splenocytes
treated with anti-CD3 antibodies which were used as potent
T-cell activator, while inhibition of cytokine production by
DEX was prevented in the 0·2 %VC group (Fig. 2). These
results suggested that maintenance of antioxidant activity
by high VC intake may have prevented DEX from sup-
pressing IL-2 and IFN-γ production by T cells as well as
IL-12 production by APC.

Activated helper CD4þ T cells differentiate into at least two
classes of effector T cells, which are IFN-γ-producing Th1 cells
that promote cellular immunity and IL-4 producing-Th2 cells that
promote humoral immunity, and Th1 and Th2 cells can antago-
nise each other. In addition, IFN-γwhich is produced by not only
Th1 cells but also activated CD8þ cells, and NKT cells activate
macrophages associated with secretion of IL-12 that promotes
Th1 differentiation by phosphorylating the signal transducer
and activator of transcription 4(49,52). A Th1-dominant immune

response increases the risk of autoimmune diseases, while a
Th2-dominant response increases the risk of asthma and
allergy. Therefore, an appropriate Th1/Th2 balance is essential
for acquisition and maintenance of immune homeostasis(53).
Since Th1 cells are more susceptible to GC-induced apoptosis
than Th2 cells, GC selectively suppress the Th1 immune
response and cause a shift toward Th2-dominant immunity(11).
In the present study, reduction in Th1:Th2 ratio by DEX
administration was prevented in SMP30-KO mice receiving
the high-VC diet (Fig. 2), suggesting that high VC intake
may sustain IFN-γ and IL-12 production and prevent Th1:
Th2 ratio reduction by GC to maintain an appropriate
Th1/Th2 balance.

Proliferation of helper CD4þ T cells and cytotoxic CD8þ

T cells has a key role in the development of adaptive immunity.
GC suppress proliferation of these T cells by reducing the pro-
duction of IL-2, a T-cell growth factor(44,54), as well as by inhib-
iting the production of IL-12 that promotes the survival and
proliferation of activated T cells(55,56). It was reported that reduc-
ing the intracellular SOD level and GSH:GSSG ratio decreased
T-cell proliferation when splenocytes were treated with T-cell
mitogens such as ConA(18,57). In addition, accumulation of mem-
brane lipid peroxides in mice with T-cell-specific deficiency of
GSHperoxidase 4, a scavenger of phospholipid hydroperoxides,
prevented T-cell expansion and abrogated protection against
infection by acute lymphocytic choriomeningitis virus or
Leishmaniamajor, while these immune effects were suppressed
by intake of high-dose vitamin E (a potent antioxidant)(16). Taken
together, high VC intake may have contributed to maintenance
of T-cell proliferation by preventing a decrease in IL-2 and IL-12
production and by blocking reduction in antioxidants and an
increase in lipid peroxide. It may be important to investigate
the mechanism of high VC intake on T-cell proliferation in the
future.

In conclusion, high dietary VC intake inhibited various
immunosuppression effects of DEX, ameliorating the decrease
in intracellular antioxidant activity, the increase in lipid peroxide
and the decrease in T-cell numbers, Th1 cytokine production,
Th1:Th2 ratio and T-cell proliferation in splenocytes, which
reflect systemic immunity. Our results suggest that high dietary
VC intake may have the potential to maintain systemic immune
homeostasis in response to stress.
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