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mucosa and is essential in preventing infection. We analyzed the

influence of moderate exercise on intestinal sIgA production and

antioxidative function under different carbohydrate nutritional

conditions. Thirty�six mice were fed an experimental diet for 10

weeks—a high�carbohydrate (HC) diet, a low�carbohydrate (LC) diet,

or a control (C) diet. After 1 week on the experimental diets, mice

were divided into sedentary and exercise groups (n = 6/group),

where the exercise consisted of treadmill running for 30 min/day

at 11 m/min for 6 days/week in 9 consecutive weeks. Intestinal

sIgA levels in the exercise groups fed C or LC diets were signifi�

cantly lower compared with the parallel sedentary groups, or

exercise�group mice fed HC diet. Expression of the polymeric

immunoglobulin receptor (pIgR) in the small intestine was signifi�

cantly higher in the exercise group fed a HC diet. Superoxide dis�

mutase activity in the small intestine was higher in the exercise

group than in the sedentary group, with no effects resulting from

intake carbohydrate levels. Our results indicated that moderate

exercise reduced the levels of intestinal sIgA depending on

decreasing of carbohydrate intake, which is connected with the

expression of pIgR.
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IntroductionModerate exercise regulates various immune functions, such
as antibody production by lymphocytes,(1–4) macrophage

phagocytosis,(5) and intestinal secretory immunoglobulin A (sIgA)
production.(6,7) However, previous studies have involved subjects
that were provided nutritive diets, and it is uncertain whether
similar effects of exercise occur under different carbohydrate
nutritional conditions. Further studies are required to clearly
demonstrate the optimum nutritional conditions required for en-
hanced immune functions under conditions of moderate exercise.
In addition, low-carbohydrate diets are popular dietary approaches
for weight control,(8) but concerns have also been raised regarding
the risk of development of cardiovascular diseases owing to
following such diets for long periods.(9) Although the effects of
low-carbohydrate diets on immune functions are unclear, a high-
carbohydrate diet (also considered a low-protein condition known
as protein-energy malnutrition) is well known to reduce immune
functions, especially in terms of secretory IgA (sIgA) production
from the intestine.(10) Intestinal sIgA is secreted through the poly-
meric immunoglobulin receptor (pIgR) from intestinal mucosa,
and plays a principal role in the immune system because it
prevents infection at early stages by excluding bacteria and viruses
from the gastrointestinal tract.(11) However, the effect of moderate

exercise on intestinal sIgA production under different carbohydrate
nourishment states is not well understood.

Immunity can be influenced by imbalances in nutritional condi-
tions, which are associated with increased oxidative stress.(12) The
level of dietary carbohydrate intake also regulate oxidative stress,
which varies in different each organs.(13–16) Although Gu et al.(13)

stated that a high-carbohydrate diet elevates oxidative stress in the
intestine, the carbohydrate nutritional condition is not discussed
enough of oxidative effectiveness to intestine. Exercise also
causes effects on oxidative stress, differing depending on the
intensity of exercise.(17,18) Several studies have shown that
continuous moderate exercise reduces oxidative stress by stimu-
lating the production of antioxidant enzymes,(17,19–21) such as
superoxide dismutase (SOD). However, it is not clear that whether
the reduction of oxidative stress alters the sIgA production in
the intestine. Additionally, the influence of exercise may differ
under different carbohydrate nourishment states.

In the present study, we analyzed the influence of moderate
exercise on intestinal secretory IgA (sIgA) production and anti-
oxidant capacities in mice under different carbohydrate nourishment
states, namely a low-carbohydrate diet and high-carbohydrate diet.

Materials and Methods

Animals and diet. Thirty-six 6-week-old male C57BL/6J mice
were obtained from Charles River Laboratory, Inc. (Kanagawa,
Japan). Mice were randomly housed with 6 animals/cage in a
temperature-controlled room at 24°C and maintained on a 12-h
light: dark cycle, with the lights being turned on at 21:00. Mice
received a control diet (based on AIN-93G, D10012G; Research
Diets, Inc., Tokyo, Japan) for 1 week during the acclimation
period. The animals were then divided into the following 3 experi-
mental diet groups: a high-carbohydrate (HC) diet (D12052801,
Research Diets, Inc.); a low-carbohydrate (LC) diet (D1205280s,
Research Diets, Inc.); and a control (C) diet. The composition of
the experimental diets is shown in Table 1. The carbohydrate
content of the experimental diets was modified by using casein as
a protein source. The mineral contents were adjusted to the same
level in each of the 3 experimental diets. The mice were allowed
free access to food and drinking water throughout the acclimation
and experimental periods. Individual mouse weights and food
consumption rates per cage were recorded twice weekly. The
average food consumption rate per mouse was obtained by dividing
by the number of mice per cage. This study complied with the
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guidelines of the Japanese Council on Animal Research at Daito
Bunka University in Saitama, Japan.

Exercise protocol. After 1 week of feeding on the experi-
mental diets, mice were divided into exercise and sedentary
groups. All animals in the exercise group were adapted to tread-
mill running for 30 min/day at 8 m/min on a TMC-200 treadmill
(Melquest, Japan) for 7 day prior to beginning the exercise training
protocol. Subsequently, mice underwent moderate-intensity
aerobic exercise training on a treadmill for 30 min/day at 11 m/min
for 6 day/week, for a total of 8 weeks. Serum lactic acid levels
were measured in a preliminary experiment to verify that the
pace of treadmill running under moderate exercise conditions was
suitable for the C57BL/6 mice. All sedentary mice were fasted
during the running period of the exercise group. Running exercises
were performed during dark cycle periods.

Preparation of fecal extracts. Fecal extracts were prepared
as follows. Fresh feces were collected in cold phosphate-buffered
saline (PBS; 1 mg of feces in 10 μl of PBS) containing Complete
Protease Inhibitor Cocktail (Roche Diagnostics GmbH, Penzberg,
Germany), and the mixture was stirred with a micropipette.
Subsequently, fecal extracts were obtained by centrifuging
samples at 6,000 rpm for 15 min at 4°C and collecting the super-
natants. Fecal extracts were collected before the animals were
sacrificed and were stored at –80°C until further use.

Tissue sampling. Mice were anaesthetized with diethyl ether
and exsanguinated through the orbital cavity. Sera were separated
by centrifugation. Immediately after the mice were sacrificed, the
kidneys, spleens, livers, thymus, and small intestines were
removed and weighted. The lengths of the small intestines were
also measured. After small intestines were homogenized with 1%
Triton-X (Roche Diagnostics GmbH) lysis buffer containing
Complete Protease Inhibitor Cocktail. Subsequently, the homo-
genates were centrifuged at 5,000 rpm for 15 min at 4°C, and the
supernatants were removed. Supernatants were stored in 50 μl
aliquots at −80°C until protein analyses were performed.

Determination of total IgA and sIgA levels in fecal
extracts. Total IgA and sIgA levels, reflecting specific and
non-specific responses, respectively, were determined in enzyme-
linked immunosorbent assays (ELISAs). ELISAs were performed
using rabbit anti-mouse IgA (Bethyl Laboratories, Montgomery,
TX) to coat the plates and biotinylated goat anti-mouse IgA
(Bethyl Laboratories) or anti-mouse polymeric immunoglobulin
receptor (pIgR; R&D systems, Minneapolis, MN) antibodies for
detection. Total IgA levels were estimated by comparison with
serial dilutions of mouse IgA (Sigma-Aldrich Corp., St. Louis,
MO) as the standard.

Western blot analysis of pIgR expression in the small
intestine. The bicinchoninic acid (BCA) protein assay method
was used for protein quantification, as described.(18) Homogenized
supernatants from small intestines were denatured at 100°C for
5 min with sodium dodecyl sulfate and β-mercaptoethanol, and
80 μg of total protein/sample was separated on 10% denaturing
polyacrylamide gels by electrophoresis at 500 V for 1.5 h at room
temperature. The proteins were transferred to a polyvinylidene
fluoride membrane for 1.5 h at room temperature using Tris-
glycine buffer containing 20% methanol. Membranes were blocked
with 5% non-fat dry milk in Tris buffer containing 0.05% Tween-
20 overnight at 4°C. Membranes were incubated for 1 h at room
temperature with constant agitation, using a goat anti-mouse pIgR
(1: 4,000 dilution) as the primary antibody. The membranes were
washed and incubated for 1 h at room temperature with constant
agitation with peroxidase-conjugated anti-goat IgG (H+L; Vector
Laboratories, Burlingame, CA) at a 1: 10,000 dilution. After
washing, the membranes were incubated for 1 min with Pierce
Western Blotting Substrate (Thermo Scientific), and bands were
detected using an ImageQuant LAS 4000 mini (Fujifilm, Tokyo,
Japan) with an exposure time of 600 s. Densitometric measure-
ments of protein bands were analyzed and quantified using
MultiGauge software (Fujifilm).

Table 1. Composition of the experimental diets

HC, high�carbohydrate diet; C, control diet; LC, low�carbohydrate diet. †Research Diet, Inc.

Diet group

HC C LC

Energy rate (% kcal)

Carbohydrate 79 64 44

Protein 5 20 40

Fat 16 16 16

Energy (kcal/gm) 4.0 4.0 4.0

Ingredient (g/kg)

Casein 50.0 200.0 396.0

Cornstarch 549.5 397.5 198.5

Maltodextrin 10 132.0 132.0 132.0

Sucrose 100.0 100.0 100.0

cellulose 50.0 50.0 50.0

Soybean oil 70.0 70.0 70.0

Mineral mix S10022G† 0 35.0 0

Mineral mix S10022C† 3.5 0 3.5

Calcium carbonate 10.0 0 12.5

Potassium citrate 1.0 0 8.0

Potassium phosphate, monobasic 8.7 0 0

Potassium phosphate, dibasic 3.4 0 0

Sodium chloride 2.6 0 2.6

Vitamin mix V10037† 10.0 10.0 10.0

L�Cystine 0.8 3.0 6.0

Choline bitartrate 2.5 2.5 2.5

t�Butylthdroquinone (mg) 140.0 140.0 140.0
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SOD and thiobarbituric acid�reactive substance (TBARS)
assays. SOD production was measured using the chemilumines-
cent probe 2-methyl-6-p-methoxyphenylethynyl imidazopyrazi-
none (MPEC; ATTO CO., Tokyo, Japan).(22) Homogenized
supernatants from small intestines (10 μl/sample) were mixed
with 290 μl of assay buffer containing 10 μM MPEC, placed in an
AccuFLEX Lumi 400 Luminometer (Aloka Co., Ltd., Tokyo,
Japan), and the relative luminescence intensity per second was
measured.

Peroxidative damage to lipid membrane constituents was deter-
mined by measuring the production of TBARS (a product of
membrane lipid peroxidation), as described by Kikugawa et al.(23)

Briefly, homogenates were incubated for 1 h with reaction
mixtures at 95°C. Chromogen reaction products were extracted
in n-butanol and their concentrations were determined using a
Sunrise spectrophotometer (Tecan Japan Co., Ltd, Kanagawa,
Japan) at 532 nm. Results are expressed as nmoles/ml.

Statistical analysis. Results are expressed as mean ± SEM.
Two-way analyses of variance (ANOVA) were performed to
determine statistically significant effects and relationships between
exercise and the 3 experimental diets. In cases where the relation-
ship between exercise and carbohydrate diets was statistically
significant, the Bonferroni’s post-hoc multiple comparison test
was performed to compare groups. All p values of <0.05 were
considered statistically significant. All statistical calculations
were performed using SPSS ver. 19.0.

Results

Body weights, organ weights, and small intestine length.
Ten weeks after experimental diets, body weights of mice fed the
HC diet were less than those of mice fed C or LC diets, in both the
exercise and sedentary groups, as determined by 2-way ANOVA
(Table 2, Diet; p<0.001). Mice in the exercise group weighed
significantly less than those in the sedentary group (2-way
ANOVA result, Ex = 0.004).

Kidney and liver weights were significantly lower in both
exercise and sedentary group mice fed the HC diet (Table 2, 2-way
ANOVA result, Diet: p<0.001), compared to mice in either group
that were fed other diets. Carbohydrate intake and exercise did not
influence spleen or thymus weights, or small intestine lengths.

Total IgA and sIgA production in fecal extracts. The ef-
fects of diet and exercise on IgA levels in fecal extracts were
explored. Total IgA was shown the same tendency on carbo-
hydrate intake in the exercise group and sedentary group. Total
IgA levels were markedly lower in both the exercise and sedentary

mouse groups fed the LC diet, compared with mice fed HC and C
diets (Fig. 1A, 2-way ANOVA result, Diet: p = 0.011). The
impact of carbohydrate intake on sIgA production differed
between the exercise group and sedentary group. In the exercise
group, sIgA levels were significantly higher in mice fed the HC
diet than in mice fed the C or LC diets (Fig. 1B, p<0.001). In the
sedentary group, no significant differences in sIgA levels were
observed, irrespective of their diets. In addition, exercise group
mice fed either the LC or C diet had significantly lower sIgA
levels than did parallel mice in the sedentary group. (Fig. 1B,
p = 0.01).

pIgR expression in the small intestine. Differences in pIgR
expression in the small intestines depended upon carbohydrate
intake and exercise status (i.e., exercise vs sedentary group mice).
In the exercise group, pIgR expression was significantly higher in
mice fed an HC diet compared to mice fed other diets (Fig. 2,
p<0.05). In the sedentary group, no significant differences in pIgR
levels were observed, irrespective of their diets. Additionally,
pIgR expression, in mice in the sedentary group regardless of
experimental diets, showed a significantly low levels compared
to mice fed HC diet of exercise group (p<0.05).

Antioxidant capacities in the small intestine. As an index
of oxidative stress, we studied SOD activity as a measure of the
antioxidant capacity, with lipid peroxide as an example of oxida-
tion products. SOD activity in the small intestine was higher in
the exercise group than in the sedentary group (Fig. 3A, 2-way
ANOVA result, Ex: p<0.001). In the exercise group, no significant
differences in SOD activities were observed, irrespective of
their diets. In the sedentary group, the lowest SOD activities
were measured in mice fed the C diet. TBARS production in
the small intestine decreased upon exercise, although these
differences were not statistically significant (Fig. 3B, 2-way
ANOVA result, Ex: p = 0.055).

Discussion

In the present study, we analyzed the effects of exercise and
differing dietary carbohydrate intake levels on intestinal sIgA
production in C57BL/6J mice. The major findings of this study
were as follows: (i) the impact of carbohydrate intake on intestinal
sIgA production was different between exercise group and
sedentary group mice, and (ii) moderate exercise caused a
decrease in intestinal sIgA production, depending on the reduction
of carbohydrate intake, which was related to decreased pIgR
expression.

sIgA serves important roles in preventing infection by excluding

Table 2. Body weights, organ weights, and small intestine lengths

Values are mean ± SEM. HC, high�carbohydrate diet; C, control diet; LC, low�carbohydrate diet. †Two�way ANOVA (p values) for the effects of various
protein diets (Diet), the effect of exercise (Ex), and their interactive effects (Diet × Ex).

Group
Body weights (g) Organ weights (mg) Small intestine 

length (cm)0 week 10 weeks Kidney Spleen Liver Thymus

Exercise group

HC 20.2 ± 0.3 24.87 ± 0.5 219.0 ± 8.3 62.5 ± 6.2 816.7 ± 45.1 42.0 ± 2.0 31.1 ± 0.5

C 19.7 ± 0.5 28.62 ± 1.0 322.0 ± 30.0 99.7 ± 19.8 1123.7 ± 36.2 49.5 ± 4.9 31.2 ± 1.1

LC 19.9 ± 0.3 28.09 ± 1.1 337.0 ± 5.2 66.7 ± 3.9 1310.0 ± 39.0 45.8 ± 5.3 31.8 ± 0.7

Sedentary group

HC 20.5 ± 0.3 26.47 ± 1.0 243.5 ± 11.6 88.8 ± 7.0 821.0 ± 72.4 46.2 ± 2.8 30.8 ± 0.7

C 20.0 ± 0.4 31.32 ± 1.0 314.7 ± 16.7 91.0 ± 10.4 1236.3 ± 68.6 48.5 ± 5.6 32.4 ± 0.7

LC 20.0 ± 0.3 31.83 ± 1.5 332.7 ± 5.6 77.7 ± 2.4 1350.0 ± 51.3 50.0 ± 2.8 31.5 ± 1.1

Two�way�ANOVA†

Diet 0.702 <0.001 <0.001 0.128 <0.001 0.590 0.728

Ex 0.522 0.004 0.758 0.315 0.461 0.363 0.674

Diet × Ex 0.491 0.603 0.659 0.357 0.606 0.665 0.745
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Fig. 1. Determination of total IgA and secretory (sIgA) levels in fecal extracts. The levels of total IgA (A) and sIgA (B) in fecal extract were
determined by enzyme�linked immunosorbent assays (ELISAs). Fecal extracts were collected just before mice were sacrificed. Data shown are
mean ± SEM. HC, high�carbohydrate diet; C, control diet; LC, low�carbohydrate diet. †Two�way analysis of variance results (p values) comparing
the effects of various carbohydrate diets (Diet), exercise (Ex), and their interactive effects (Diet × Ex) are displayed in the upper right panel. ‡The
multiple�comparison Bonferroni’s post�hoc test was used to compare each group in cases where the interactive effect (Diet × Ex) was statistically
significant.

Fig. 2. Expression of the polymeric immunoglobulin receptor (pIgR) in the small intestine. HC, high�carbohydrate diet; C, control diet; LC, low�
carbohydrate diet. (A) pIgR expression in the small intestine was determined by western blot analysis. Small intestines were collected after the
mice were sacrificed. pIgR bands were detected at ~80 kDa. (B) Data shown are the mean ± SEM. †Two�way analysis of variance results (p values) of
the effects of various carbohydrate diets (Diet), exercise (Ex), and their interactive effects (Diet × Ex) are displayed in the upper right panel. ‡The
multiple�comparison Bonferroni’s post�hoc test was used to compare each group in cases where the interactive effect (Diet × Ex) was statistically
significant.
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bacteria and viruses, and regulates homeostasis of intestinal
immune functions.(11,24) Our results with mice fed the standard C
diet showed that sIgA levels were decreased in the exercise group,
compared with the sedentary group. These data suggest that
moderate exercise may cause sIgA decomposition, thereby
increasing the risks for infection. In contrast, previous studies
showed that moderate exercise led to increased sIgA production
in the small intestines of mice and in human mucosal sIgA
levels.(1,2,6,7) These findings differed from our results, which may
indicate that sIgA production is affected by exercise level and
duration. The decrease in sIgA resulting from moderate exercise
could be attributed to from increased oxidative stress, which
can negatively affect lymphocyte function.(12,25) However, SOD
activities and TBARS levels were not affected by exercise in mice
fed the C diet, showing that sIgA production does not appear to
affect antioxidant capacity. Because we measured only the SOD
activity of antioxidant enzymes, it is possible that other enzymes
such as glutathione peroxidase and glutathione-S-transferase were
affected by moderate exercise and caused a decrease in sIgA
levels.(17,26) Only limited studies into the relationship between
antioxidant enzymes and sIgA, as well as the effect of exercise on
intestinal sIgA have been performed. Thus, this area of research
requires further examination.

In exercising mice, the decrease in IgA production levels,
especially those of sIgA, was proportional to a decline of carbo-
hydrate intake. sIgA levels were highest in exercising mice fed
the HC diet and correlated with increased pIgR expression. pIgR
stabilizes sIgA production in the small intestine by protecting
sIgA molecules against proteases(24,26,27) and is associated with
TNF-α expression.(28) We suggest that TNF-α enhances pIgR
expression, because TNF-α has been reported to increase with
moderate exercise(9) and high-carbohydrate conditions.(29) There-
fore, it will be important to clarify the relationship between TNF-
α and pIgR expression under moderate exercise conditions in
future studies.

Our results indicate that the impact of carbohydrate intake on
sIgA production was affected by moderate exercise. The combina-
tion of moderate exercise and a LC diet resulted in decreased

sIgA production that is associated with pIgR expression, indi-
cating a decreased defense ability against infection. Therefore,
we infer that, in the case of moderate exercise, a LC diet may not
be suitable for regulating immune defenses involving sIgA. The
mechanism by which sIgA levels decreases upon exercise by
low-carbohydrate diets remains unknown; therefore, more in-
depth analysis, including that of cytokine production, is necessary
to determine suitable nutritional conditions for regulating immune
functions during exercise.
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