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Abstract

Animals’ immunity is an important factor to determine their survival and fitness. Unpredictable
food shortage is common to small mammals due to fluctuation of food resources throughout a year.
In general, acute food deprivation (FD) inhibited immune function in rodents. In the present study
we tested the hypothesis that stochastic FD would also suppress T cell-mediated immunity in mice.
Fifteen adult male Kunming mice were randomly assigned into the Fed (n = 7) and FD (n = 8)
groups, in which the latter were subjected to stochastic FD regime. Unexpectedly, T cell-mediated
immunity assessed by PHA response was increased in the FD mice compared with the fed controls.
However, body fat mass, wet thymus and spleen mass, white blood cells, serum leptin and corti-
costerone concentrations did not differ between the Fed and FD groups. Taken together, stochastic
food deprivation can enhance cellular immunity in Kunming mice.
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1. Introduction

Animals’ immunity provides an important shelter against attack of pathogens in the environment and hence
plays a crucial role in their survival and their fitness [1] [2]. Small mammals often face periods of unpredictable
food shortage due to the fluctuation of food resources throughout a year [3] [4]. Many factors such as food
quantity and quality exert significant influence on immune function for animals [5]-[8].
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Some researchers have investigated the influences of food shortage on immune function, yet they have dispa-
rate results. For instance, Lord et al. [9] demonstrated that food deprivation for 2 days suppressed T-cell im-
mune response in C57BL/6 mice. Similarly, delayed type hypersensitivity (DTH) indicative of T-cell immune
response decreased in starved rats or ICR mice compared to the fed controls [10]-[12], and food deprivation for
2 days could also increase susceptibility to endotoxic shock in starved mice [13]. Kohno et al. [14] showed that
intermittent starvation for 7 days had suppressive effect on DTH in NC/Nga mice. We have also found that
3-day starvation suppressed T-cell mediated immunity in wild Mongolian gerbils (Meriones unguiculatus) [15].
However, other investigators have reported different results. Mice starved for 2 or 3 days showed more resis-
tance to the intracellular pathogen Listeria monocytogenes [16]. A short period of starvation also enhanced pha-
gocytic activity of macrophages [17] and blood monocyte bactericidal activity [18] in mice. Similarly, short-
term repeated starvation has the potential to accelerate skin wound healing indicative of innate immunity [19].
Sogawa and Kubo [20] did not find any significant differences in immune function between the starved and
control groups after short-term repeated fasting. Therefore, further research is required to clarify these inconsis-
tent results in more mice strains or species.

Phytohaemagglutinin (PHA) response involves a subcutaneous injection of PHA that induces local T-cell
stimulation and proliferation resulting in swelling [21]. It has been a tool for assessing mammalian T-cell im-
munity [22]. Additionally, immune organs such as thymus and spleen are indirect immunological parameters [23]
[24]. Total white blood cells (or leukocytes, WBC) are also used to assess the overall health [6] [25].

Leptin is a cytokine-like peptide hormone synthesized and secreted mainly by adipose tissue [26]-[28]. Be-
sides its regulatory role in energy homeostasis, it also plays an important role in immunity [29] [30]. Circulating
leptin is positively correlated with adipose tissues, which are no longer considered as simply passive energy de-
pots, but have been recently regarded as important endocrine and immune organs [31] [32]. Contrary to leptin
which decreased during food deprivation, glucocorticoids such as corticosterone increased [15] [33], and these
stress hormones generally have suppressive effect on immune function [34]. To date, however, we still have no
idea about how immune function responds to stochastic food shortage in rodents. In the present study, we tested
the hypothesis that stochastic food deprivation would suppress T cell-mediated immune response in Kunming
mice.

2. Materials and Methods
2.1. Animals and Experimental Design

All animal procedures were licensed under the Institutional Animal Care and Use Committee of Qufu Normal
University. Adult male Kunming mice (age: 6 months) used in this study were obtained from the Experiment
Animal Center in Jining Medical College of Shangdong province. The animals were housed individually in plas-
tic cages (30 cm x 15 cm x 20 cm) with sawdust as bedding under a constant photoperiod of 12 L:12 D (12 h:12
h light-dark cycle) and temperature of 23°C £ 2°C. Standard rat pellets chow (Animal Breeding Center in Jining
Medical College, Jining, China) and water were provided ad libitum. After body mass stabilized, 15 male
Kunming mice were selected and were randomly divided into and fed ad libitum (Fed) group (nh = 7) and sto-
chastic food deprivation (FD) group (n = 8) in which each mouse was deprived of food for a random 3 days each
week and fed ad libitum on the other 4 days. Day 0 and day n represented initial day and n days of treatment,
respectively. Food deprivation occurred on day 1, 3, 5, 8, 10, 13, 16, 18, 21. The course of treatment was 21
days.

2.2. Cellular Immunity Assays

PHA response was measured as described previously [15] [22]. Specifically, on day 19 we measured the footpad
thickness of the left hind foot of the mice in the Fed and FD groups with a micrometer (Digimatic Indicator ID-C
Mitutoyo Absolute cod. 547-301, Japan) to £0.01 mm. Immediately thereafter, mice in both groups were in-
jected subcutaneously 0.1 mg of PHA (PHA-P, Sigma L-8754) dissolved in 0.03 mL of sterile saline (pH 7.4) in
the middle of the footpad. After 6 h, 24 h and 48 h injection, we measured footpad thickness, respectively. The
PHA response (i.e. cellular immunity) was calculated as the difference between pre- and post-injection mea-
surements divided by initial footpad thickness (PHA response = (post PHA — pre PHA )/pre PHA). Six meas-
ures of footpad thickness were taken to obtain the value of each mouse [15] [22]. Only the 6 h data were in-
cluded in the results because they were representative of the maximal response.
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2.3. Body Composition

Body composition was measured as described previously [15]. In brief, the visceral organs, including heart,
thymus, lungs, liver, spleen, kidneys, adrenal glands, testes, epididymis, seminal vesicals and the digestive or-
gans with contents (i.e., stomach, small intestine, caecum and colon) were dissected and weighed (£1 mg). The
stomach, small intestine, caecum and colon were rinsed with saline to eliminate all the gut contents, before be-
ing weighed. Moreover, subcutaneous fat, perirenal fat, perigonadal fat and mesenteric fat were also dissected
carefully and weighted. All the four parts of fat mass was regarded as total body fat mass. Subcutaneous fat
content, perirenal fat content, perigonadal fat content and mesenteric fat content were calculated as their respec-
tive fat mass divided by final body mass.

2.4. White Blood Cells Assays

At the end of the experiment, after collecting trunk blood, 20 pL whole blood was diluted immediately in 0.38
mL solution containing 1.5% glacial acetic acid, 1% crystal violet (Sigma) and the leukocytes were counted in
an improved Neubauer chamber using microscope. The total number of WBC was determined by counting all
leucocytes in the four corner large-squares of the Neubauer chamber, and multiplying the raw data by 5 x 10’ to
obtain the final values (10° cells/L) [35].

2.5. Serum Leptin Assays

Serum leptin concentrations were determined by mouse leptin ELISA kit (Cat. No. XL-85K, Linco Research
Inc., Missouri, USA). The range detected by this assay was 0.3 - 8 ng/mL when using a 10 pL sample (see man-
ufacturer’s instructions for mouse leptin RIA kit). The detailed procedure followed the manufacturer’s instruc-
tions of the mouse leptin ELISA Kkit.

2.6. Serum Corticosterone Assays

Serum corticosterone concentrations were determined by mouse corticosterone ELISA kit (Cat. No. HR083, Ra-
pidBio Lab. Calabasas, California, USA). The range detected by this assay was 8 - 150 ng/mL when using a 10
pL sample (see manufacturer’s instructions for multi-species leptin RIA kit). The detailed procedure followed
the manufacturer’s instructions of the mouse corticosterone ELISA Kit.

2.7. Statistical Analysis

Data were analyzed using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). Prior to all statistical analyses,
data were examined for normality and homogeneity of variance, using Kolmogorov-Smirnov and Levene tests,
respectively. The ratio values including PHA response, fat content were subjected to arcsine transformation. The
changes of body mass in the Fed and FD groups during food restriction period were subjected to repeated mea-
surement analysis. The differences of body mass between the Fed and FD groups were analyzed by indepen-
dent-samples t-test. Group differences in wet organ mass with body mass as the covariate were analyzed by
General Linear Model multivariate analysis followed by Bonferroni post hoc tests. Group differences in other
parameters (body compositions, PHA response, WBC, leptin and corticosterone concentrations) were analyzed
by independent-samples t-test. Pearson correlation analysis was performed to determine the correlations of PHA
response with leptin and corticosterone in the Fed and FD groups. The correlation of serum leptin levels with
total body fat mass was also calculated for all mice. Results were expressed as mean = SE, and P < 0.05 was
considered to be statistically significant.

3. Results

3.1. Body Mass

On day 0, body mass between the Fed and FD groups was not different (t = 0.010, df = 13, P = 0.992). On sto-
chastic FD days (day 1: t = 2.964, df = 13, P = 0.011; day 3: t =3.192, df = 13, P = 0.007; day 5: t = 3.224, df =
13, P =0.007; day 8: t = 3.120, df = 13, P = 0.008; day 10: t = 3.217, df = 13, P = 0.007; day 13: t = 3.194, df =
13, P =0.007; day 16: t = 2.300, df = 13, P = 0.039; day 18: t = 2.671, df = 13, P = 0.019; day 21: t = 2.416, df =
13, P = 0.031), body mass in the FD group was significantly lower than that of the fed controls (Figure 1).
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Figure 1. Changes of body mass in mice during stochastic food deprivation. Values are
means + SE. Body mass on day 0 between the Fed and FD groups did not differ signifi-

cantly, however body mass on stochastic days was much lower in the FD group than in the
fed group. Note: o = Fed group, m = FD group.

Body mass did not differ significantly between the two group on the other days.

3.2. Body Composition

Stochastic food deprivation significantly reduced wet carcass mass (t = 2.169, df = 13, P = 0.049), whereas other
body composition and wet organ masses did not differ between the Fed and FD groups (Table 1, Table 2).

3.3. White Blood Cells
WBC was not influenced by stochastic food deprivation in mice (t = —0.005, df = 13, P = 0.996) (Figure 2).

3.4. Cellular Immune Response

PHA response was increased significantly in the FD group compared with the Fed group after 6 h (t = —2.998, df
=13, P =0.010), 24 h (t = —2.640, df = 13, P = 0.020) and 48 h (t = —2.413, df = 13, P = 0.031) of PHA post-
immunization (Figure 3).

3.5. Serum Leptin Concentration

Serum leptin concentration in the FD group was not different from the Fed group (t = —1.588, df = 13, P = 0.136)
(Figure 4). It was not correlated with total body fat mass (r = —0.469, P = 0.078), PHA response (r = —0.070, P
= 0.804) in both groups.

3.6. Serum Corticosterone Concentration

Corticosterone concentration was not affected by random food deprivation in mice (t = —1.954, df = 13, P =
0.073) (Figure 5). It was not correlated with PHA response (r = 0.280, P = 0.313) in both groups.

4. Discussion

Contrary to our expectation, we found that stochastic FD enhanced T cell-mediated immunity in Kunming mice.
Immune organs and WBC were not affected by stochastic FD.

Adipose tissues are recently regarded as important endocrine and immune organs besides functioning as
energy reserves [31] [32] [36] [37]. In addition to providing energy for costly physiological processes including
immune responses, adipose tissues can secret some adipokines which are directly involved in immunity [38]-
[40]. Houston et al. [41] have also shown that animals with low energy reserves would choose to allocate less
energy to immune defense than animals with higher reserves. However, we found that stochastic FD had no sig-
nificant effect on subcutaneus fat, perirenal fat, perigonadal fat, mesenteric fat and total body fat in FD mice.
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Table 1. Effect of stochastic food deprivation on body composition in mice.

Parameters Fed group FD group Statistical summary
Sample size 7 8
Initial body mass (g) 329116 329+1.4 ns
Final body mass (g) 354 +1.6° 30.1+15° <0.05
Wet carcass mass (g) 24.7+1.3° 21.0+1.1° <0.05
Subcutaneus fat (g) 0.32+£0.07 0.20 £ 0.06 ns
Subcutaneus fat content (%) 0.95+0.22 0.63+£0.19 ns
Perirenal fat (g) 0.13+£0.02 0.13+£0.04 ns
Perirenal fat content (%) 0.37 £0.07 041+£0.12 ns
Perigonadal fat (g) 0.65 £+ 0.08 0.52+£0.14 ns
Perigonadal fat content (%) 1.87 £ 0.26 1.64 +0.39 ns
Mesenteric fat (g) 0.76 £ 0.08 0.53+0.11 ns
Mesenteric fat content (%) 2.20+£0.29 1.69 +0.28 ns
Total body fat (g) 1.86+0.18 1.38 £0.31 ns
Total body fat content (%) 5.40 + 0.67 4.37 £0.83 ns

Values are means + SE. Values for a specific parameter that share different superscripts are significantly different at P < 0.05, determined by inde-
pendent-samples t-test. ns, not significant.

Table 2. Effect of stochastic food deprivation on wet organ mass in mice.

Parameters Fed group FD group Statistical summary
Sample size 7 8

Heart (mg) 170 + 15 177 +15 ns
Lungs (mg) 276 £31 293 £31 ns
Thymus (mg) 34+8 23+8 ns
Liver (mg) 1556 + 60 1564 + 60 ns
Spleen (mg) 82+9 82+9 ns
Kidneys (mg) 509 + 21 515+ 21 ns
Adrenal glands (mg) 11+2 92 ns
Stomach with contents (mg) 330+ 23 345+ 23 ns
Stomach (mg) 222 +15 246 £ 15 ns
Small intestine with contents (mg) 1917 £ 134 1942 +134 ns
Small intestine (mg) 1242 + 144 1264 + 144 ns
Small intestine length (cm) 63.5+2.0 68.6 +2.0 ns
Caecum with contents (mg) 604 + 50 491 + 50 ns
Caecum (mg) 165+ 22 190 £ 22 ns
Caecum length (cm) 3403 39+0.3 ns
Colon with contents (mg) 497 £ 58 479 +58 ns
Colon (mg) 292 +£21 317+21 ns
Colon length (cm) 9.9+0.6 11.1+0.6 ns
Total digestive tract (mg) 1921 + 165 2016 + 165 ns
Total digestive tract length (cm) 76.7+2.2 835+22 ns
Testes (mg) 239+ 17 260 £ 17 ns
Seminal vesical (mg) 150 + 24 130+ 24 ns

Values are means + SE. Values for a specific parameter that share different superscripts are significantly different at P < 0.05, determined by General
Linear Model multivariate analysis followed by Bonferroni post hoc tests with body mass as the covariate ns, not significant.
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Changes of fat mass might not fully account for the improvement of cellular immunity in FD mice.

Leptin is mainly secreted by adipose tissues and plays an important role in immunity. It has recently been
considered as a link between energy balance and immunity [42]. Leptin can protect mice from starvation-in-
duced lymphoid atrophy and exogenous leptin administration can reverse starvation-induced immunosuppres-
sion in starved mice [43]. All these experiment indicated that lower leptin concentration can dampen immune
responses [44]. In our study, leptin levels in the FD mice were not different from the fed controls, which implied

0.8

0.6

0.4

PHA response

0.2

O Fed
M FD

in B

6h 24h 48h

Hours post-PHA-immunization

Figure 2. Effect of stochastic food deprivation on PHA response in mice. Val-
ues are means + SE. PHA response was significantly higher in the FD group
than in the Fed group. The white column represents the Fed group and solid
column stands for the FD group. An asterisk () indicates statistical differences

at P <0.05.
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Figure 3. Effect of stochastic food deprivation on white blood cells
in mice. Values are means £+ SE. WBC did not differ between the
Fed and FD groups. The white column represents the Fed group and
solid column stands for the FD group.
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Figure 4. Effect of stochastic food deprivation on leptin concentra-
tion in mice. Values are means + SE. Serum leptin concentration
was not different between the Fed and FD groups.

that leptin might not contribute to the enhancement of cellular immunity in the FD mice.
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Figure 5. Effect of stochastic food deprivation on corticosterone con-
centration in mice. Values are means + SE. Serum corticosterone con-
centration was not different between the Fed and FD groups.

Stresses such as food deprivation generally activate the hypothalamic-pituitary-adrenal axis and promote se-
cretion of glucocorticoids such as corticosterone. Corticosterone has been proved to have suppressive effect on
immunity [15] [34]. In the present study, we found that corticosterone concentration was not responsive to sto-
chastic FD in mice. These results showed that corticosterone might not explain the improvement of cellular im-
mune responses in FD mice.

5. Conclusion

In conclusion, stochastic food deprivation can increase cellular immunity in FD mice, whereas it had no signifi-
cant influence on other immune components such as thymus and spleen and white blood cells. Body fat mass,
leptin and corticosterone concentrations did not respond to stochastic FD, which implied that they might not
contribute to the enhancement of cellular immune responses in the FD mice. Further research is needed to clari-
fy the improving effect of stochastic FD on Kunming mice.
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