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Glucose  plays  an  important  role  in immunity.  Three  day  fasting  will  decrease  cellular  immunity  and
blood  glucose  levels  in  Mongolian  gerbils  (Meriones  unguiculatus). In  the  present  study,  we  tested  the
hypothesis  that  glucose  supplement  can  reverse  the  fasting-induced  suppression  in  cellular  immunity
in  gerbils.  Twenty-eight  male  gerbils  were  selected  and  randomly  divided  into  fed  and  fasting  groups.
Half of  the  gerbils  in each  group  were  then  provided  with  either  10%  glucose  water  or  pure  water.  After
66 h, each  gerbil  was  injected  with  phytohaemagglutinin  (PHA)  solution  to  challenge  cellular  immunity.
ellular immunity
asting
hytohaemagglutinin response

Results  showed  that  glucose  supplement  restored  blood  glucose  levels  in  fasted  gerbils  to  those  of  the  fed
controls.  It  also  recovered  cellular  immunity,  body  fat  mass  and  serum  leptin  levels  in fasted  gerbils  to
the values  of the  fed  controls.  Blood  glucose  levels  were  positively  correlated  with  body  fat  mass,  leptin
levels  and  cellular  immune  responses.  Thymus  and  spleen  masses,  and  white  blood  cells  in  fasted  gerbils
were  not  affected  by glucose  supplement.  In general,  our  data  demonstrate  that  glucose  supplement
could  reverse  fasting-induced  suppression  of  cellular  immunity  in  Mongolian  gerbils.

© 2011 Elsevier GmbH. All rights reserved.
. Introduction

Most small mammals in temperate zones are faced with fluctu-
tions in environmental conditions (e.g., temperature, rainfall, food
vailability) and must adapt to large fluctuations in energy avail-
bility (Nelson and Demas, 1996; Martin et al., 2008a).  Periodic
ood shortage such as fasting or starvation, which leads to immuno-
uppression and reduced blood glucose levels, is common among
hem and poses a great threat to their survival (Ahima et al., 1996;
ord et al., 1998; Xu and Wang, 2010). Energy availability, includ-
ng energy reserves and metabolic fuels such as glucose, is crucial to
ustaining costly immune responses (Sheldon and Verhulst, 1996;
oret and Schmid-Hempel, 2000; Demas, 2004; Lee, 2006). Glu-

ose is required for normal survival and functioning of lymphocytes
nd its metabolism is critical to T-cell activation and proliferation
Gregory et al., 1993; Maciver et al., 2008). Decreased glucose avail-
bility induced by 2-deoxy-d-glucose leads to immunosuppression
n mice (Miller et al., 1994; Dréau et al., 1997, 1998, 2000), rats

Chou et al., 1996), deer mice (Peromyscus maniculatus) (Lysle et al.,
988; Demas et al., 1997) and Siberian hamsters (Phodopus sun-
orus) (Zysling and Demas, 2007; Martin et al., 2008b). Humoral

∗ Corresponding author. Tel.: +86 10 64807073; fax: +86 10 64807099.
E-mail address: wangdh@ioz.ac.cn (D.-H. Wang).

944-2006/$ – see front matter ©  2011 Elsevier GmbH. All rights reserved.
oi:10.1016/j.zool.2011.04.002
immunity in food-restricted poults can be significantly improved
by drinking glucose water (Hadri et al., 2004). However, there is
still little information about the role of glucose in immunity in wild
rodents.

Phytohaemagglutinin (PHA) response is a reliable tool for
assessing mammalian cellular immunity, which is responsible for
intracellular pathogen control (Smits et al., 1999; Bellocq et al.,
2006; Martin et al., 2008a).  Immune organs such as thymus and
spleen are indirect immunological parameters which are indicative
of immune function (Calder and Kew, 2002). Specifically, thymus is
a central immune organ which is crucial for primary T cell develop-
ment (Savino and Dardenne, 2000), and a larger spleen represented
stronger immunity in a carefully designed study in which disease
condition was controlled (Smith and Hunt, 2004). Moreover, total
leukocytes (white blood cells, WBC), which are fundamental to
immune responses against pathogens, are also useful for evaluating
animals’ overall health (Calder and Kew, 2002).

Leptin is secreted mainly by adipocytes and plays an important
role in immunity in addition to its regulatory role in energy home-
ostasis (Zhang et al., 1994; Faggioni et al., 2001; Matarese et al.,
2005). It can directly regulate T cell-mediated immune response

(Lam and Lu, 2007). Leptin is positively correlated with adipose tis-
sues, which today are no longer regarded as simply passive energy
depots, but as important endocrine and immune organs (Ahima
and Flier, 2000; Trayhurn, 2005; Fantuzzi, 2005; Schäffler et al.,

dx.doi.org/10.1016/j.zool.2011.04.002
http://www.sciencedirect.com/science/journal/09442006
http://www.elsevier.de/zool
mailto:wangdh@ioz.ac.cn
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007). Reductions in total body fat decrease humoral immunity in
iberian hamsters and prairie voles (Microtus ochrogaster) (Demas
t al., 2003).

Mongolian gerbils (Meriones unguiculatus) are small, seasonally
reeding, non-hibernating, granivorous rodents living in the desert
nd semi-arid regions of Mongolia and Northern China (Walker,
968). Our previous work has shown that a 3-day fasting period

eads to suppressed cellular immunity and lower blood glucose
evels in fasted gerbils compared with the fed controls (Xu and

ang, 2010). The mechanism of immunosuppression still remains
nclear. In the present study, we tested the hypothesis that blood
lucose plays an important role in immunity in gerbils. We  pre-
icted that glucose supplement would restore suppressed cellular

mmunity to the level of the fed control.

. Materials and methods

.1. Subjects and experimental design

All animal procedures were performed in accordance with
uidelines of the Animal Care and Use Committee of the Institute
f Zoology, Chinese Academy of Sciences. Male gerbils used in this
tudy were the offspring of gerbils in our laboratory colony. Before
he experiment, the males were housed individually in plastic cages
30 cm × 15 cm × 20 cm)  with sawdust as bedding under a constant
hotoperiod of a 16 h:8 h light–dark cycle and a temperature of
3 ± 1 ◦C. Standard rat chow (Beijing KeAo Feed Co., Beijing, China)
nd water were provided ad libitum. After body mass stabilized, 28
ales (aged 10–11 months, weighing 56.1–70.8 g) were selected

nd randomly divided into fed and fasting groups. Half of the gerbils
n each group were provided with either pure water or 10% glucose

ater. Thus, there were four groups (n = 7 in each group): fed/water
roup, fed/glucose group, fasting/water group and fasting/glucose
roup. The fasting period was three days and 10% glucose water was
rovided ad libitum to the glucose groups during the entire course
f the experiment. The initial day of the treatment was  designated
s day 0; day 2 and day 3 represented fasting for two  and three
ays, respectively.

.2. Cellular immunity assay

Cellular immune response was measured as described previ-
usly (Bellocq et al., 2006; Xu and Wang, 2010). According to
ur preliminary experiment, the maximum PHA response occurs

 h after PHA injection in male gerbils. Thus, after 66 h treat-
ent, we measured footpad thickness of the left hindfoot of

ll gerbils with a micrometer (Tesa Shop-Cal; TESA SA, Renens,
witzerland) to ± 0.01 mm.  Immediately thereafter, 0.1 mg  of PHA
Sigma L-8754; Sigma–Aldrich) dissolved in 0.03 ml  of sterile
hosphate buffered saline (PBS, pH 7.4) were subcutaneously

njected in the middle of the footpad. 6 h after injection, we  mea-
ured footpad thickness again. The PHA response (i.e., cellular
mmunity) was calculated as the difference between pre- and post-
njection measurements divided by initial footpad thickness (PHA
esponse = (post PHA − pre PHA)/pre PHA). Six measures of foot-
ad thickness were taken to obtain an average value for each gerbil
Bellocq et al., 2006; Xu and Wang, 2010).

.3. White blood cell measurement

At the end of the experiment, each gerbil was  euthanized by CO2
sphyxiation and trunk blood was collected around 3:00 pm (lights

n at 04:00 h, and lights off at 20:00 h) for the measurement of WBC,
lood glucose, and serum leptin to reduce the effect of the circadian
hythm on these parameters. 20 �l whole blood was diluted imme-
iately in 0.38 ml  solution containing 1.5% glacial acetic acid, and
y 114 (2011) 306– 312 307

1% crystal violet (Sigma–Aldrich, St. Louis, MO,  USA). The leuko-
cytes were counted in an improved Neubauer chamber using a
microscope. The total number of WBC  was  determined by count-
ing all leucocytes in the four large corner squares of the Neubauer
chamber and multiplying the raw data by 5 × 107 to obtain the
final values (109 cells/l) (Yang, 2004). The rest of the blood sample
was  allowed to clot for an hour on ice, and then it was centrifuged
at 4000 rpm at 4 ◦C for 30 min. The serum was collected and then
stored at –80 ◦C for the leptin assay.

2.4. Blood glucose measurement

20 �l whole blood was obtained immediately after euthaniza-
tion. Blood glucose levels were measured with the FreeStyle Mini
blood glucose meter (Abbott Diabetes Care Inc., Alameda, CA, USA)
according to the manufacturer’s instructions. The range of blood
glucose tested was  1.1–27.8 mmol/l. Within-lot and within-vial
precision of this test are <5.6% and <4.1%, respectively (Rivers et al.,
2006).

2.5. Serum leptin assay

Serum leptin concentrations were determined by radioim-
munoassay (RIA) with a 125I multi-species kit (Cat. No. XL-85K;
Linco Research Inc., St. Charles, MO,  USA). The lowest level of lep-
tin that can be detected by this assay is 1.0 ng/ml when using a
100 �l sample (see manufacturer’s instructions) (Zhao and Wang,
2006). Inter- and intra-assay variability for leptin RIA were <8.7%
and <3.6%, respectively.

2.6. Body and organ composition

Organs were measured as described in Zhang and Wang (2007).
In brief, after interscapular brown adipose tissue was  removed, the
visceral organs including heart, thymus, lungs, liver, spleen, kid-
neys, paired adrenal glands, epididymis, testes, seminal vesicle and
the digestive organs with contents (i.e., stomach, small intestine,
caecum, and colon) were dissected and weighed (±1 mg). The stom-
ach, small intestine, caecum, and colon were rinsed with saline to
eliminate all the gut contents before being dried and weighed. The
remaining carcass and all the organs were dried in an oven at 60 ◦C
to constant mass, and then weighed again to obtain the dry mass.
Water mass of the carcass was  calculated as the difference between
the wet and dry carcass mass. Total body fat was  extracted from the
dried carcass by petroleum ether extraction in a Soxhlet apparatus
(Li and Wang, 2005), and body fat content was calculated as total
body fat mass divided by wet  carcass mass (Xu and Wang, 2010).

2.7. Statistical analyses

Data were analyzed using SPSS 13.0 software (SPSS Inc., Chicago,
IL, USA). Prior to all statistical analyses, data were examined for nor-
mality and homogeneity of variance, using Kolmogorov–Smirnov
and Levene tests, respectively. All the ratios including PHA
response, water and body fat content were subjected to arcsine
transformation. The differences in body mass among the four
groups on day 0 were analyzed by a one-way analysis of variance
(ANOVA), while the differences of body mass among the four groups
on day 1, day 2 and day 3 were analyzed by a two-way ANOVA (fast-
ing × glucose supplement) followed by Bonferroni post hoc tests.
Group differences in wet organ mass, with body mass as the covari-
ate, and in dry organ mass, with dry carcass mass as the covariate,

were analyzed by a two-way analysis of covariance (ANCOVA),
followed by Bonferroni post hoc tests. Group differences in other
parameters (body composition, PHA response, WBC, blood glucose
and leptin levels) were analyzed by a two-way ANOVA followed
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Fig. 2. Effects of fasting and glucose supplement on (A) PHA response, and the cor-
relation of PHA response with (B) blood glucose levels and (C) body fat mass in
Mongolian gerbils. Values are means ± SE (n = 7). Different letters (a or b) above bars

supplement (F1,24 = 7.51, P < 0.05).
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ig. 1. Effects of fasting and glucose supplement on body mass in Mongolian gerbils.
alues are means ± SE (n = 7).

y Bonferroni post hoc tests. Significant group differences were
urther evaluated by a general linear model multivariate analysis
ollowed by Bonferroni post hoc tests. Pearson’s correlation analy-
is was performed to determine the correlations of blood glucose
ith body fat mass, PHA response and leptin levels. The correlations

f the PHA response with body fat mass and leptin levels were also
alculated. Results were presented as mean ± SE, and P < 0.05 was
onsidered to be statistically significant.

. Results

.1. Body mass

On day 0, body mass did not differ significantly between the
ed/water, fed/glucose, fasting/water and fasting/glucose groups
F3,24 = 0.11, P > 0.05; Fig. 1). Body mass of the fasting gerbils
ecreased significantly compared with the fed gerbils on day 1
F1,24 = 8.33, P < 0.01), day 2 (F1,24 = 23.39, P < 0.001), and day 3
F1,24 = 32.81, P < 0.001). Compared with body mass on day 0 (fast-
ng/water group: 66.4 ± 2.3 g; fasting/glucose group: 64.9 ± 2.2 g),
erbils in the fasting/water group lost 7.1 g, 11.8 g, and 14.5 g, while
erbils in the fasting/glucose group lost 2.6 g, 5.2 g, and 8.0 g after
asting for 1, 2, and 3 days, respectively.

.2. Cellular immunity

The PHA response was significantly reduced by fasting
F1,24 = 11.86, P < 0.01) as compared with the fed gerbils, while it
as not influenced by glucose supplement (F1,24 = 2.36, P > 0.05)

nd the interaction of fasting × glucose supplement (F1,24 = 0.52,
 > 0.05; Fig. 2A). Further analysis showed that gerbils in the fast-
ng/water group had a significantly lower PHA response than the
ed gerbils; however, it did not differ between the fasting/glucose
nd the fed groups (Fig. 2A). The PHA response was positively cor-
elated with blood glucose levels (r = 0.525, P < 0.01; Fig. 2B) and
ody fat mass (r = 0.513, P < 0.01; Fig. 2C).

.3. White blood cells

Fasting (F1,24 = 1.035, P > 0.05), glucose supplement (F1,24 = 3.51,
 > 0.05) and the interaction of fasting × glucose supplement
F1,24 = 1.515, P > 0.05) had no significant effects on WBC  (Fig. 3).

.4. Blood glucose levels
Glucose supplement kept blood glucose levels in the fast-
ng/glucose group at those of the fed control groups (F1,24 = 5.33,

 < 0.05), whereas blood glucose levels in the fasting/water group
indicate significant differences (P < 0.05).

were significantly lower than those in the fed control groups
(Fig. 4). Blood glucose levels were affected significantly by fasting
(F1,24 = 17.65, P < 0.001) and by the interaction of fasting × glucose
gnitsaFdeF

Fig. 3. Effects of fasting and glucose supplement on white blood cells in Mongolian
gerbils. Values are means ± SE (n = 7). Different letters (a or b) above bars indicate
significant differences (P < 0.05).
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.5. Serum leptin levels

Serum leptin levels were decreased significantly by fasting
F1,24 = 10.132, P < 0.01; Fig. 5A), whereas they were not affected
y glucose supplement (F1,24 = 0.793, P > 0.05) and the interaction
f fasting × glucose supplement (F1,24 = 2.530, P > 0.05). Serum lep-

in levels were positively correlated with blood glucose levels
r = 0.493, P < 0.01; Fig. 5B) and PHA response (r = 0.539, P < 0.01;
ig. 5C).
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3.6. Body and organ composition

Fasted gerbils had lower body fat mass (F1,24 = 12.21, P < 0.01)
and lower wet and dry spleen mass (wet mass: F1,23 = 6.17, P < 0.05;
dry mass: F1,23 = 12.54, P < 0.01) than the fed gerbils (Fig. 6A and B),
while fasting had no significant effect on wet  and dry thymus mass
(wet mass: F1,23 = 1.05, P > 0.05; dry mass: F1,23 = 2.41, P > 0.05).
Body fat mass in the fasting/glucose group was 56.4% higher than in
the fasting/water group, though glucose supplement had no signif-
icant effect on body fat mass (F1,24 = 1.20, P > 0.05; Table 1). Body fat
mass was  positively correlated with blood glucose levels (r = 0.584,
P < 0.01; Fig. 6C). Glucose supplement had no significant effect on
wet  and dry thymus mass (wet mass: F1,23 = 3.48, P > 0.05; dry mass:
F1,23 = 3.38, P > 0.05), nor on wet  and dry spleen mass (wet mass:
F1,23 = 2.64, P > 0.05; dry mass: F1,23 = 0.11, P > 0.05; Tables 2 and 3).
Fasting decreased wet colon mass and dry kidney mass, while glu-
cose supplement increased wet  and dry small intestine mass, and
total dry alimentary tract mass (see Tables 2 and 3).
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Table 1
Effects of fasting and glucose supplement on body composition in Mongolian gerbils. Values are means ± SE (n = 7). Values for a specific parameter that have different
superscripts are significantly different at P < 0.05, determined by two-way ANOVA and Bonferroni post hoc tests.

Fed/water Fed/glucose Fasting/water Fasting/glucose F G F × G

Body mass on day 3 (g) 66.0 ± 2.0a 66.0 ± 2.0a 51.9 ± 2.0b 56.8 ± 2.0b <0.001 ns ns
Wet  carcass mass (g) 50.5 ± 1.5a 51.1 ± 1.5a 40.9 ± 1.5b 45.3 ± 1.5ab <0.001 ns ns
Dry  carcass mass (g) 20.0 ± 1.0a 19.4 ± 1.0a 14.4 ± 1.0b 17.3 ± 1.0ab <0.01 ns ns
Body  water mass (g) 30.5 ± 1.0a 31.8 ± 1.0a 26.5 ± 1.0b 28.1 ± 1.0ab <0.01 ns ns
Water  content (water mass/wet carcass mass) (%) 60.5 ± 1.4 62.0 ± 1.4 65.1 ± 1.4 62.1 ± 1.4 ns ns ns
Fat-free dry carcass (g) 12.2 ± 0.3a 12.1 ± 0.3a 10.4 ± 0.3b 11.2 ± 0.3ab <0.01 ns ns
Body  fat mass (g) 7.8 ± 0.7a 7.2 ± 0.7a 3.9 ± 0.7b 6.1 ± 0.7ab <0.01 ns ns
Body  fat content (body fat mass/wet carcass mass) (%) 15.4 ± 1.4a 14.2 ± 1.4ab 9.3 ± 1.4b 13.0 ± 1.4ab <0.05 ns ns

F, fasting; G, glucose supplement; F × G, interaction of fasting × glucose supplement; ns, not significant.

Table 2
Effects of fasting and glucose supplement on mean wet organ masses in Mongolian gerbils. Values are means ± SE (n = 7). Values for a specific parameter that have different
superscripts are significantly different at P < 0.05, determined by a two-way ANCOVA with body mass as the covariate and Bonferroni post hoc tests.

Fed/water Fed/glucose Fasting/water Fasting/glucose F G F × G

IBAT (mg) 141 ± 17 148 ± 17 141 ± 20 172 ± 16 ns ns ns
Heart  (mg) 231 ± 9 249 ± 9 257 ± 10 251 ± 8 ns ns ns
Thymus (mg) 21 ± 4 26 ± 4 13 ± 5 22 ± 4 ns ns ns
Lung  (mg) 319 ± 27 353 ± 27 341 ± 30 366 ± 24 ns ns ns
Liver  (mg) 1947 ± 108 1856 ± 107 1988 ± 121 2074 ± 98 ns ns ns
Spleen (mg) 38 ± 3a 32 ± 3ab 27 ± 3ab 25 ± 3b <0.05 ns ns
Kidneys (mg) 539 ± 18 534 ± 18 541 ± 21 516 ± 17 ns ns ns
Adrenal gland (mg) 44 ± 3 44 ± 3 38 ± 3 37 ± 2 ns ns ns
Stomach with content (mg) 1142 ± 152 1054 ± 152 852 ± 171 688 ± 139 ns ns ns
Stomach (mg) 344 ± 15 356 ± 15 380 ± 17 348 ± 14 ns ns ns
Small  intestine with content (mg) 1892 ± 138 1850 ± 138 1566 ± 155 1509 ± 125 ns ns ns
Small  intestine (mg) 364 ± 51 525 ± 51 502 ± 58 557 ± 47 ns <0.05 ns
Caecum with content (mg) 1171 ± 117 1074 ± 117 1106 ± 131 971 ± 107 ns ns ns
Caecum (mg) 205 ± 12 225 ± 12 216 ± 13 194 ± 11 ns ns ns
Colon  with content (mg) 918 ± 87 787 ± 87 651 ± 98 575 ± 79 ns ns ns
Colon  (mg) 314 ± 17ab 349 ± 17a 277 ± 19ab 274 ± 15b <0.05 ns ns
Total  alimentary tract (mg) 1227 ± 71 1455 ± 71 1375 ± 79 1373 ± 64 ns ns ns
Epididymis (mg) 126 ± 19 135 ± 19 206 ± 21 140 ± 17 ns ns <0.05
Testes  (mg) 696 ± 55 677 ± 55 891 ± 62 728 ± 50 ns ns ns
Seminal vesicle (mg) 122 ± 53 155 ± 53 234 ± 60 85 ± 48 ns ns ns

F, fasting; G, glucose supplement; F × G, interaction of fasting × glucose supplement; ns, not significant.

Table 3
Effects of fasting and glucose supplement on mean dry organ masses in Mongolian gerbils. Values are means ± SE (n = 7). Values for a specific parameter that have different
superscripts are significantly different at P < 0.05, determined by a two-way ANCOVA with dry carcass as the covariate and Bonferroni post hoc tests.

Fed/water Fed/glucose Fasting/water Fasting/glucose F G F × G

Heart (mg) 58 ± 3 62 ± 3 58 ± 3 55 ± 2 ns ns ns
Thymus (mg) 4 ± 1 5 ± 1 2 ± 1 4 ± 1 ns ns ns
Lung  (mg) 91 ± 8 98 ± 8 80 ± 9 89 ± 7 ns ns ns
Liver  (mg) 541 ± 40 552 ± 39 623 ± 45 529 ± 37 ns ns ns
Spleen (mg) 8 ± 1a 8 ± 1ab 5 ± 1b 5 ± 1b <0.01 ns ns
Kidneys (mg) 138 ± 5a 134 ± 5ab 124 ± 6ab 114 ± 5b <0.05 ns ns
Adrenal gland (mg) 15 ± 2 12 ± 2 10 ± 3 10 ± 2 ns ns ns
Stomach (mg) 87 ± 4 93 ± 4 88 ± 4 82 ± 4 ns ns ns
Small  intestine (mg) 57 ± 9 79 ± 8 72 ± 10 91 ± 8 ns <0.05 ns
Caecum (mg) 29 ± 2 35 ± 2 32 ± 2 28 ± 2 ns ns <0.05
Colon  (mg) 55 ± 5 66 ± 4 53 ± 5 53 ± 4 ns ns ns
Total  alimentary tract (mg) 229 ± 13 274 ± 13 245 ± 15 254 ± 12 ns <0.05 ns
Epididymis (mg) 27 ± 4 34 ± 4 38 ± 4 25 ± 4 ns ns <0.05
Testes  (mg) 123 ± 10 121 ± 9 135 ± 11 104 ± 9 ns ns ns

44 ± 

F t; ns, n

4

p
o
a
g
p
i
G

Seminal vesicle (mg) 39 ± 14 52 ± 13 

, fasting; G, glucose supplement; F × G, interaction of fasting × glucose supplemen

. Discussion

As expected, glucose supplement kept fasting-induced sup-
ressed cellular immunity in the fasting/glucose group at the level
f the fed controls, which demonstrated that blood glucose plays
n important role in the cellular immune response in Mongolian

erbils. Glucose is an important metabolic fuel and its metabolism
rovides energy for many biological processes including costly

mmune responses (Demas, 2004; Lee, 2006; Maciver et al., 2008).
lucose uptake and glycolysis increase during an immune response
15 13 ± 13 ns ns ns

ot significant.

(Matarese and Cava, 2004). Gerbils in the fasting/glucose group
were no longer short of blood glucose due to the glucose supple-
ment, indicating that they did not lack energy. However, gerbils in
the fasting/water group were deficient in blood glucose.

According to the glucostatic theory, glucose itself is the signal
that indicates the storage and use of carbohydrates to the brain

(Seeley and Woods, 2003; Levin et al., 2004). In the face of an energy
crisis, the fasted gerbils might sense the reduction in circulating
glucose levels and divert energy from less critical physiological
functions such as immunity to the systems most important for
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urvival such as brain and heart (Lord et al., 1998) so that their
ellular immune responses were downregulated. Another possible
ignal may  be insulin that is secreted in response to changes in
lood glucose levels. It serves as an important indicator of current
nergy availability within an animal (Benoit et al., 2004). Fasting
lso reduces the circulating levels of insulin (Ahima et al., 1996), and
ecent research has shown that insulin is an important peripheral
ignal linking energy availability and immunity in Siberian ham-
ters (Phodopus sungorus) (Garcia et al., 2010). Although we did not
easure the circulating levels of insulin in the present study, it
ight act as the endocrine signal of blood glucose availability and
ight be the actual cue utilized by the immune system to alter its

unctioning.
The positive correlation between blood glucose levels and cel-

ular immunity suggests the importance of glucose for maintaining
ptimal immune response. These results also imply that maintain-
ng normal cellular immunity is costly in terms of energy. Glucose
upplement failed to restore the immune organs (thymus, spleen)
nd WBC  to the level of the controls, suggesting that other fac-
ors besides glucose might also play an important role in immunity
Chandra, 1996; Kaminogawa and Nanno, 2004).

Energy reserves (body fat mass) play an important role in
mmune homeostasis (Matarese and Cava, 2004; Fantuzzi, 2005;
chäffler et al., 2007). Houston et al. (2007) have shown that ani-
als with low energy reserves choose to allocate less energy to

mmune defense than animals with higher reserves. In the present
tudy, we observed that glucose supplement blunted the decrease
f body fat mass in fasted gerbils. Body fat mass was proportional
o blood glucose levels and cellular immunity, which indicates
hat the glucose supplement protected body fat mass against over-

obilization and sustained optimal cellular immune responses in
asting gerbils.

Leptin also plays an important role in immunity and is a
ink between energy reserves and immunity (Ahima et al., 1996;
lier, 1998; Matarese et al., 2005; Lam and Lu, 2007; Steiner
nd Romanovsky, 2007). Lord et al. (1998) have demonstrated
hat exogenous leptin administration reverses fasting-induced
mmunosuppression in fasted mice. Serum leptin levels were also
educed in gerbils in a previous study (Xu and Wang, 2010) and
n the present study. According to the lipostatic theory, the brain

onitors the storage and metabolism of fat, and leptin is the main
diposity signal to the brain (Seeley and Woods, 2003). A falling
eptin concentration functions as a peripheral signal of starvation

hich serves to conserve energy in the face of limited energy
eserves (Ahima et al., 1996; Lord et al., 1998). Moreover, leptin
cts as a neuroendocrine signal communicating information about
otal body fat to the immune system (Ahima et al., 1996; Lord et al.,
998; Demas and Sakaria, 2005). Its levels in the fasting gerbils rose
o those of the fed controls after glucose supplement. It might be
he prevention of the fall in leptin levels that made cellular immu-
ity in the fasting/glucose group recover, at least in part, to the level
f the fed controls.

In summary, glucose supplement could reverse fasting-induced
mmunosuppresssion in Mongolian gerbils through its attenuating
ole in body fat mass and leptin levels. Our data also demonstrated
hat blood glucose played an important role in immunity and that

ounting cellular immune responses was costly in terms of energy.
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