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a b s t r a c t
Mounting a sickness response is an energetically expensive task and requires precise balancing of energy
allocation to ensure pathogen clearance while avoiding compromising energy reserves. Sickness intensity
has previously been shown to be modulated by food restriction, body mass, and hormonal signals of
energy. In the current study, we tested the hypothesis that sickness intensity is modulated by glucose
availability and an endocrine signal of glucose availability, insulin. We utilized male Siberian hamsters
(Phodopus sungorus) and predicted that pharmacological induction of glucoprivation with 2-deoxy-Dglucose (2-DG), a non-metabolizable glucose analog that disrupts glycolysis, would attenuate energetically expensive sickness symptoms. Alternatively, we predicted that treatment of animals with insulin
would enhance energetically expensive sickness symptoms, as insulin would act as a signal of increased
glucose availability. Upon experimental treatment with lipopolysaccharide (LPS), we found that glucose
deprivation resulted in increased sickness-induced hypothermia as compared to control- and insulintreated animals; however, it did not have any effects on sickness-induced anorexia or body mass loss.
Insulin treatment resulted in an unexpectedly exaggerated sickness response in animals of lesser body
masses; however, in animals of greater body masses, insulin actually attenuated sickness-induced body
mass loss and had no effects on hypothermia or anorexia. The effects of insulin on sickness severity may
be modulated by sensitivity to sickness-induced hypoglycemia. Collectively, these results demonstrate
that both glucose availability and signals of glucose availability can modulate the intensity of energetically expensive sickness symptoms, but their effects differ among different sickness symptoms and are
sensitive to energetic context.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
Animals must obtain and utilize energy to fuel virtually every
physiological and behavioral process required for their survival
and reproductive success. In times of energy limitation, constraints
may require energy to be shunted away from processes of a lesser
priority for an organism’s current needs and toward those processes most fundamental for survival (Sheldon and Verhulst,
1996). Mounting a sickness response to a pathogen is a process
that requires precise balancing of energy allocation. Sickness is
one of the first responses of the body to infection and is characterized by energetically expensive symptoms such as fever, anorexia,
and body mass loss. While these responses may appear to be the
result of infection-induced weakness, the symptoms have adaptive
benefits (i.e., fever acts to inhibit growth of pathogens and elevated
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temperatures may enhance immunological efficiency; anorexia
may lead to greater stringency in diet selection allowing an animal
to alter its internal environment so that it is less favorable for
pathogen growth (Hart, 1988; Kluger, 1986; Kyriazakis et al.,
1998)) and reductions in their magnitude can negatively affect
an animal’s ability to clear its infection. However, if these symptoms are displayed too strongly, an animal may also succumb to
death due to energy depletion (Adelman and Martin, 2009;
Ashley and Wingfield, 2012; Hart, 1988; Moret and SchmidHempel, 2000).
Although sickness is an energetically expensive response, animals may also display sickness symptoms that act to counteract
energy loss. For instance, some animals may display hypothermic
responses, rather than fever, when they are energetically compromised, as decreasing body temperature can still provide an environment less favorable for pathogen growth than normal body
temperature (Deen and Hutchison, 2001; Romanovsky and
Szekely, 1998). Animals may also avoid hedonic behaviors or other
energy consuming behaviors like nest-building in thermoneutral
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environments so as to avoid expending energy on activities not
required for survival (Aubert, 1999; Wen et al., 2007). Thus, making it through an infection requires precise coordination of the
sickness response in regards to the energetic condition of the
infected animal.
As such, sickness responses are not static, and animals are able
to modulate sickness in response to their energy reserves. Previous
work has shown that food restriction results in suppression of sickness symptoms (Bilbo and Nelson, 2002; MacDonald et al., 2014,
2011). Additionally, the intensity of the energetically costly symptoms of sickness are correlated with body mass in several species,
such that animals with higher body masses show more intense
sickness responses (Carlton and Demas, 2015; Owen-Ashley
et al., 2008, 2006; Pohl et al., 2014). Siberian hamsters (Phodopus
sungorus) are a species that shows variation in sickness intensity
that correlates with energetic state. For instance, hamsters show
seasonal variation in both body mass and sickness intensity and
exhibit the most intense sickness responses in the season in which
they have the greatest body mass (Bilbo et al., 2002). We have previously manipulated body mass and an endocrine signal of fat
stores (i.e., leptin) to determine their effects on sickness intensity
variation in this species (Carlton and Demas, 2014, 2015). These
studies showed that hamsters modulate sickness symptoms in
response to decreases in energy stores (i.e., attenuation of
sickness-induced anorexia and body mass loss in hamsters that
were food restricted to lose body mass; Carlton and Demas,
2015) and increases in circulating leptin levels (i.e., attenuation
of sickness-induced hypothermia in hamsters provided exogenous
leptin to simulate increased fat stores; Carlton and Demas, 2014).
In addition to signals of long-term energy stores, animals may
also rely on signals of short-term energy availability (i.e., blood
glucose levels) to modulate sickness. While an animal must avoid
risking future survival by over-expending its excess energy stores,
it may also be necessary for it to assess current environmental
energy availability in order to avoid insufficient food resources
during recovery. Glucose is the primary source of energy that is
used by an animal, so blood glucose levels may provide the most
immediate indicator of food availability. Furthermore, glucose is
critical for fueling immune responses (Wolowczuk et al., 2008).
Previous work has shown that reductions in glucose availability
via treatment with 2-deoxy-D-glucose (2-DG), a nonmetabolizable glucose analog that disrupts glycolysis and induces
a state of glucoprivation (Horton et al., 1973), impairs antibody
production, delayed-type hypersensitivity responses, splenocyte
production, and leukocyte counts in Siberian hamsters, deer mice
(Peromyscus maniculatus), and Lewis rats (Chou et al., 1996;
Demas et al., 1997; Martin et al., 2008; Zysling and Demas,
2007). Although there is considerable evidence that reducing glucose availability modulates many aspects of the immune response,
it remains unclear how glucose availability may affect sickness
responses.
While we can manipulate actual glucose availability with 2-DG,
we can manipulate signals of glucose availability via the pancreatic
peptide hormone insulin. Insulin is secreted upon food consumption, and its release facilitates the storage of energy. In the shortterm, increased insulin levels signal positive energy balance, and
levels rapidly change in response to an organism’s current energetic state (Benoit et al., 2004). Insulin receptors are expressed
on activated lymphocytes, and administration of insulin to these
activated lymphocytes increases cellular metabolism (DelmastroGreenwood and Piganelli, 2013; Helderman, 1981). Insulin has
been shown to modulate immune responses in Siberian hamsters,
specifically enhancing antibody production in the smaller shortday housed hamsters so that their antibody levels are comparable
to those produced by the larger long-day housed hamsters (Garcia
et al., 2010). These results suggest that insulin may act as a signal

of current energy availability to allow coordination of
energetically-appropriate immune responses.
The goals of the present study were to manipulate current glucose availability and a signal of glucose to determine their effects
on sickness response intensity in male Siberian hamsters. If glucose
availability is a limiting factor in the display of energetically
expensive sickness symptoms, then we expected that animals
experiencing 2-DG-induced glucoprivation would show weakened
fever or enhanced hypothermia and attenuated anorexia and body
mass loss in response to the bacterial mimetic lipopolysaccharide
(LPS) as compared to LPS-treated control animals. Similarly, we
expected animals receiving insulin as a signal of increased glucose
availability would show enhanced LPS-induced fever or weakened
hypothermia and enhanced anorexia and body mass loss as compared to LPS-treated control animals. We also measured behaviors
that are modulated during sickness in this species, thermoregulatory nest building behavior and hedonic behavior. We predicted
that animals in the glucose-deprived group would show lesser
sickness-induced declines in nesting behavior in response to LPS
than the other two groups, as nesting can provide energy saving
benefits; however, we predicted that we would see no differences
in the decreases in hedonic behavior among the groups, as this
behavior is not largely energetically demanding in this context.
2. Material and methods
2.1. Animals and housing conditions
Adult (>60 days of age) male Siberian hamsters (n = 63) were
obtained from our breeding colony at Indiana University. All animals were initially group housed (2–5 per cage with same sex siblings on weaning at 17–18 days of age) in long-day photoperiods
(light:dark (L:D) 16:8) and then individually housed in polypropylene cages (27.8  17.5  13.0 cm) for one week prior to the start
of the experiment. Animals were housed in long-day photoperiods
for the entirety of the study. Food (Laboratory Rodent Diet 5001,
LabDiet, St. Louis, MO, USA) and water were available ad libitum
prior to and throughout the experiment. Temperature (20 ± 2 °C)
and humidity (50 ± 10%) were maintained at constant levels. All
animal methods were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) at Indiana University.
2.2. Experimental methods
After one week of acclimation to individual housing, hamsters
were quasi-randomly sorted (controlling for body mass, age, and
genetic relatedness) into three groups: Control, 2-DG, or Insulin.
Prior to receiving any experimental injections, daily measurements
of body mass (to the nearest 0.1 g) and food consumption (to the
nearest 0.1 g) were taken for five days. Food consumption was
assessed by weighing the food pellets remaining in the hopper
each day. Daily body mass and food consumption measurements
continued through the entirety of the experiment.
After the five days of initial body mass and food intake measurements, hamsters started receiving daily injections. Animals
in the Control group received one 0.2 ml intraperitoneal (i.p.) injection of 0.9% sterile saline every other day and one 0.1 ml subcutaneous (s.c.) injection of 0.9% sterile saline every day until the end of
the experiment. Animals in the 2-DG group received one 0.2 ml i.p.
injection of 1250 mg/kg 2-DG (Sigma–Aldrich, St. Louis, MO, USA)
dissolved in 0.9% sterile saline every other day and one 0.1 ml s.
c. injection of 0.9% sterile saline every day until the end of the
experiment. This dose was chosen because it is greater than the
2-DG dose that affects least one immune measure (i.e., antibody
production) in this species but well below the dose that induces
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torpor (Dark et al., 1994; Zysling and Demas, 2007). The Insulin
group received one 0.2 ml i.p. injection of 0.9% sterile saline every
other day and one 0.1 ml s.c. injection of the long-lasting form of
insulin, protamine zinc insulin (PZI) (ProZinc, Boehringer Ingelheim Vetmedica, Inc., St. Joseph, MO, USA), dissolved in 0.9% sterile
saline every day until the end of the experiment. The insulin dose
was gradually increased over the course of 11 days to 20 U/kg, in
order to avoid death-inducing severe hypoglycemia (Garcia et al.,
2010). A dose of 20 U/kg was chosen because we wanted to modulate the signal of glucose availability without necessarily modulating actual blood glucose levels (Garcia et al., 2010). The PZI
injections were administered according to the following dosing
schedule: day 1: 0.625 U/kg; days 2–3: 1.25 U/kg; days 4–6: 5 U/
kg; days 7–10: 10 U/kg; days 11–23: 20 U/kg. The 2-DG injections
were provided on the odd-numbered experimental days.
On the 19th day of injections, a portion of the animals in each
group were injected i.p. 15 min before the onset of darkness
(1545 h) with 25 lg LPS (LPS from Salmonella enterica serotype
typhimurium, Sigma–Aldrich, St. Louis, MO, USA; Carlton and
Demas, 2014) suspended in 0.1 ml sterile 0.9% saline. Sickness
responses were assessed throughout the four days following injections. The sample sizes were as follows: Control-Saline (n = 10);
Control-LPS (n = 10); 2-DG-Saline (n = 9); 2-DG-LPS (n = 10);
Insulin-Saline (n = 11); Insulin-LPS (n = 13).
2.3. Sickness response measurements
Following LPS injection, animals were monitored for signs of
severe sickness, potentially indicating signs of sepsis, as outlined
in our approved IACUC protocol. Animals that showed decreases
in body temperature greater than 2 °C below that of their group
mean were removed from the study. These animals exhibited these
temperature declines between 4 and 36 h post-injection. Due to a
larger than expected number of animals showing these symptoms,
we were able, post hoc, to divide LPS-injected animals into two different groups: those that showed moderate sickness and remained
in the study until the end (<2 °C decrease in colonic temperature)
and those that showed severe sickness and were removed from
the study (>2 °C decrease in colonic temperature).
2.3.1. Fever, anorexia, and body mass
On the day of LPS or saline injection, colonic temperatures (Tc;
to the nearest 0.1 °C) were collected immediately before injection
and 2, 4, 6, 8, 10, 12, 16, 20, and 24 h after injection using a MicroTherma 2T thermometer (ThermoWorks, Alpine, UT, USA) and a
lubricated RET-3-ISO thermocouple probe (Physitemp Instruments, Inc., Clifton, NJ, USA) inserted 12 mm into the rectum.
To assess anorexia and body mass loss, daily body mass and food
intake measurements continued until the end of the study.
2.3.2. Hedonic behavior
To assess the effects of our treatments on hedonic behavior, we
provided hamsters with a highly palatable sodium saccharin solution (Baillie and Prendergast, 2008). Beginning 5 days before LPS or
saline injection, for the first 6 h of the dark phase (1600–2200 h)
hamsters were provided with a fluid bottle containing a solution
of 0.1% sodium saccharin (saccharin sodium salt hydrate, Sigma–
Aldrich, St. Louis, MO, USA) dissolved in tap water (Baillie and
Prendergast, 2008). The saccharin solution bottles were weighed
(to the nearest 0.1 g) before they were given and after they were
collected from the hamsters each day. Presentation of saccharin
solution continued daily through day 3 post-injection.
2.3.3. Nest building behavior
To assess the effects of our treatments on thermoregulatory
behavior, beginning five days before LPS or saline injection, each
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hamster was provided with a compressed cotton nestlet weighing
2.5 g (Ancare, Bellmore, NY, USA) for the first 6 h of the dark
phase (Baillie and Prendergast, 2008). The nestlet was weighed
(to the nearest 0.1 g) before presentation, and the unshredded portion was weighed after presentation. When provided a nestlet,
hamsters quickly start shredding the cotton to build a nest. Nest
building is an adaptive behavior to enhance energy conservation
in low temperatures, however, hamsters readily build nests in
room temperature (20–23 °C) (Puchalski et al., 1988). Presentation
of nestlets continued daily through day 3 post-injection.
2.4. Blood sampling and necropsies
Blood samples were drawn from each animal 4 h after the onset
of darkness (2000 h) at two time points (two days before injection
and on the day of injection) to assess circulating blood glucose and
serum cortisol concentrations. Briefly, animals were lightly anesthetized with isoflurane vapors, and blood samples were drawn
from the retro-orbital sinus. Blood samples were allowed to clot
at room temperature for 1 h, clots were removed, and samples
were centrifuged at 4 °C for 30 min at 2500 rpm. Serum aliquots
were aspirated and stored in sealable polypropylene microcentrifuge tubes at 20 °C until assayed. All blood samples were collected within 3 min of initial handling. Animals were euthanized
five days after LPS injection and necropsies were performed.
Testes, inguinal white adipose tissue (IWAT), epididymal WAT
(EWAT), and retroperitoneal WAT (RWAT) were removed, cleaned
of connective tissues, and weighed to the nearest 0.1 mg. A composite adipose tissue score was calculated by summing the individual WAT pad masses.
2.5. Blood glucose measurement
Blood glucose was measured from both blood samples. Immediately upon sampling, 5 ll of whole blood was transferred onto
the test strips of a blood glucose monitoring system (ReliOn, Micro
Blood Glucose Monitoring System, Arkray USA, Inc., Minneapolis,
MN, USA), and the readout was recorded. The meter was previously
calibrated using an internal standard provided by the
manufacturer.
2.6. Cortisol enzyme immunoassay (EIA)
We assessed circulating cortisol levels to determine if our treatments influenced the magnitude of LPS-induced hypothalamic–pi
tuitary–adrenal (HPA) axis activation. Glucocorticoids are released
during sickness and are important for regulating its intensity
(Sapolsky et al., 2000). Cortisol is the predominant glucocorticoid
in Siberian hamsters, with concentrations 100 that of corticosterone (Reburn and Wynne-Edwards, 2000). Serum cortisol concentrations were determined in multiple enzyme immunoassays
(EIAs) from a commercially prepared kit (Cortisol EIA Kit; Enzo Life
Sciences, Inc., Farmingdale, NY, USA). This assay was previously
validated for use in Siberian hamsters (Demas et al., 2004) and is
highly specific for cortisol; cross-reactivity with corticosterone is
27.7% and <4.0% for other steroid hormones. The sensitivity of
the assay is 56.72 pg/ml. Samples were diluted 1:80 with assay
buffer and run in duplicate. Intra-assay variabilities were 6.2%,
2.8%, and 3.1%.
2.7. Statistical analyses
All statistical tests were performed using JMP 10 (SAS Institute
Inc., Cary, NC, USA). Residuals were checked for normality and
homogeneity of variance, and those data that were non-normally
distributed were transformed. Two animals were excluded from
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the final analyses: one from the LPS-treated 2-DG group which
obtained an injury unrelated to the experimental procedures and
one from the saline-treated Insulin group which exhibited sickness
symptoms despite not receiving any LPS. The final sample sizes
were as follows: Control-Saline (n = 10); Control-LPS (n = 10); 2DG-Saline (n = 9); 2-DG-LPS (n = 9); Insulin-Saline (n = 10);
Insulin-LPS (n = 13). Non-normally distributed variables differed
in their degrees of skewness, so each variable was transformed
with the function that best fit the data to normality. Baseline saccharin solution intake and percent change in saccharin solution
intake were square root transformed, while cortisol concentrations
were log transformed. Baseline percent nesting material shredded
could not be transformed to meet the assumptions of normality, so
a Kruskal–Wallis test was performed to determine if there were
differences among the groups for this measure.
Pre-LPS baseline values were calculated for body mass, food
intake, saccharin solution intake, and percent nesting material
shredded by averaging the three daily measurements immediately
prior to injections. To determine if there were effects of 2-DG or
insulin treatment on pre-injection baseline body mass, baseline
food intake, baseline saccharin solution intake, and pre-injection
blood glucose levels, one-way analyses of variance (ANOVA) on
treatment (i.e., control, 2-DG, or insulin) were performed. Because
expected values in some cells were less than five, Fisher’s Exact
Test was performed to determine if treatment affected the frequencies of animals within each LPS-treated group that had to be
removed from the study due to severe sickness. Comparisons
between animals that exhibited moderate sickness and continued
in the study and those that exhibited severe sickness and were
removed from the study were performed with two-sided t-tests.
Animals that showed severe sickness and were removed from the
study were not included in subsequent between group comparisons of post-injection percent changes in body mass, food intake,
saccharin solution intake, and nesting material shredded, postinjection blood glucose concentrations, cortisol concentrations,
and tissue masses (Results Section 3.3).
Post-LPS changes in body mass, food intake, saccharin solution
intake, and percent nesting material shredded were expressed as
percentages of each animal’s baseline values. Repeated measures
ANOVAs were performed on post-injection percent changes in
body mass, food intake, saccharin solution intake, and nesting
material shredded and colonic temperature, with treatment group
and LPS as between-subjects factors and time as the withinsubjects factor. Differences in post-injection glucose levels, cortisol
concentrations, and tissue masses were assessed with two-way
(treatment group (3)  LPS (2)) ANOVAs. Post-hoc comparisons
were conducted using Tukey’s honestly significant difference
(HSD) tests when ANOVAs were significant.

3. Results
3.1. Pre-LPS baseline measures
Before receiving any 2-DG or insulin treatments, the groups did
not differ in body mass (Mean = 49.5 g ± 0.8 SEM; F2,58 = 0.88,
P = 0.419) or food intake (Mean = 4.8 g ± 0.7 SEM; F2,58 = 0.25,
P = 0.783). After treatments, all three groups showed decreases in
body mass (T > 4.54, P < 0.001 for all comparisons), and the Insulin
group showed increased food intake (T = 2.66, P = 0.014) while the
Control and 2-DG groups showed no change in food intake pre- to
post-treatment (T < 0.97, P > 0.347). After treatments and before
LPS or saline injection, baseline body mass (F2,58 = 1.39,
P = 0.256), baseline saccharin solution intake (F2,58 = 2.03,
P = 0.140), baseline percent nesting material shredded (H = 4.07,
P = 0.131), and pre-injection blood glucose levels (F2,58 = 1.82,

P = 0.171) did not differ among the Control, 2-DG and Insulin treatment groups (Table 1). Alternatively, pre-injection baseline food
intake was affected by treatment group (F1,58 = 3.19, P = 0.049)
(Table 1). Specifically, the Insulin group showed greater daily food
intake than the Control group (P = 0.041). With the exception of
baseline food intake in the 2-DG group (i.e., LPS-injected hamsters
exhibited greater baseline food intake values than saline-injected
hamsters; T = 2.49, P = 0.025), none of the baseline measures differed between LPS- and saline-injected hamsters within each
group (P > 0.085 for all comparisons).
3.2. Animals displaying severe sickness
After LPS-injection, six of the 13 animals in the Insulin group
exhibited severe sickness and were removed from the study. No
LPS-treated animals from the Control or 2-DG groups were
removed from the study. The frequencies of animal removal among
the three LPS-treated groups were significantly different (Fishers
Exact Test, P = 0.005). Within the LPS-injected Insulin group, those
animals that exhibited severe sickness showed lower baseline
body masses (T = 5.29, P < 0.001), higher pre-injection blood glucose levels (T = 2.41, P = 0.035), lower post-injection blood glucose
levels (T = 2.83, P = 0.018), and higher post-injection cortisol concentrations (T = 2.92, P = 0.014) as compared to animals that exhibited moderate sickness (Table 2). There were no differences
between the moderate and severe sickness animals in baseline
food intake, baseline saccharin solution intake, baseline percent
nesting material shredded, or colonic temperature immediately
prior to injection (P > 0.063 for all comparisons).
3.3. Sickness, physiological, and morphological measurements in
animals showing moderate sickness responses
3.3.1. Colonic temperature
Post-injection colonic temperature was affected by LPS injection (F1,49 = 16.08, P < 0.001) but not by treatment group
(F2,49 = 0.65, P = 0.524) or the LPS  treatment group interaction
(F2,49 = 0.24, P = 0.789) (Fig. 1). Temperature did change across
time (within subjects, F9,41 = 37.52, P < 0.001) and with the
time  LPS (F9,41 = 9.14, P < 0.001) and time  treatment group
interaction (F18,82 = 2.48, P = 0.003). Specifically, all LPS-injected
groups showed varying degrees of hypothermia post-injection.
The LPS-injected 2-DG group exhibited temperatures lower than
their respective saline-injected controls at the greatest number of
timepoints post-injection (6, 10, 16, 20, and 24 h); whereas the
LPS-treated Control and LPS-treated Insulin groups only showed
lower temperatures than their saline-injected controls at two (6
and 16 h) and one (6 h) timepoints post-injection, respectively.

Table 1
Mean (±SEM) baseline body mass, food intake, saccharin solution intake, percent
nesting material shredded, and blood glucose levels prior to LPS or saline injection in
control, 2-DG, and insulin-treated male Siberian hamsters. Baseline measurements
were calculated by averaging the values collected for the measurements during the
three days prior to LPS or saline injection. Groups with different letters indicate
statistically significant differences between group means (P < 0.05); groups sharing
the same letter (or no letters) are statistically equivalent.

Baseline body mass (g)
Baseline food intake (g/day)
Baseline saccharin solution intake (g/
6 h)
Baseline percent nesting material
shredded
Pre-injection blood glucose
concentration (mg/dl)

Control

2-DG

Insulin

43.9 ± 1.4
4.7 ± 0.1a
1.6 ± 0.2

45.7 ± 1.2
4.9 ± 0.2a,b
1.8 ± 0.2

47.0 ± 1.3
5.2 ± 0.1b
2.2 ± 0.2

93.7 ± 2.7

91.6 ± 4.7

83.6 ± 4.3

107 ± 4

98 ± 5

96 ± 4
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Table 2
Mean (±SEM) baseline body mass, food intake, saccharin solution intake, percent
nesting material shredded and colonic temperature and blood glucose levels prior to
LPS injection and blood glucose and serum cortisol levels 4 h after LPS injection in
insulin-treated male Siberian hamsters that exhibited moderate or severe sickness
symptoms. Hamsters were classified as exhibiting moderate sickness and kept in the
study if they showed a decrease in colonic temperature <2 °C from the group mean
after LPS injection and as severe sickness and removed from the study if they showed
a decrease in colonic temperature >2 °C from the group mean after LPS injection.
*
P < 0.05 and **P < 0.001 for differences between the two groups.
Measure

Moderate

Severe

Baseline body mass (g)
Baseline food intake (g/day)
Baseline saccharin solution intake (g/6 h)
Baseline percent nesting material shredded
Pre-injection colonic temperature (°C)
Pre-injection blood glucose (mg/dl)
Post-injection blood glucose (mg/dl)
Post-injection cortisol (ng/ml)

52.5 ± 1.2
5.6 ± 0.1
2.9 ± 0.5
88.1 ± 5.8
37.1 ± 0.2
85 ± 8
51 ± 5
134.6 ± 12.9

40.1 ± 2.0⁄⁄
4.8 ± 0.3
2.1 ± 0.5
70.7 ± 12.3
36.7 ± 0.2
112 ± 8.0⁄
31 ± 5⁄
189.3 ± 13.6⁄

3.3.2. Anorexia
Percent change in food intake after injection was affected by LPS
injection (F1,48 = 98.82, P < 0.001) but not by treatment group
(F2,48 = 0.623, P = 0.541) or the LPS  treatment group interaction
(F2,48 = 0.022, P = 0.978) (Fig. 2A). In addition, percent changes in
food intake changed across time (within subjects, F3,46 = 157.23,
P < 0.001) and with the time  LPS (F3,46 = 22.60, P < 0.001) and
time  treatment group (F3=6,92 = 3.87, P = 0.002) interactions.
Specifically, all LPS-injected groups showed greater percent
decreases in food intake in comparison to their respective salineinjected controls at days 1, 2, and 3 post-injection (P < 0.05 for
all comparisons). By day 4 post-injection, all LPS-injected groups
no longer showed changes in food intake that differed from their
respective saline-injected controls (P > 0.09 for all comparisons).
3.3.3. Body mass loss
Percent change in body mass loss after injection was affected by
LPS injection (F1,49 = 102.47, P < 0.001), treatment group
(F2,49 = 7.95, P = 0.001) and the LPS  treatment group interaction
(F2,49 = 3.71, P = 0.032) (Fig. 2B). In addition, percent change in
body mass loss changed across time (within subjects, F3,47 = 5.58,
P = 0.002) and with the time  LPS interaction (within subjects,
F3,47 = 22.74, P < 0.001). Specifically, LPS-injected Insulin animals
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showed attenuated body mass loss as compared to LPS-injected
Control and 2-DG animals. Whereas the LPS-injected Control and
2-DG groups showed greater percent decreases in body mass loss
in comparison to their respective saline-injected groups at all four
timepoints post-injection (P < 0.001 for all comparisons), the LPSinjected Insulin group only showed greater percent decreases in
body mass loss in comparison to its saline-injected control group
at days 2, 3, and 4 post-injection (P = 0.068 on day 1, P < 0.001 on
other days). Furthermore, the LPS-injected Insulin group showed
attenuated post-LPS body mass loss compared to the LPS-injected
2-DG group at day 2 post-injection and both the LPS-injected 2DG and Control groups at day 3 post-injection (P < 0.005 for these
comparisons).
3.3.4. Saccharin solution intake
The measure of hedonic behavior, percent change in saccharin
intake after injection, was affected by LPS injection (F1,49 = 12.38,
P = 0.001) but not by treatment group (F2,49 = 0.50, P = 0.611) or
the LPS  treatment group interaction (F2,49 = 0.48, P = 0.624)
(Fig. 3A). Furthermore, saccharin solution intake changed with
time (within subjects, F3,47 = 14.17, P < 0.001) and with the
time  LPS interaction (F3,47 = 4.75, P = 0.006). Specifically, at the
0–6 h timepoint, animals in the LPS-injected 2-DG and Insulin
groups showed greater percent decreases in saccharin solution
intake as compared to their respective saline-injected controls
(P < 0.044 for both comparisons), while there was no difference
between the LPS-injected Control group and its respective salineinjected control (P = 0.098).
3.3.5. Nesting material shredded
Percent change in nesting material shredded after injection was
affected by LPS injection (F1,49 = 272.72, P < 0.001) but not by treatment group (F2,49 = 0.74, P < 0.481) or the LPS  treatment group
interaction (F2,49 = 1.82, P < 0.173) (Fig. 3B). Percent nesting material shredded did change over time (within subjects, F3,47 = 60.49,
P < 0.001) and with the time  LPS interaction (within subjects,
F3,47 = 88.39, P < 0.001). Specifically, animals from all LPS-injected
groups showed greater percent decreases in nesting material
shredded than their respective saline-injected controls at the 0–
6 h, 24–30 h, and 48–54 h timepoints (P < 0.040 for all comparisons); nest shredding returned to levels similar to salineinjected controls by the 72–78 h timepoint (P > 0.998 for all comparisons). In addition, animals in the LPS-injected 2-DG group
showed a greater percent decrease in nesting material shredded
in comparison with the LPS-injected Control group at the 48–
54 h timepoint (P = 0.016).
3.3.6. Blood glucose
Post-injection blood glucose concentrations were affected by
LPS injection (F1,49 = 59.50, P < 0.001) and treatment group
(F2,49 = 4.37, P = 0.018) but not by the LPS  treatment group interaction (F2,49 = 0.38, P = 0.688) (Fig. 4A). Specifically, all LPS-injected
groups had lower blood glucose concentrations than their respective saline-injected controls (P < 0.02 for all comparisons), and
insulin-treated animals, as a whole, had lower post-injection glucose levels as compared to animals not treated with insulin
(T = 2.77, P = 0.008).

Fig. 1. Mean (±SEM) colonic temperature following LPS (black icons) or saline
(white icons) injection delivered at the 0 h timepoint in control – (
), 2-DG – (
),
or insulin – ( ) treated male Siberian hamsters. Black and white bars at the top of
the graph indicates the active, dark (black) and inactive, light (white) phases of the
light–dark cycle. *P < 0.05 versus saline-injected group given the same treatment.

3.3.7. Serum cortisol
Post-injection serum cortisol concentrations were affected by
LPS injection (F1,49 = 55.33, P < 0.001) but not by treatment group
(F2,49 = 0.82, P = 0.446) or the interaction of LPS and treatment
group (F2,49 = 0.35, P = 0.706) (Fig. 4B). Specifically, all LPSinjected animals showed greater cortisol levels than their respective saline-injected controls (P < 0.004 for all comparisons).
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Fig. 2. Mean (±SEM) percent changes in (A) food intake and (B) body mass from baseline following LPS (black icons) or saline (white icons) injection delivered on day 0 in
control – (
), 2-DG – (
), or insulin – ( ) treated male Siberian hamsters. Day +1 represents the time period from 0 to 24 h after LPS or saline injection, Day +2 represents
the time period from 24 to 48 h after LPS or saline injection, and so forth. Within each panel: *P < 0.05 versus saline-injected group given the same treatment. #P < 0.05 versus
LPS-injected Insulin group. ^P < 0.05 versus other saline-injected groups.

Fig. 3. Mean (±SEM) percent changes in (A) saccharin solution intake and (B) percent nesting material shredded from baseline following LPS (black icons) or saline (white
icons) injection delivered at the 0 h timepoint in control – (
), 2-DG – (
), or insulin – (
) treated male Siberian hamsters. *P < 0.05 versus saline-injected group given the
same treatment. #P < 0.05 versus LPS-injected Control group.

Fig. 4. Mean (±SEM) (A) blood glucose and (B) circulating serum cortisol concentrations taken 4 h following LPS or saline injection in control-, 2-DG-, or insulin-treated male
Siberian hamsters. Within each panel, groups with different letters indicate statistically significant differences between group means (P < 0.05); groups sharing the same
letter are statistically equivalent.

3.3.8. Tissue masses
Paired testes mass was affected by treatment group (F2,49 = 4.41,
P = 0.017) but not by LPS (F1,49 = 0.42, P = 0.521) or the interaction
between LPS and treatment group (F2,49 = 0.50, P = 0.608). Specifically, as a whole, animals treated with 2-DG had lesser paired
testes masses as compared to animals not treated 2-DG
(0.45 g ± 0.06 SE vs. 0.63 g ± 0.03 SE, respectively) (T = 2.57,
P = 0.013). Composite adipose tissue mass was not affected by
any of the treatments or interactions (F5,49 = 0.842, P = 0.526).
4. Discussion
The results of this study demonstrate that both direct manipulations of glucose availability, as well as signals of glucose,

modulate the intensity of some of the energetically expensive
symptoms of sickness. Specifically, reductions in glucose availability in the 2-DG group resulted in a greater hypothermic response
as compared to the other two groups, potentially as an energy saving mechanism. Alternatively, contrary to our predictions, animals
experiencing reduced glucose showed a more pronounced
sickness-induced decrease in nesting behavior as compared to control animals. Furthermore, among the animals that showed moderate sickness, there were no treatment effects on sickness-induced
anorexia and contrary to our predictions, insulin-treated animals
showed an attenuation of sickness-induced body mass loss as compared to the other two groups.
In addition to these effects on specific sickness symptoms, we
also saw that a portion of the animals that were provided signals

E.D. Carlton, G.E. Demas / General and Comparative Endocrinology 242 (2017) 83–91

of increased glucose availability via insulin treatment displayed
severe sickness after LPS injection. Although all insulin-treated animals showed hypoglycemia after LPS injection, those animals that
exhibited severe sickness showed lower glucose levels
post-injection than animals exhibiting moderate sickness. This
relationship between post-LPS glucose levels and severe sickness
is consistent with prior work in rats that showed that severe endotoxemia is associated with greater hypoglycemia (Lang et al.,
1985). Although it seems that the drop in blood glucose may be
predictive of which animals showed severe sickness, it is still not
clear why the animals that exhibited severe sickness were also
the animals with the lowest body masses in the insulin-treated
group. One possible explanation is that these smaller individuals
had increased sensitivity to sickness-induced hypoglycemia due
to differences in LPS dosing. Even though the insulin doses were
corrected for body mass, all animals received a standard dose of
LPS (25 lg). Therefore, smaller animals received a higher dose of
LPS relative to their body masses. As all LPS-injected groups were
matched for body mass prior to injection, it is not likely that this
severe sickness response was only due to dose differences among
smaller and larger animals, as none of the smaller animals from
the Control and 2-DG groups showed severe sickness. Therefore,
it appears that insulin treatment may have increased the sensitivity of animals to LPS treatment.
Insulin treatment resulted in increased food intake in these animals relative to controls. However, this insulin-induced increase in
food intake was largely driven by hamsters in the insulin-treated,
moderate sickness group, as the insulin-treated hamsters displaying severe sickness showed baseline food intake values that were
comparable to the baseline food intake values of the control and
2-DG-treated groups. This lack of increase in food intake in the
insulin-treated, severe sickness animals could have contributed
to this enhanced sickness response. Because sickness is such an
energetically-costly process, it is important to have glucose readily
accessible to utilize for energy during this response. However,
insulin does the opposite of providing readily accessible energy,
and instead, promotes the storage of glucose of later use (Woods
et al., 2006). If an animal shows increased food intake during insulin treatment, the effects of insulin on lowering blood glucose may
be somewhat alleviated (e.g., what we would expect in the insulintreated, moderate sickness group), but if an animal does not
increase food intake during insulin treatment, they may initiate
their sickness response while in a hypoglycemic state (e.g., what
we would expect in the insulin-treated, severe sickness group).
Yet, our results do not suggest that initiating the sickness response
in a hypoglycemic state is the cause of this severe sickness, as the
severe sickness group actually showed greater pre-LPS blood glucose levels in comparison to the moderate sickness group. Thus,
it appears that the animals that experienced severe sickness actually had more readily accessible glucose as compared to those in
the moderate sickness group.
While blood glucose levels prior to LPS injection do not seem a
likely mechanism facilitating the differences in sickness severity
between the two insulin-treated groups, it is possible that blood
glucose levels after injection may be critical mediators of this variation in sickness severity. Interleukin (IL)-1, a pro-inflammatory
cytokine released in response to LPS and infection, affects glucose
homeostasis during infection and induces hypoglycemia, as it
modulates glucose regulation via the brain and stimulates
increases in glucose utilization by peripheral tissues (del Rey and
Besedovsky, 1989; del Rey et al., 2006; Vogel et al., 1991). While
animals in the current study exhibited hypoglycemic responses
to LPS treatment, it is also common for human and non-human
animals to exhibit hyperglycemic responses to infection
(McGuinness, 2005). In cases of sickness-induced hyperglycemia,
insulin treatment improves survival in the critically ill, and this
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is likely mediated through a normalization of glucose levels via
decreases in pro- and increases in anti-inflammatory cytokine
release (Jeschke et al., 2004; van den Berghe et al., 2001). In the
current study, all LPS-treated animals showed hypoglycemia, so
administering insulin during experimental infection likely was
the cause of the potentiated hypoglycemic response in the
insulin-treated animals as compared to the other two groups. Thus,
the potential enhanced hypoglycemic effects of the greater LPS
dose in these smaller animals coupled with the hypoglycemic
effects of insulin treatment may explain why the smaller animals
in the insulin-treated group showed the most severe sickness
responses of all groups.
Whereas insulin treatment facilitated an enhanced sickness
response in the smaller individuals in that group, the larger individuals that exhibited moderate sickness and continued in the
study actually showed attenuation of an energetically expensive
sickness symptom. The insulin-treated animals that remained in
the study showed lesser percent decreases in body mass after
LPS injection as compared to the Control and 2-DG groups. This
attenuation of body mass loss in the insulin-treated group is not
a product of differences in sickness-induced anorexia, as all three
LPS-treated groups showed similar patterns and intensities of
anorexia post-LPS. Furthermore, this attenuation is surprising
because the animals that displayed moderate sickness in the LPStreated Insulin group had an average body mass that was 6–8 g
greater than animals in the LPS-treated Control and 2-DG groups.
In Siberian hamsters and white-crowned sparrows (Zonotrichia leucophrys), pre-sickness body mass is negatively correlated with percent decrease in body mass loss after LPS-injection, such that larger
individuals show greater percent decreases in body mass after
injection, even when all animals are given the same quantity of
LPS (Carlton and Demas, 2015; Owen-Ashley et al., 2008, 2006).
Based upon these previous results, it was expected that the LPSinjected Insulin group would show even greater percent decreases
in body mass loss than we initially predicted (i.e., when we
expected that all LPS-treated groups would share similar average
body masses). Although we did not see insulin attenuate sickness
responses in the smaller individuals in the group, these heavier
animals that continued until the end of the study could have experienced some of the anti-inflammatory properties of insulin
(Jeschke et al., 2004). The LPS-injected Insulin group showed attenuated body mass loss compared to the other groups at days 2 and 3
post-LPS. At this point in the study, if animals were no longer hypoglycemic, insulin-treatment could have induced anti-inflammatory
mechanisms rather than exacerbating hypoglycemia as it did in the
few hours after LPS injection.
Animals experiencing glucose deprivation showed the most
pronounced hypothermic responses of the three LPS-treated
groups. Hypothermic responses to LPS treatment or infection,
rather than febrile responses, are hypothesized to be advantageous for pathogen clearance when energy availability is low or
in cases where animals are experiencing more severe inflammatory responses (Deen and Hutchison, 2001; Romanovsky and
Szekely, 1998). In the context of this study, the hypothermic
response exhibited by all LPS-treated groups is more likely a
response to greater inflammation rather than energy availability,
as animals in the Control and Insulin groups were experiencing
no sources of energy limitation. Alternatively, the 2-DG group
was experiencing energy limitation, and the increased hypothermic response shown by this group could have been a mechanism
of energy conservation. In a previous study, we showed that
hamsters that were experimentally provided with a hormonal
signal of increased energy stores (i.e., leptin) showed lesser LPSinduced hypothermic responses as compared to animals receiving
a vehicle control (Carlton and Demas, 2014). The results of the
current study further support the conclusion that the magnitude
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of LPS-induced hypothermia can be modulated by energetic state
and signals of energetic state, as hypothermia was enhanced
when animals were experimentally deprived of glucose.
While 2-DG disrupts glycolysis and induces glucoprivation, it
is often used in experimental contexts as a ‘‘metabolic stressor,”
as its effects on glucose use are often accompanied by activation
of the HPA axis and increased circulating glucocorticoid levels
(Demas et al., 1997; Weidenfeld et al., 1994). In the current
study, there were no effects of 2-DG on cortisol levels in both
the saline- and LPS-injected animals. This lack of increased cortisol in response to 2-DG has been observed in two other studies in
this species, so it was not necessarily unexpected (Carlton et al.,
2014; Zysling and Demas, 2007). Glucocorticoids are critical for
the regulation of inflammatory responses and sickness symptoms
(Sapolsky et al., 2000). Specifically, lack of glucocorticoid regulation of the inflammatory response during infection can augment
the amplitude and duration of fever, enhance behavioral depression, and in some cases, increase susceptibility to death; however,
glucocorticoid replacement can ameliorate these effects (Coelho
et al., 1992; Goujon et al., 1995a; Morrow et al., 1993; Ruzek
et al., 1999). Glucocorticoids are also involved in the regulation
of sickness-induced hypothermia (Goujon et al., 1995b); however,
since there were no treatment effects on either saline- or LPSinjected cortisol levels, this suggests that the increased hypothermic response in the LPS-injected 2-DG group was mediated by
changes in energy availability rather than glucocorticoids produced as a product of metabolic stress.
One reason why we may not have seen attenuation of sicknessinduced anorexia, body mass loss, or percent decreases in nesting
material shredded in the LPS-injected 2-DG group was that animals in this group were shifting energy away from other physiological systems in order to allocate energy to the immune
system. 2-DG-treated animals had lower paired testes masses than
the animals in the Control and Insulin groups, which suggests that
animals in this group were shifting energy away from reproductive
maintenance. Previous work has found that when experiencing
glucose deprivation while mounting a delayed-type hypersensitivity (DTH) immune response, male Siberian hamsters show reduced
testes mass but no reductions in the magnitude of their DTH
response as compared to animals not experiencing glucose deprivation (Martin et al., 2008). In females, the reverse is found, as
glucose-deprived animals show no reductions in reproductive tissue masses but show decreases in DTH response as compared to
controls (Martin et al., 2008). Thus, in the current study, if energy
had not been shifted away from reproductive maintenance in 2DG-treated animals, then we may have seen attenuation of these
additional energetically-expensive sickness symptoms in this
group.
In conclusion, our data show that sickness symptoms in Siberian hamsters can be modulated by glucose deprivation and by signals of increased glucose availability. Insulin treatment appears to
have both enhancing and suppressive effects on sickness in this
species, as it facilitated severe sickness responses in smaller individuals but attenuated sickness-induced body mass loss in the larger individuals that displayed moderate sickness. Glucose
deprivation resulted in increased sickness-induced hypothermia,
but its lack of effect on the other energetically expensive sickness
symptoms suggests that energy may have been reallocated from
another physiological system (i.e., the reproductive system) to
maintain the full expression of sickness symptoms in this group.
Collectively, these results suggest that glucose availability can
modulate sickness symptoms but that its effects depend on factors
such as infection severity and energetic trade-offs among multiple
physiological systems.
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