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Diet-induced obesity attenuates the hypothermic response to
lipopolysaccharide independently of TNF-α production
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ABSTRACT
Life-threatening infections (sepsis) are usually associated with co-morbidities, among which
obesity deserves attention. Here, we evaluated whether and how obesity affects the switch
from fever to hypothermia that occurs in the most severe cases of sepsis, which is thought to
provide physiological support for a change in host defense strategy from resistance to tolerance.
Obesity was induced by keeping rats on a high-fat diet for 32–34 weeks. The hypothermia
induced by a high dose of bacterial lipopolysaccharide (LPS, 300 μg/animal, i.a.) was attenuated
in the obese rats, as compared to their low-fat diet counterparts. Surprisingly, such attenuation
occurred in spite of an enhancement in the circulating level of TNF-α, the most renowned
mediator of LPS-induced hypothermia. Hence, it seems that factors counteracting not the produc-
tion, but rather the action of TNF-α are at play in rats with diet-induced obesity. One of these
factors might be IL-1β, a febrigenic mediator that also had its circulating levels augmented in the
obese rats challenged with LPS. Taken together with previous reports of diet-induced obesity
enhancing the fever induced by lower doses of LPS, the results of the present study indicate that
obesity biases host defense toward a fever/resistance strategy, in lieu of a hypothermia/tolerance
strategy.

ARTICLE HISTORY
Received 31 October 2019
Revised 10 December 2019
Accepted 16 December 2019

KEYWORDS
Host defense; immune
response; inflammation; LPS;
fever; hypothermia;
resistance; tolerance; fat;
adipose

Introduction

Fever is an evolutionarily conserved response
thought to aid immunity in animals ranging
from invertebrates to mammals and birds [1–3].
Not surprisingly, at least in some studies, an
increased body core temperature (Tc) has been
shown to favorably impact the outcome of infec-
tious diseases in humans [4–6] and experimental
animals [7–9]. However, the relationship between
Tc and infectious diseases is still incompletely
understood, and, in this context, it is important
to consider that life-threatening infections (sepsis)
usually occur in the setting of comorbidities such
as obesity, which could impact immune and ther-
moregulatory functions.

In rats, obesity has been shown to enhance and
prolong the fever induced by mild-to-moderate
doses of bacterial lipopolysaccharide (LPS),
regardless of whether the obesity was induced by
high-fat diet (HFD) [10,11], fructose [12] or neo-
natal overfeeding [13]. It should be considered,
however, that fever is only one side of

a dichotomous host defense strategy, being
replaced by a brain-driven, regulated form of
hypothermia when the immune challenge is too
strong or when host fitness is threatened [14]. To
our knowledge, there is only one published study
in which immune-triggered hypothermia was
assessed in a model of diet-induced obesity [15].
In that study, the hypothermia associated with
septic peritonitis was evident in lean controls and
absent in the obese group. Whether this observa-
tion can be extended to other models of systemic
inflammation is unknown, as are the mechanisms
by which obesity impacts the hypothermic
response.

In the present study, we evaluated whether and
how obesity affects the hypothermia induced by
a high dose of LPS in rats, as well as the relation-
ship of hypothermia with early cytokines. The
following cytokines were assessed: TNF-α (the
most renowned mediator of hypothermia [16–
20]); IL-1β (a mediator of fever, with little or no
role in hypothermia [20–22]); and IL-10 (an anti-
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inflammatory cytokine that can counteract the
production and effects of both TNF-α and IL-
1β[23]).

Methods

Animals and diet-induced obesity

The study was conducted in male Wistar rats from
the same litter, originated from the specific patho-
gen-free animal facility of the University of São
Paulo. From the day of weaning (21 days after-
birth), the rats were put on a HFD (60% of calories
from fat, 5.1 kcal/g; Rhoster, Araçoiaba da Serra,
SP, Brazil) or on a low-fat diet (LFD: 12% of
calories from fat, 3.7 kcal/g; Nuvilab, Curitiba,
PR, Brazil). The diets were similar in terms of
protein content (23% in HFD and 22% in LFD).
Water was available ad libitum. The animal room
was on a 12:12 h light-dark cycle, with lights on at
7:00 h. With the aim of providing a thermally
comfortable environment for the grouped rats
[24], room temperature was kept at 24–27ºC. The
rats were maintained under these dietary and
housing conditions for 32–34 weeks. Body weight
and caloric intake were assessed at least three
times a week. All protocols were approved by the
Animal Care and Use Committee at the Institute
of Biomedical Sciences of the University of São
Paulo.

Surgical preparation

One week before an experiment, the rats were
chronically instrumented with an arterial (carotid)
catheter and an abdominal telemetry temperature
transmitter. The surgery was performed under
anesthesia with inhaled isoflurane (2.0–2.5%) and
antibiotic prophylaxis with enrofloxacin (5 mg/kg,
s.c.). The rats were maintained on a heated pad
during surgery. For the catheterization, the left
common carotid artery was accessed via the ven-
tral aspect of the neck, and isolated from the
adjacent nerve. Using an occlusive technique,
a 3-Fr polyurethane catheter was inserted into
the artery at this site, and then advanced until its
tip reached the descending thoracic aorta. The
catheter was then passed under the skin and exter-
iorized at the nape, after which it was locked with

heparinized glycerol (500 U/ml). The telemetry
transmitter (model TA-F40; Data Sciences
International, St. Paul, MN, USA) was implanted
via a midline laparotomy, after which the incision
site was sutured in layers. Ketoprofen (5 mg/kg, s.
c.) was administered at the end of surgery and on
the next day. On the first and fourth days post-
surgery, the arterial catheters were flushed with
0.5 ml of saline and re-locked with heparinized
glycerol.

Experimental setup and LPS challenge

The experiment was conducted 1 week after sur-
gery, when the rats had been under HFD or LFD
for 32–34 weeks. Early on the day of the experi-
ment, the freely moving rats were transferred indi-
vidually caged to an environmental chamber (NQ1
model; Environmental Growth Chambers, Chagrin
Falls, OH, USA). In the chamber, the rats were
maintained at an ambient temperature of 22.0ºC,
which is preferred by rats challenged with high
doses of LPS [25–27] and adequate to reveal the
hypothermic component of the response to LPS
[28–30]. Each cage was placed on top of
a PhysiolTel RPC-1 receiver (Data Sciences),
which captured the radio waves emitted by the
telemetry transmitter, and conveyed temperature
and locomotor activity data to a computer. The
data were acquired in the Dataquest ART software,
for later processing in the Ponemah software. The
arterial catheter was extended with PE50 tubing
filled with saline, and the extension was passed via
a swivel system (Instech Laboratories, Plymouth
Meeting, PA USA) to the outside of the environ-
mental chamber, where it was connected to
a syringe. An infusion harness worn by the rat
and a spring coil protected the arterial extension
from bites and scratches.

At approximately 12:00 h, when the rats were
well habituated to the experimental conditions,
LPS from E. coli O127:B8 (Sigma-Aldrich,
St. Louis, MO, USA) was bolus injected via the
extensions of the arterial catheters. The dose of
LPS was 300 μg/rat in both dietary groups, target-
ing a dose that would be equivalent in relation to
lean body mass (see Discussion for more details).
Tc and gross locomotor activity were monitored by
telemetry from 60 min pre-LPS to 360 min post-
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LPS. Blood samples were collected at three time
points: 60 min pre-LPS; 90 min post-LPS; and 360
min post-LPS. With this sampling schedule, ~1 ml
of blood could be collected at each time point
without inadvertently impacting the Tc of the
rats. Immediately after the last blood draw, the
rats were euthanized with an overdose of sodium
thiopental (100 mg/kg, i.a.).

Cytokine assay

Blood samples were collected into heparinized
tubes and immediately centrifuged at 6,000 ×
g for 10 min at 4°C. The resulting plasma was
stored at −80°C for not longer than 3 months.
The levels of TNF-α, IL-1β and IL-10 were quan-
tified by sandwich ELISA using reagents from
R&D Systems (Minneapolis, MN, USA). All sam-
ples were run simultaneously, in duplicate.
Detection ranges were 31–2,000 pg/ml for all cyto-
kines assayed.

Statistical analyses

Statistical comparisons were performed using
Statistica Advanced 8.0 (StatSoft, Tulsa, OK,
USA), with the level of significance set at p <
0.05. The body mass of the rats was compared
across dietary groups by Student’s t-test. Tc, gross
locomotor activity and cytokine levels were evalu-
ated across dietary groups and time points by two-
way ANOVA followed, as necessary, by the Fisher
Least Significant Difference test.

Results

On the day of the LPS challenge, rats of the LFD and
HFD groups weighed 479 ± 26 g and 611 ± 41 g,
respectively. This difference in body mass was statis-
tically significant (p = 0.009), and is consistent with
the increased adiposity reported for rats under the
same HFD regimen [31]. At the ambient temperature
of 22ºC, the rats responded to 300 μg of LPS with
a biphasic drop in Tc (Figure 1). The first phase had
a nadir at 110 min post-LPS, whereas the second
phase was still in progress when the rats were eutha-
nized at 360 min post-LPS. This hypothermic
response was significantly attenuated in the HFD
group, as compared to the LFD group (Figure 1).

Gross locomotor activity was low throughout the day-
time experiment and did not differ between the two
dietary groups (Figure 1). Although one could argue
that a trend toward an increase in locomotor activity
might have occurred at 30 min post-LPS, this was not
close to reaching statistical significance (p = 0.197).

The analysis of circulating cytokines revealed
that TNF-α was much more abundant than IL-1β
or IL-10 at the time corresponding to the first
phase of hypothermia (90 min), but this was no
longer the case at the time corresponding to
the second phase (360 min); see Figure 2. Most
importantly, this analysis revealed that attenua-
tion of LPS-induced hypothermia by HFD was
not associated with a reduction in plasma TNF-
α, but rather with an enhancement. Such an
enhancement was statistically significant at 90
min post-LPS, when HFD similarly augmented
the levels IL-1β and IL-10 (Figure 2). At the 360-
min time point, nonetheless, none of the cyto-
kines evaluated was influenced by diet. The
results of this experiment further show that the
balance between the pro-inflammatory cytokines
(TNF-α and IL-1β) and the anti-inflammatory
cytokine (IL-10) was not affected by HFD-
induced obesity, regardless of time (Table 1).

Discussion

The present study shows that HFD-induced obe-
sity attenuates the hypothermic component of the
systemic inflammatory response to LPS in rats,
even though it enhances the circulating levels of
its most renowned mediator, viz., TNF-α. This was
the case for the first, most studied phase of
hypothermia. In the second phase, LPS-induced
hypothermia was associated with low circulating
levels of TNF-α, and its attenuation in the obese
group occurred in the absence of altered TNF-α
levels. In either case, there was dissociation
between the effects of obesity on hypothermia vs.
TNF-α. In our view, these findings do not chal-
lenge the notion that TNF-α is an early mediator
of LPS-induced hypothermia [16–20], but rather
indicate that factors counteracting not the produc-
tion, but the action of TNF-α are at play in the
obese rats. The identity of such factors remains
a matter for future investigation, but it is concei-
vable to speculate that IL-1β may be a putative
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candidate on the bases of the following facts: (i)
IL-1β is a predominantly febrigenic cytokine [20–
22]; (ii) by working in opposition to hypothermia-
inducing signals, febrigenic mediators may limit
the magnitude of LPS-induced hypothermia [32];
and (iii) an enhancement in plasma IL-1β accom-
panies the attenuation of LPS-induced hypother-
mia in obesity (present study).

Another point that deserves attention is that
obesity not only enhanced the LPS-induced rises
in pro-inflammatory cytokines (TNF-α and IL-1β),
but also the rise in an anti-inflammatory cytokine
(IL-10), in a way that the balance between them
remained unchanged. This can be seen as evidence
that the anti-inflammatory effect of IL-10 was not
heightened in obesity, in which case it would be
unlikely to have accounted for the attenuation of
LPS-induced hypothermia. It should be consid-
ered, though, that global changes in cytokine ratios
do not necessarily reflect what happens at the
tissue level. Indeed, a recent study [31] has
revealed that obesity reprograms the cytokine
responses of macrophages to LPS in a site-
specific manner, with the responses of adipose
tissue and peritoneal macrophages shifting in
opposite directions. How important this site-
specific reprogramming is to LPS-induced

Figure 1. Effects of LPS at a high dose (300 μg, i.a.) on the
abdominal temperature and gross locomotor activity of rats
with HFD-induced obesity or their LFD-fed counterparts. The
rats were kept at an ambient temperature of 22ºC. LPS was
administered via extensions of pre-implanted carotid catheters,
without handling the rats. Data are plotted as means ± SEM.
The number of animals (n) is indicated. *, statistically significant
difference between the HFD and LFD groups. AU, arbitrary
units.

Figure 2. Plasma levels of cytokines during the course of the
hypothermic response to a high dose of LPS (300 μg, i.a.).
Experimental conditions as in Figure 1. Data are plotted as
means ± SEM. The number of animals (n) is indicated. *,
statistical difference between the HFD and LFD groups. n.d.,
not detectable.

Table 1. Effects of diet on cytokine ratios at 90 or 360 min post-
LPS.

Cytokine ratio Dietary groups

Time post-LPS

90 min 360 min

TNF-α/IL-10 LFD 31 ± 14 0.3 ± 0.2
HFD 19 ± 5 0.4 ± 0.4

p value 0.42 0.99
IL-1β/IL-10 LFD 0.3 ± 0.2 4 ± 1

HFD 0.4 ± 0.4 19 ± 15
p value 0.94 0.09

Data shown as means ± SEM.
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thermoregulatory responses remains a question for
future investigations.

It should also be considered that cytokines are
not the only class of mediators that operate the
fever-hypothermia switch in systemic inflamma-
tion. Lipid-derived mediators appear to be of
major importance, with prostaglandin E2 derived
from cyclooxygenase-2 being an established med-
iator of fever [33,34], and a yet unidentified pro-
duct of cyclooxygenase-1 being a putative
mediator of hypothermia [32,35]. Leukotrienes
might also play a role in LPS-induced hypothermia
[36,37]. Unfortunately, limited sample volume
precluded an analysis of these lipid-derived med-
iators in the present study.

Dosing is always a point that deserves discus-
sion in obesity-related research, because although
obese animals on a HFD are typically heavier than
their LFD-fed controls, there is usually no differ-
ence between these dietary groups in terms of lean
body mass [38,39]. Hence, the question as to
whether dosing should be made in relation to
total body mass or lean body mass has no easy
answer. In the present study, we chose to admin-
ister the same amount of LPS (300 μg) in both
dietary groups, targeting a dose that would be
equivalent in relation to lean body mass. This
approach does not seem to have resulted in under-
dosing of the obese animals, given that their cyto-
kine responses were not diminished, but rather
enhanced. Hence, underdosing does not pose as
a plausible explanation for the attenuation of LPS-
induced hypothermia in the obese rats.

The results of the present study also provide
insights into the mechanisms by which LPS-
induced hypothermia is affected in a genetic
model of obesity, the Koletsky f/f rats. These
mutant rats have been shown to display
a prolonged hypothermic response to LPS [40],
but it remained to be determined whether this
response pattern was a reflection of their primary
defect in leptin receptor signaling or their second-
ary obese phenotype. Now, in view of the present
findings, it seems unlikely that the secondary obe-
sity of the Koletsky f/f rats could account for
prolongation of LPS-induced hypothermia. By
exclusion, the primary defect in leptin receptor
signaling stands out as a more likely cause of
their prolonged hypothermic response to LPS.

This mechanistic inference is consistent with
another study in which physiologically relevant
doses of recombinant leptin were shown to be
inversely related to the magnitude of LPS-
induced hypothermia [29]. Therefore, genetic and
dietary models of obesity appear to be quite dis-
tinct when it comes to immunity and host defense.
Such a distinction may also underlie controversies
about fever being enhanced in dietary models of
obesity [10–13], but not in certain genetic models
of obesity [40–42].

In conclusion, the present study provides evi-
dence that diet-induced obesity attenuates the
hypothermic response to a high dose of LPS inde-
pendently of changes in the levels of its most
renowned mediator, TNF-α. Taken together with
previous reports of diet-induced obesity exaggerat-
ing the febrile responses induced by low-to-
moderate doses of LPS [10–13], this finding
prompts us to propose that obesity biases the
immune response toward a fever-associated strat-
egy, as opposed to a hypothermia-associated strat-
egy. The relevance of this shift may extend beyond
thermoregulation and energy balance, since there is
reason to believe that the fever vs. hypothermia
theory is intimately intertwined with the immunol-
ogy concept of host resistance vs. tolerance [14].
From this broader perspective, fever appears to pro-
vide physiological support to disease resistance (the
ability of a host to clear pathogens), whereas
hypothermia seems to provide physiological support
to disease tolerance (the ability of a host to with-
stand damage inflicted by pathogens or by the
immune response). A bias toward fever/resistance
might provide the basis for the so-called obesity
paradox, according to which obesity may improve
the outcome of acute infections under at least some
circumstances, despite being a risk factor for so
many chronic diseases [43]. Further studies are
needed to put this broader idea to the test.
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