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ABSTRACT
The heat shock response (HSR) is an ancient and highly conserved process that is essential for
coping with environmental stresses, including extremes of temperature. Fever is a more recently
evolved response, during which organisms temporarily subject themselves to thermal stress in the
face of infections. We review the phylogenetically conserved mechanisms that regulate fever and
discuss the effects that febrile-range temperatures have on multiple biological processes involved
in host defense and cell death and survival, including the HSR and its implications for patients
with severe sepsis, trauma, and other acute systemic inflammatory states. Heat shock factor-1, a
heat-induced transcriptional enhancer is not only the central regulator of the HSR but also regu-
lates expression of pivotal cytokines and early response genes. Febrile-range temperatures exert
additional immunomodulatory effects by activating mitogen-activated protein kinase cascades
and accelerating apoptosis in some cell types. This results in accelerated pathogen clearance,
but increased collateral tissue injury, thus the net effect of exposure to febrile range temperature
depends in part on the site and nature of the pathologic process and the specific treatment
provided. C© 2014 American Physiological Society. Compr Physiol 4:109-148, 2014.

Introduction
The temperature of every organism is determined by a bal-
ance between heat gain and heat loss. Heat is generated by
metabolic activity and, depending on ambient temperature, it
can be either gained from or lost to the environment. Heat
is eliminated through combinations of radiant, evaporative,
convective, and conductance heat loss. All animals have a
preferred temperature range that is relatively stable during
homeostasis. However, in response to infection and injury
many animals temporarily increase body temperature 2 to
4◦C by altering the balance between heat generation and
elimination (136). Some animals also intentionally reduce
core temperature during hibernation (110). In addition, most
homeothermic animals, including humans, exhibit circadian
fluctuations in core temperature associated with sleep-wake
cycles (247). These processes are all examples of regulated
temperature changes. When heat gain or loss exceeds an
organism’s capacity to compensate, the resulting temperature
change is unregulated, overwhelming its thermoregulatory
capacity. Since many of the cell physiologic and immuno-
logic effects of fever are caused by the temperature increase
itself (99, 135, 353, 360), unregulated hyperthermia and fever
may have similar biological effects and consequences.

Fever is recognized as a component of the mammalian and
avian acute-phase response to infection. However, many poik-
ilothermic animals, including lower vertebrates (30, 70, 320),
arthropods (35, 45), and annelids (46), increase their core tem-
perature in response to infection or injury, predominantly by
seeking a warmer environment (193). The presence of fever
in such diverse modern animals suggests that increasing core
temperature in response to infection and injury is an evolution-
arily conserved strategy for survival. The conserved nature of

this strategy not only suggests that the increase in core temper-
ature is generally beneficial but also that components of the
host response to infection and injury that coevolved with the
febrile response will be regulated by the temperature changes.
The evolutionary aspects of fever are discussed later in this
review.

The cellular stress response (CSR) is a program that allows
cells to cope with endogenous and environmental stress (198).
The CSR is comprised of multiple biochemical pathways
that are activated by partially overlapping arrays of stresses,
including mechanical, chemical, and physical stresses. Each
pathway is activated by one or more stresses, is mediated
by distinct transcription factors, and results in expression of
unique sets of gene products that serve to maintain or reestab-
lish homeostasis (358). The pathways that comprise the CSR
are identified by either the nature of the stress or the cellu-
lar target of injury and include oxidative stress, DNA damage
response, hypoxia, endoplasmic reticulum stress, metal stress,
inflammation, osmotic stress, and the heat shock response
(HSR) (358). Since fever and other hyperthermic states result
in elevations in temperature, these conditions may result in
activation of the HSR. The HSR is an ancient and highly con-
served biological process that is not only essential for coping
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with extremes of temperature, but is also activated by other
chemical and physical stresses, including toxic chemicals, and
high levels of radiation, each of which can cause denaturation
of essential cellular proteins. Based on the homology in heat
shock protein (HSP) genes among modern day eukaryotes,
prokaryotes, and archebacteria, the essential elements of the
HSR likely emerged around 2.5 billion years ago (94). During
exposure to high temperatures, the transcriptional and transla-
tional machinery of the cell is reprogrammed to preferentially
express a set of stress-inducible HSPs. The HSPs interact with
denatured proteins, either preserving them until the stress has
ended or targeting the denatured protein for degradation and
removal from the cell. While the HSR is a fail-safe mechanism
for coping with unavoidable environmental stresses, fever is
a complex physiologic response to infection or injury, during
which organisms temporarily subject themselves to thermal
stress that functions as a global regulator.

This review will focus on the mechanisms of mammalian
fever from an evolutionary perspective; the interrelationship
between fever and the HSR, host immune defenses, and
inflammation; and the clinical consequences of exposure to
febrile range temperature (FRT) in critically ill patients with
severe infections, trauma, or other overwhelming inflamma-
tory states. A list of abbreviations can be found in Table 1.

Mechanisms of Fever
Evolution of the strategy of fever during
infection and injury
From an evolutionary perspective, fever arose as an additional
host response to infection in the setting of an already estab-
lished HSR in higher animals. Classically, fever is defined as
a regulated elevation in core temperature that is achieved
through the integrated behavioral, physiological, and bio-
chemical processes that determine the balance between heat
generation and elimination. This response is generally consid-
ered to be limited to homeothermic animals. However, if one
broadens the definition of fever to any increase in core tem-
perature stimulated by infection or injury and achieved solely
by seeking external sources of heat, the prevalence of fever
expands to include many poikilothermic vertebrates, arthro-
pods, and annelids (190). The ability of the same antipyretic
drugs that are effective in mammals to block the heat seek-
ing behavior in infected fish (70, 320), reptiles (30), and
some invertebrates (46) suggests that the mechanisms of
fever in poikilothermic and homeothermic animals might
be related. Starks et al. (376) made the interesting observa-
tion that honeybees increase hive-wide temperature following
infection of the hive with the heat-sensitive pathogenic fun-
gus Ascosphaera apis. This temperature increase is achieved
through a communal increase in wing muscle activity by the
adult bees. In this case, the febrile response has been adapted
to a hive animal in which survival of the species depends on
survival of the hive rather than viability of individuals.

The prevalence of fever in modern day members of the
two major animal divisions, Deuterostomia (vertebrates) and
Protostomia (arthropods and annelids), suggests that it must
have first appeared approximately 600 millions years ago
(Fig. 1), before the appearance of adaptive immunity but
in the setting of established and well-conserved heat shock
and innate immune responses. The evolutionary persistence
of fever is even more remarkable when one considers its
substantial metabolic cost. During fever in humans, increas-
ing core temperature by shivering results in up to a sixfold
increase in metabolic rate (159). Furthermore, for each 1◦C
increase in core temperature, human metabolic rate increases
approximately 12% due to increased activity of most cellu-
lar pathways at higher temperature (229, 351). In poikilo-
thermic animals with infections, a move to warmer environs
not only requires increased energy expenditure, but may also
expose vulnerable animals to attack by predators. Therefore,
the increase in core temperature must confer benefits that gen-
erally outweigh these costs in the infected or injured host. In
addition, as discussed later in this review, fever has incorpo-
rated elements of both the HSR and innate immune mecha-
nisms into its regulation and downstream effects, providing
further benefits to infected or injured animals.

The system that regulates body temperature comprises a
network of temperature sensors, a central controller, and mul-
tiple heating and cooling effector mechanisms. Poikilothermic
animals rely predominantly on locomotion to regulate temper-
ature by moving to a desired ambient temperature. For many
poikilothermic animals, this also includes a febrile response to
infection and injury achieved by temporarily increasing pre-
ferred ambient temperature. As mentioned previously, much
of the early work on fever behavior in poikilothermic animals
was performed with the desert iguana, goldfish, the bluegill
sunfish, leeches, and grasshoppers (30, 35, 45, 46, 70, 320).
Interestingly, the heat seeking behavior in infected desert
iguana is blocked by the antipyretic drug, sodium salicylate
(416) and in bluefill sunfish and leeches by acetaminophen
(46, 320). These drugs exert potent antipyretic effects in
mammals by blocking generation of the pyrogenic media-
tor, prostaglandin (PG)E2. These studies suggest that despite
the limited capacity of thermoregulatory effector mechanisms
used by poikilothermic animals, the temperature controller in
these animals utilizes the same or similar PGE2-responsive
mechanism as homeothermic animals. Likewise, the ther-
mal sensing molecules that transduce temperature signals in
somatosensory afferent nerve endings are evolutionarily con-
served (166) as is discussed further below. Thus, the major
advance in thermoregulation in homeothermic vertebrates,
including humans, appears to be an expansion in the number
and sophistication of thermoregulatory effector mechanisms.

Mechanisms of mammalian thermoregulation
In the following sections, we will discuss each of the fol-
lowing components of mammalian thermoregulation: (1)
sensory afferent pathways; (2) central integration and the
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Table 1 Abbreviations

15d-PGJ2 15-deoxy-�12,14-prostaglandin J2

3′UTR 3′-untranslated region

AIRAP Arsenite-inducible RNA-associated protein

AP5 DL-2-amino-5- phosphonopentanoic acid

BAT Brown adipose tissue

CaM Calmodulin

Cdc Cell cycle division protein

CHIP Carboxy-terminus-of-HSC-70-interacting-protein

ChIP Chromatin immunoprecipitation

ChIPseq Chromatin immunoprecipitation sequencing

CKII Casein kinase II

COX Cyclooxygenase

DAXX Death-associated protein-6, death-domain
associated protein

DMH Dorsomedial hypothalamus

EMSA Electrophoretic mobility shift assay

ERK Extracellular signal-related kinases

FGF Fibroblast growth factor

FRH Febrile-range hyperthermia

FRT Febrile-range temperature

G-CSF Granulocyte-colony stimulating factor

GSK-3ß Glycogen synthase kinase-3ß

GWAS Genome-wide association study

HMGB1 High mobility group box-1

HSR Heat shock response

HSE Heat shock response element

HSF Heat shock factor

HSP Heat shock protein

HSR1 Heat shock RNA 1

IAP Inhibitor of apoptosis protein

IL Interleukin

IFN Interferon

iNOS Inducible nitric oxide synthase (NOS-2)

ICAM Intercellular adhesion molecule

JNK c-Jun NH2-terminal kinase

LBPd Dorsal subnucleus of the LBP

LBPel Lateral external nucleus of the LBP

LPB Lateral parabrachial

LPS lipopolysaccharide

LZ Leucine zipper

MAP kinase Mitogen-activated kinase

MAPKAPK2 MAP kinase-activated protein kinase-2

MIF Macrophage migration inhibitory factor

Table 1 (Continued)

MnPO Median preoptic nucleus

mPGES Microsomal PGE synthase

MPO Medial preoptic area

NF Nuclear factor

NRMC Nucleus reticularis magnocellularis

OAT Organic anion transporter

PDK-1 PI3K-dependent kinase-1

PG Prostaglandin

PI3K Phosphoinositide-3-kinase

PKC Protein kinase-C

PLA2 Phospholipase-A2

PLK1 Polo-like kinase-1

POA Preoptic area

RalBp Ral-binding protein

rhIL-1ß Recombinant human IL-1ß

RM Raphe magnus

rMR Rostral medullary raphe region

Rp-cAMPS 5′- cyclic monophosphorothioate-Rp isomer

RSK Ribosomal S6 kinase

SCN Suprachiasmatic nucleus

SIRS Systemic inflammatory response syndrome

SNP Single nucleotide polymorphism

STAT Signal transducer and activator of transcription

SUMO Small ubiquitin-like modifier

TAD Transactivation domain

TAK1 TGF-ß-activated kinase

TBP TATA-binding protein

TEM Transendothelial migration

TF Transcription factor

TLR Toll-like receptor

TNFα Tumor necrosis factor-α

TRP Transient receptor potential

VMPO Ventromedial preoptic region

XAF1 xIAP-associated factor-1

hypothalamic set point; (3) command efferent pathways; (4)
how the system operates during homeostasis; and (5) the
mechanism for generating fever.

Temperature-sensing afferent pathways

Types of thermal sensing: Thermal signal processing serves
several purposes. Nociceptive responses to extreme tempera-
tures elicit pain and a withdrawal response that limits injury
of the exposed tissue. Conscious perception of more moder-
ate temperatures requires higher order processing of thermal
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The phylogeny of fever and heat shock

Evolutionary timeline (years)

Fever
emerges

360
million

600
million

1 billion2.5 billion

Heat shock
emerges Adaptive

immunity emerges

Innate
immunity emerges

Modern day endothermic animals that exhibit fever

Covert (72)
Reynolds (343) Bernheim (30) Starks (401) Cabanac (48)

Blanford (35)
Bundey (47)

Figure 1 Phylogenetic relationship of fever, heat shock, and innate and adaptive immunity. The modern day
animals that utilize fever as a strategy for coping with infection are pictorially displayed with supporting references. The
approximate phylogenetic ages of fever (600 million years) and related biological processes are shown.

signals within the cerebral cortex. A third type of thermal
processing regulates body temperature through activation of
involuntary effector mechanisms of heat generation, conser-
vation, and elimination that confers an overall sensation of
being too hot or cold, thereby encouraging relocation to a
more suitable ambient temperature. The first two types of
sensing are restricted to thermal signals originating from cuta-
neous and mucus membrane neurons. Thermoregulatory pro-
cessing integrates thermal signals from the body surface as
well as deeper tissues such as intraabdominal viscera, spinal
cord, and brain. This review will focus on the neurologic pro-
cesses involved in thermoregulation and generation of fever.

Thermal sensing neurons: Thermal sensing neurons con-
tain temperature-dependent cation channels that are tuned
to specific temperature ranges. The temperature-responsive
cation channels expressed on peripheral thermal afferents
belong to the transient receptor potential (TRP) superfam-
ily of integral membrane proteins that function as ion chan-
nels (295). Members of the TRP superfamily are highly con-
served in yeast, invertebrates, and vertebrates highlighting
their importance for detecting, avoiding, and surviving envi-
ronmental stresses. TRP channel subunits consist of six trans-
membrane spanning segments, a pore-forming loop between
fifth and sixth transmembrane segment, and intracellular
amino- and carboxy- termini. These molecules homo- or het-
erotetramerize to form cation-selective channels. The TRP
family is divided into seven subfamilies: TRPC (canonical),
TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin),

TRPML (mucolipin), TRPA (ankyrin), and TRPN (NOMPC-
like); however, the latter is found only in invertebrates and
fish. TRP ion channels are widely expressed in many differ-
ent tissue and cell types and are involved in diverse physi-
ological processes, including sensing a broad range of envi-
ronmental stimuli (166). Mammals express 28 TRP channels,
about twice as many as are expressed in insects due to a dis-
proportionate increase in the number of mammalian TRPV
and TRPM channels (233). Out of the 28 mammalian TRP
channels, 9 family members are temperature responsive with
distinct thermal thresholds for activation (Table 2). Seven of
these TRPs (TRPV1-4; TRPM2, 4, and 5) are heat-responsive,
and two, TRPM8 and TRPA1, are cold-responsive (166, 441).
Most TRPs, including TRPV1-4, TRPM2 and 8, and TRPA1
are nonselective cation channels, but some, including TRPV5
and 6, are highly Ca2+ selective. TRP channels are acti-
vated and regulated through strikingly diverse mechanisms,
making them suitable candidates for cellular sensors. They
respond to environmental stimuli such as temperature, pH,
osmolarity, mechanical stress, pheromones, taste, and plant
compounds, as well as intracellular stimuli such as Ca2+

and phosphatidylinositol signal transduction pathway com-
ponents. Interestingly, insects utilize an expanded portfolio
of TRPA family channels for thermal detection, indicating an
evolutionary divergence from other metazoans (233).

This family of ion channels shows a variety of gating
mechanisms, with activation triggers ranging from binding of
soluble ligands to changes in temperature. Activating TRP
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Table 2 Characteristics of the Mammalian Temperature-Responsive Transient Receptor Potential (TRP) Channels

Channel Temperature range Soluble agonists
Ion selectivity
(PCa/PNa)1 Expression site

Warm-sensing

TRPV1 ≥43◦C Capsaicin, arachidonic acid,
anandamide, allyl
isothiocyanate (wasabi), low pH

4-10 DRG, TG, ND, keratinocytes,
smooth muscle, neutrophils,
widely in brain

TRPV2 ≥52◦C2 2-aminoethoxydiphenyl borate,
cannabidiol

ND2 DRG, hypothalamus, lung,
heart, macrophages

TRPV3 33-39◦C Bradykinin, histamine, ATP,
PGE2, oregano, thyme, clove,
camphor

2-3 DRG, TG, keratinocytes,
tongue, nose, testis, brain

TRPV4 27-34◦C Phorbol ester, 5,6
eposyeicosatrienoic acid,
arachidonic acid
bisandrographolide A

6-10 DRG, TG, hypothalamus,
choroid plexus, skin,
epithelium, lung enodothelium

TRPM2 34-37◦C Oxidative stress, ADP ribose ∼1 Pancreatic ß-cells, brain,
neutrophils, monocytes

TRPM4 3Relatively
temperature-insensitive

None known Calcium
impermeable

Pancreatic ß-cells, heart,
prostate, pancreas, placenta,
spleen, liver, T cells, skeletal
muscle

TRPM5 3Relatively
temperature-insensitive

None known Calcium
impermeable

Pancreatic ß-cells, taste
receptors, intestine, pancreas,
pituitary

Cool-sensing

TRPA1 <10◦C Mustard oil, allicin, diallyl
disulfide, cinnamaldehyde,
acrolein, chlorine etomidate

∼1

TRPM8 18-25◦C Menthol, icillin, eucalyptol,
linalool, geraniol,
hydroxyl-citronellal

1-3 DRG, TG, ND, bladder/lung
epithelium, heart, vascular
smooth muscle

1Ratio of calcium to sodium permeability.
2ND: Not determined.
3TRPV5, 6 and TRPM2 are relatively temperature-insensitive and do not likely participate in thermoregulation.

channels causes depolarization of the cellular membrane,
which activates downstream voltage-dependent ion influx and
results in a change of intracellular Ca2+ and Mg2+ concen-
tration (166, 441). Chemical agonists and thermal activation
may be additive or synergistic for activation of TRPV chan-
nels, thereby providing signal integration at the level of the
afferent neuron. For example, topical application of menthol,
the soluble agonist for the TRPM8 cold sensor, enhances the
sensation of coolness caused by subsequent exposure to cool
air. The response of these receptors to soluble agonists as
well as physical perturbations is consistent with their likely
evolutionary origins as nocioceptors.

Temperature-sensing neurons are distributed throughout
surface and deeper tissues and express one or more TRP chan-
nels, which determine the temperature range at which they are
activated to initiate signaling to the thermoregulatory center
in the hypothalamus. The thermoregulatory center integrates
thermal signals distributed over space and time to assess the
direction and magnitude of the effector response needed to

achieve and maintain target body temperature. While the
mechanistic details of how thermal information from cuta-
neous, visceral, and central nervous sources is integrated by
the thermoregulatory control center are not well understood,
the influence of cutaneous thermal input on thermoregulatory
responses is evident clinically (20, 390) and experimentally
(269).

Cutaneous cold thermoreception: To maintain core tem-
perature within a narrow range during homeostasis, the ther-
moregulatory mechanism has developed to primarily pre-
vent rather than reverse core temperature deviations. Environ-
mental temperature has direct and more immediate and pro-
found effects on skin temperature than on the temperatures
within the body core (39), thereby providing an advanced
warning of impending deviation in core temperature from
homeostatic norms. The feed forward information from these
cutaneous thermal sensors triggers effector mechanisms that
mitigate impending changes in core temperature. The mam-
malian thermoregulatory effector response to cold includes
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shivering thermogenesis, cutaneous vasoconstriction, and a
feeling of coolness that compels relocation to a warmer site.

Cutaneous cold sensing has been attributed to two TRP
channels, TRPM8 and TRPA1 (166, 441). Of the two, the
participation of TRPM8 channels in in vivo cold sensing has
been more firmly established. Compared with wild-type mice,
TRPM8-null mice exhibit reduced cold-avoidance behav-
ior and a profound loss of cold sensitivity in unmyelinated
cutaneous C fiber neurons as assessed by patch clamping
(28). TRPM8 channels are activated by exposure to tem-
perature below 26◦C or by topical application of chemi-
cal agonists including menthol and icillin (237, 395). These
receptors demonstrate a steep temperature response curve as
temperature decreases from 25 to 18◦C and a more shallow
response curve with further temperature reduction to 10◦C
(40). TRPM8 activation initiates transmission of electrical
impulses from the peripheral nerve endings via the somatosen-
sory neurons that have their cell bodies in the dorsal root
and trigeminal ganglia. Activation of these neurons result in
a sensation of coolness and triggers warm seeking behav-
ior, shivering thermogenesis and cutaneous vasoconstriction
in mice (395). In contrast with TRPM8 channels, TRPA1
channels have a much lower temperature threshold (17◦C)
for activation than TRPM8 channels (383) and are expressed
on only 3.6% of dorsal root ganglion neurons (383). Most
importantly, TRPA1-null mice demonstrated no difference in
the onset of shivering response to cold compared with wild
type mice (200), but did have reduced paw withdrawal from
more extreme cold (5-10◦C) and from paw pressure (10, 454).
These results suggest that TRPM8 is predominant cool sens-
ing receptor involved in mammalian thermoregulation.

Cutaneous warm thermoreception: The pathway leading
to cutaneous perception of warmth is initiated primarily by
TRPV1-4 channels. These proteins exhibit partially overlap-
ping temperature response thresholds spanning a tempera-
ture range from 25 to 53◦C (124, 177, 402). TRPV chan-
nels are weakly Ca2+-selective cation channels that are also
activated by a wide variety of endogenous chemical stimuli
including Ca2+, calmodulin (CaM), ATP, and phosphoinosi-
tides (295) (see Table 2). TRPV1, also called the capsaicin
receptor, forms a voltage-gated weakly Ca2+-selective cation
channel that is activated by exposure to temperatures >43◦C,
low pH (56, 177, 402), or capsaicin as well as by arachidonic
acid and its immunomodulatory metabolites (165). TRPV1 is
highly expressed in myelinated (Aδ) and unmyelinated (C)
nociceptive fibers of dorsal root, trigeminal, and nodose gan-
glion neurons (55, 143) and may also be expressed in the brain
(377). Treatment with TRPV1 antagonists induces hyperther-
mia in multiple species by increasing metabolism and reduc-
ing heat loss from the body surface (109, 389), suggesting that
basal TRPV1 activity contributes to thermal homeostasis.

TRPV2 has 50% amino acid similarity with TRPV1, but it
appears to only function as a heat nociceptor in some species
with an activation threshold >53◦C (54, 180, 276), but not
in humans or mice (276). TRPV2-null mice exhibit reduced
intrauterine growth and survival and deficient macrophage

chemotaxis and phagocytosis, which increases susceptibility
to intracellular pathogens such as Listeria monocytogenes.
However, the TRPV2-null mice exhibit nociceptive thermal
responses that are indistinguishable from wild-type mice (213,
297). These studies strongly suggest that TRPV2 does not
participate significantly in normal thermoregulation.

Unlike TRPV1 and 2, TRPV3 is activated by exposure to
temperatures in the clinically significant range (33-39◦C) as
well as by proinflammatory agents such as bradykinin, his-
tamine, ATP, and PGE2 and aromatics like oregano, thyme,
clove, and camphor (162, 228, 448). TRPV3 activation is
unusual in two respects. First, the currents exhibit autosen-
sitization, a pattern of increasing action potential ampli-
tude with sequential activation. Second, the temperature-
dependent potentiation of TRPV3 exhibits a marked hys-
teresis across thermal activation-deactivation cycles so that
its activation depends not only on the absolute temperature
but also on recent trends in environmental temperature (449).
Mice with a truncated mutant TRPV3 maintain normal body
temperature but exhibit subtle defects in responsiveness to
heat (248). The defects are characterized by a reduced pref-
erence for moderate warmth (35◦C vs. room temperature)
and a delayed avoidance of noxious heat (>50◦C) compared
with wild-type mice. TRPV3 is also expressed in mouse ker-
atinocytes and its activation may affect skin phenotype. Mice
that are hetero- and homozygous for a constitutively active
mutant TRPV3 exhibit a mast cell-rich dermatitis and abnor-
mal hair growth (16, 167), while TRPV3-null mice have wavy
fur and curly whiskers (62). The consequences of TRPV3 acti-
vation in keratinocytes for thermoregulation are unknown.

TRPV4 is activated over a temperature range similar to
that for TRPV3, but it is also activated by osmotic and
mechanical stimuli. Interestingly, sensitivity of TRPV4 to
these stimuli may depend on phospholipase A2 activation and
the subsequent production of arachidonic acid metabolites
(98, 210, 384, 420), and therefore, may be a cellular target for
antipyretic/analgesic drugs that target the PG synthesis path-
way. Unlike TRPV3, TRPV4 is not only expressed on primary
sensory neurons, it is widely distributed in the hypothalamus,
skin, and osmoreceptive neurosensory cells around the ven-
tricle, and in lung endothelium and may regulate endothelial
permeability (124, 127, 210, 300). Despite having similar
activation temperatures, TRPV3-null mice and TRPV4-null
mice exhibit diametrically different defects in response to
moderate warmth. Whereas TRPV3-null mice have reduced
preference for a 35◦C environment compared with room tem-
perature (204, 248), TRPV4-null mice exhibit an increased
preference for 34◦C compared with 28◦C environment (204,
248). However, healthy TRPV4-deficient mice exhibit a circa-
dian core temperature pattern and ability to defend their core
temperature in cold (4◦C) and hot (35◦C) environments that is
indistinguishable from wild-type mice (204, 211). Based on
channel responsiveness to temperatures encountered during
homeostasis and disease and the effects of gene deletion on
temperature preference, TRPV3 and 4 are the TRPV channels
are most likely to participate in mammalian thermoregulation.
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Figure 2 Schematic diagram of thermoregulatory pathway including mechanism of fever regulation.
See text for full discussion. To simplify, we have excluded the spinothalamocortical pathway. Abbrevia-
tions: Ach, acetycholine; BAT, brown adipose tissue thermogenesis; BBB, blood:brain barrier; DG, dorsal
ganglion; DMH, dorsomedial hypothalamus; GABA, gamma-amino butyric acid inhibitory synapse; glu,
glutatergic excitatory synapse; IS, temperature-insensitive pacemaker neuron; LPBd, dorsal subnucleus
of the lateral parabrachial nucleus; LBPel, lateral external subnucleus of the LBP; MnPO, median pre-
optic nucleus of the hypothalamus; NA, noradrenaline; POA, preoptic area of the hypothalamus; rMR,
rostral medullary raphe region; TRP, transient receptor potential channel; WS, warm-sensing pacemaker
neuron.

Pathways from cutaneous afferents to the central nervous
system: The structure and function of the thermal sensing
afferent pathway have been elucidated largely from non-
human mammals using retrograde tracing studies and single
neuron electrophysiologic monitoring to identify the neuro-
logic pathways activated by different thermal and chemical
stimuli (252, 261). Thermal signals are transduced by TRPs in
the nonencapsulated nerve endings of cutaneous somatosen-
sory neurons and transmitted through a three-neuron pathway
to the brain (see Fig. 2). The primary cutaneous temperature-
sensing neurons are unipolar with cell bodies located in the
dorsal root and trigeminal ganglia. The primary somatosen-
sory nerve fibers of these cells extend from nerve endings in
the skin and synapse with the cell bodies of lamina I neu-
rons located in spinal and trigeminal dorsal horns and can
extend up to 1 m in humans. Because these nerve fibers are
not fully myelinated they support relatively slow conduction
rates. Thinly myelinated Aδ somatosensory fibers transmit
signals related to sensations of cool, pressure, and quick
shallow pain while unmyelinated C-fibers transmit signals
activated by warmth, itch, and noxious heat and cold (344).

Each primary somatosensory nerve ending detects the tem-
perature of a discrete surrounding area called the recep-
tive field. A higher density of somatosensory nerve end-
ings increases spatial acuity and possibly thermal sensitivity
(183, 382), but the consequences of this for thermoregulation
are unclear.

Thermal signals from dorsal horn lamina I neurons reach
the brain through one of two pathways. They can synapse
with third order neurons in the thalamus, which project to the
somatosensory cortex, or they can synapse with third order
neurons in the lateral parabrachial (LPB) nucleus of the pons,
which project to the thermoregulatory center in the preoptic
area (POA) of the hypothalamus. Impulses transmitted by the
spinothalamocortical pathway are interpreted as mechanical
and thermal pain within the thalamus and perceived as
innocuous cooling or warming within the sensory cortex, but
these impulses do not contribute significantly to thermoreg-
ulation (11, 71) (not depicted in Fig. 2). The LBP pathway
transmits thermal signals that are processed by the thermoreg-
ulatory center within the POA to regulate body temperature
(269).
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Experiments in rodents and cats using retrograde trac-
ing studies, single neuron electrophysiologic monitoring, and
expression of the neuron activation marker, c-fos, identified
the neurons activated by changes in skin temperature. Their
contribution to thermoregulation was assessed by stereotactic
ablation or nanoinjection of synaptic activators and inhibitors.
These studies show that cool-induced signals are relayed
through the lateral external subnucleus of the LBP (LBPel)
to the median preoptic nucleus (MnPO) in the medial pre-
optic area (MPO) of the hypothalamic POA through gluta-
matergic pathways, which are under the inhibitory control of
GABAergic neurons (71, 146, 169, 195, 267,269). Warm sig-
nals are relayed through distinct, glutamatergic pathways that
are relayed through the dorsal subnucleus of the LBP (LBPd)
to reach the same MnPO as the cool-responsive neurons (268)
(Fig. 2). As discussed later in this article, the signals relayed
from warm- and cool-sensing cutaneous afferents acceler-
ate and slow the firing rate of POA warm-sensing neurons,
respectively.

Thermoreception in the body core: Compared with cuta-
neous thermoreceptive afferents, much less is known about
the contribution of deep tissue thermal afferents to ther-
moregulation. Rawson and Quick (318) definitively showed
in sheep that intraabominal thermal afferents transmitted via
the ipsilateral splanchnic nerves participate in thermoregula-
tion. Similar pathways exist in the cat (126) and rabbit (324).
The hepatic branch of the vagus nerve has been shown to
respond to liver warming (3), and to transmit signals required
for fever induction following intraperitoneal injection of bac-
terial endotoxin (359), which is discussed later in this review.
The vagal nerve may also indirectly modify core temperature
through its effects on feeding-dependent effects on energy
production (391) but does not appear to transmit thermal input
to the hypothalamus.

Temperature changes in the spinal cord affect the activity
of thermoregulatory neurons in the POA in rabbits (44) and
activate thermoregulatory responses in several avian (131,
317) and mammalian (24, 25, 57, 123, 347) species. These
findings support the existence of thermosensitive neurons in
the spinal cord that can sense changes in local temperatures.
However, it is unclear whether thermal responsiveness of the
spinal cord is initiated by intrinsic spinal neurons or by the
proximal endings of primary somatosensory fibers in the dor-
sal horn.

Central integration of thermal input and the
hypothalamic set point

The POA of the hypothalamus was identified in animal mod-
els as an important thermosensitive area of the brain that
responds to direct heating and cooling by activating cool- and
heat-defensive actions (4, 129, 130, 144, 222). Case reports
demonstrate that hypothalamic lesions and injuries in humans
are associated with impaired thermoregulation (315, 437). An
analysis of human brain metabolic activity using PET scan

during whole body warming and cooling showed that multi-
ple areas of the brain participate in the response to changing
temperature including the somatosensory cortex, insula, ante-
rior cingulate, thalamus, and hypothalamus, and demonstrated
that the hypothalamus responds differently depending on the
direction of temperature change (87). Collectively, these data
support a central role for the hypothalamus in human ther-
moregulation.

Nakayama et al. (272,273) identified a population of neu-
rons in the anterior hypothalamus that responded to warm-
ing by increasing their action potential firing rate. These
neurons exhibit a pattern of preactivation action potential
depolarization that is characteristic of pacemaker cells. The
intrinsic thermosensitive pacemaker activity of these neu-
rons was supported by electrophysiologic studies of animal
brain slices that showed temperature-proportional firing rates
of some units that persisted even when input from other
neurons was blocked (80, 158, 182). More recently Griffin
et al. (118) demonstrated that the increased firing rate of
the warm-sensing POA pacemaker neurons was caused by a
decrease in duration of the postaction potential hyperpolariza-
tion duration as temperature increased, which was reflected
in a temperature-proportional inactivation of the postaction
potential outward potassium A-current.

Based on the early description of warm-sensitive pace-
maker neurons by Nakayama, H.T. Hammel (128) proposed
a model for thermoregulation in which a simple synaptic
network of hypothalamic neurons regulates body tempera-
ture around a set-point temperature, much of which has been
substantiated by subsequent experimental data (see Fig. 2).
Hammel proposed that the output of heat-loss effector neu-
rons is regulated by a balance between tonic inhibition by
temperature-insensitive pacemaker neurons and activation by
warm-sensitive neurons in which action potential firing rate is
proportional to local temperature. As temperature exceeds the
threshold at which the inhibitory and stimulatory influences
are balanced, output from these effector neurons increases
proportionately with increasing temperature. Studies showing
that each of the components of the heat-loss response (e.g.,
vasodilation, panting, and sweating) is activated at slightly
different temperature thresholds (1, 129, 130, 144, 222), sug-
gesting that distinct populations of effector neurons control
each response. Since Nakayama’s (273) initial description of
warm-sensitive neurons in the hypothalamus, multiple inves-
tigators have confirmed and expanded these findings. Approx-
imately 20% to 30% of neurons in the POA and nearby ante-
rior hypothalamic tissue are warm-sensitive (117-119). Both
warm-sensitive and insensitive neurons receive excitatory and
inhibitory synaptic inputs from nearby neurons (119), but only
the warm-sensing neurons exhibit a proportional increase in
firing rate upon skin or spinal cord warming as well as direct
warming of the hypothalamus itself (37).

In Hammel’s model, regulation of cold-defense effector
neurons (e.g., those activating shivering, brown adipose ther-
mogenesis, and cutaneous vasoconstriction) is the reverse of
heat-loss effector regulation. He proposed that output from
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cold-defense effectors is regulated by a balance between tonic
excitatory input from temperature-insensitive neurons and
temperature-proportional inhibition by warm-sensing neu-
rons. Importantly, Hammel’s model allowed for regulation
of both heat-removal and cold-defense effectors with a single
population of temperature-sensitive pacemaker neurons with
an action potential firing rate directly proportional to tem-
perature. Hardy and Boulant had previously described a pop-
ulation of hypothalamic cold-responsive pacemaker neurons
in which action potential firing rate increased as temperature
of the local brain tissue decreased (37). However, Dean and
Boulant later showed that, unlike warm-sensing pacemaker
neurons, the cold-responsive hypothalamic neurons lose their
thermal-responsiveness in the presence of synaptic blockade
(79, 81). These findings show that the cold-responsive neu-
rons are not intrinsically thermally responsive and suggest
that their action potential firing rate is negatively regulated by
temperature-proportional output from warm-sensing neurons.
Whether the cold-responsive neurons described by Hardy and
Boulant are the cold-effector neurons themselves or interneu-
rons that synapse with cold-effector neurons is not yet known,
but the observations are consistent with Hammel’s proposal
that cold-responsive neurons are intrinsically temperature-
insensitive and cold-responsiveness is achieved through their
inhibition by warm-sensing neurons.

The Hammel model provides a simple cell physiologic
mechanism for a set point. Having the thermostat located in
the POA takes advantage of its abundant blood flow from body
core sites, which allows hypothalamic temperature to closely
approximate blood temperature. It is important to realize that
during exposures to hot and cold environments, temperatures
in core tissues, including the brain, change much less than skin
(39, 102, 144, 216). Thus, the influence of cutaneous thermal
sensors predominates under normal conditions, allowing for
feed forward activation of effector mechanisms to prevent
deviations in core temperature from the established thermal
set point. It follows that the contribution of the central ther-
mal sensors, including direct effects of brain temperature on
hypothalamic pacemaker neurons, increases when (1) effec-
tor mechanisms fail to maintain core temperature at the estab-
lished set point during exposure to extreme environmental
temperatures, (2) an increase in endogenous heat production,
such as occurs during vigorous exercise, increases core tem-
perature at moderate environmental temperatures, or (3) the
set point changes as occurs during fever.

Mammalian thermoregulatory effector pathways

As mentioned earlier, homeothermic vertebrates have evolved
multiple sophisticated effector mechanisms that coordinate
endogenous heat generation, heat conservation and dissipa-
tion, and behavioral responses. The neural pathways that con-
trol these response originate in the dorsomedial hypothalamus
(DMH) and the rostral medullary raphe region (rMR) of the
brainstem and are tonically suppressed by GABAergic POA
neurons that express the EP3 PGE2 receptor (264, 270, 271).

The principal thermoregulatory effectors are vasomotor tone
to direct blood flow to and from the body surface to control
heat loss, brown adipose tissue (BAT) thermogenesis, shiver-
ing thermogenesis, various mechanisms for evaporative heat
loss including sweating (especially in humans), panting, and
saliva spreading, and behavioral responses that enhance or
prevent heat transfer. There is substantial evidence that the
cold-defense effectors are hierarchically activated with dif-
ferent thermal thresholds through parallel but distinct neural
pathways. For example, separate populations of EP3 receptor-
expressing MPO/POA neurons project to either the DMH or
the rMR (271), but not to both. In rats, the rMR contains sym-
pathetic premotor neurons that innervate BAT and cutaneous
blood vessels (49, 263) and mediate BAT thermogenesis and
cutaneous vasoconstriction caused by either PGE2 injection
into the POA or by cold challenge (220, 264, 266, 316). The
DMH also mediates BAT thermogenic responses (221, 265,
270), but not cutaneous vasoconstriction, which appear to be
mediated by effector neurons that are located more distally in
the brainstem (316). These observations are consistent with
Hammel’s model in which tonic inhibition from the dedi-
cated populations of EP3 receptor-expressing warm-sensing
POA neurons suppress neurons in the DMH and rMR that
specifically control BAT thermogenesis and cutaneous vaso-
constriction.

Thermoregulatory behaviors in animals are stereotypical
somatic motor acts that minimize or optimize heat transfer
with the environment. In humans, this behavior is different
from typical premeditated movement in that the behavior is
driven by a strong, often irresistible urge, which Morrison
and Nakamura (252) suggest implicates the limbic system in
the response. Examples of such behaviors include postural
changes that increase or decrease environmental exposure of
body surface, relocation to a more preferred ambient temper-
ature, nonshivering movements to increase heat generation in
the cold and, in some non-human mammals, spreading saliva
to enhance evaporative heat loss. Lesion studies in rats suggest
that thermoregulatory behaviors can persist after ablations in
the POA that abrogate autonomic and shivering responses
(52, 339, 350), demonstrating the reliance on distinct neural
pathways for each of these effector responses. However, the
exact nature of these pathways has not yet been defined.

Several strategies exist for evaporative heat loss, includ-
ing panting, saliva spreading, and sweating, the latter being
the predominant method used by humans. Since humans are
unique among mammals in their exclusive reliance on sweat-
ing for evaporative heat loss, our knowledge of the neural
pathways is largely restricted to studies in humans and there-
fore is less completely understood than other thermoregula-
tory effector responses. However, correlations between direct
measurements of postganglionic sympathetic nerve impulses
using microelectrodes and sweat gland output (34, 387, 388),
human skin biopsies (409), and analysis of how topical ago-
nists affect human sweating rate (340) have provided some
information about the neurotransmitters involved. Skin biop-
sies show that human eccrine sweat glands are innervated
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by more cholinergic than adrenergic nerve endings (409).
The predominance of cholinergic control of sweating is con-
firmed by much greater effect of topical cholinergic ago-
nists and antagonists on sweating than adrenergic agonists
and antagonists (340). The cholinergic regulation of sweating
has important clinical consequences as commonly used drugs
with anticholinergic activity can suppress normal sweating
and increase the risk of dangerous hyperthermia and heat
stroke (95).

Among the thermoregulatory effector responses, shiver-
ing deserves special mention. It is usually the last cold-defense
response activated (352), but has the most serious conse-
quences in the acutely ill patient. Though it has the greatest
capacity for heat generation, the associated high metabolic
cost (159) is particularly problematic, especially in critically
ill patients (156). Heat generation is usually an unavoidable
byproduct of muscle contraction due to inefficiency in con-
verting ATP chemical energy to work. However, with shiv-
ering, heat generation is the primary goal and is achieved
through a characteristic pattern of rapid, repeated skeletal
muscle contractions that serves no other purpose and, in fact,
interferes with purposeful movement. Although heat gener-
ation through shivering is widely accepted as an important
mechanism in cold defense and in fever generation (334), the
exact neural pathways that regulate this response are poorly
understood. Like the other components of the cold-defense
response, shivering effector neurons are under GABAergic
suppression by neurons originating in the MPO of the POA
(290, 392, 452). Microinjection studies (275) identified the
raphe magnus (RM) and the nucleus reticularis magnocellu-
laris (NRMC) of the ventromedial medulla as possible sites of
shivering effector neurons. Shivering is activated by rhythmic
bursts of activity in spinal α-motor neurons that stimulate
rhythmic contractions in extrafusal muscle fibers (145). In
humans, progression of shivering activity follows a repro-
ducible recruitment pattern, beginning in the neck and thorax
and progressing to the upper and then the lower extremi-
ties (19, 159). Tanaka et al. (400) found that skin cooling
in the rat stimulated activation of γ -motoneurons, which
occurred in the absence of α-motoneuron activation and overt
shivering, and showed that γ -motoneuron activity increased
muscle tension and augmented subsequent shivering. This
γ -motoneuron activation was mediated by neurons in the
rostral ventral medulla, occurred without a change in core
temperature, and, importantly, ceased upon incomplete skin
rewarming.

Neurologic basis of fever

As mentioned earlier, PGE2 has been well-documented as the
final common inducer of fever (170). Both intravenous injec-
tion of PGE2 (379) and injection of PGE2 into the POA (8, 265,
399) stimulate fever. PGE2-responsiveness has been further
localized within the POA to the MPO, MnPO (342), and ven-
tromedial preoptic region (VMPO) (314). PGE2 is generated
from arachidonic acid through a pathway, the key enzyme in

which is cyclooxygenase (COX). Arachidonic acid released
from phospholipids by phospholipase-A2 (PLA2) is converted
to PGH2 by COX-1 and -2 (104). PGH2 is the common inter-
mediate substrate of several PG synthetic pathways, including
generation of PGE2 by PGE2 synthase. The most commonly
used antipyretic agents target the COX enzymes (150). Inter-
estingly, as mentioned earlier, the COX inhibitor, sodium sali-
cylate, blocks fever behavior in the desert iguana, Diposaurus
dorsalis, indicating that the COX-dependent pathway for
fever induction has been very well conserved during evo-
lution. In mice, COX-2 gene deletion blocks both the early
and late phases of fever after i.v. administration of LPS, but
COX-1 gene deletion had no effect on either phase of the
febrile response (380), identifying COX-2 as the predomi-
nant isoform in mediating the febrile response to infection
and inflammation. A third COX isoform, originally called
COX-3, has since been found to be a splice product of COX-
1, now called COX-1b and, importantly, found to not occur in
humans (319). Furthermore, since COX-1 gene deletion elim-
inates both COX-1 and COX-1b, the contribution of either
COX-1 splice variant to murine fever is unlikely.

In rats, a single i.v. administration of LPS stimulates a mul-
tiphasic fever pattern with brief temperature peaks between
50 and 160 min following LPS administration and a more
persistent peak after 3 h (327). In this model, LPS admin-
istration stimulated a rapid increase in COX-2 and micro-
somal PGE Synthase (mPGES) in peripheral tissues but not
brain tissue and the increase in these enzymes was tempo-
rally associated with increased circulating PGE2 levels and
the first phase of fever (379). Macrophages within the lung
and liver appear to be the primary peripheral source of PGE2

after a single LPS challenge in rodents (327, 379). In the
LPS-challenged rat model, hypothalamic expression of genes
involved in PGE2 synthesis, predominantly secretory PLA2-
IIA, COX-2, and mPGES, was delayed compared with periph-
eral PGE2 generation, and correlates with the later phases of
fever. The first phase of fever after LPS challenge in the rat
was blocked by immunoblockade of circulating PGE2 reduced
and reproduced in the absence of LPS by i.v. administration
of PGE2. More recently, Ridder et al. (323) showed that the
pyrogenic cytokine, IL-1ß, stimulated brain endothelial cell
expression of COX-2 and generation of PGE2 through the
TGF-ß-activated kinase (TAK1;MAP3K7)-p38α (MAPK14)
signaling pathway in vitro and found increased COX-2 expres-
sion in POA endothelial cells after treating mice with IL-ß
in vivo. They found that conditional TAK1 gene deletion in
brain endothelial cells, but not astrocytes, oligodendroglial
cells or neurons, by Cre expression from the Slco1c1 promoter
in mice with floxxed TAK1, interrupted TAK1-p38 signaling
in brain endothelial cells and blocked the late phase febrile
response to IL-1ß. Collectively, these studies along with other
earlier studies show that fever can be caused by PGE2 gener-
ated peripherally as part of the initial inflammatory response
or by PGE2 generated within brain tissue through a TAK1-
dependent pathway in brain endothelial cells and possibly
through TAK1-independent pathways in other cells within
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the brain. As discussed earlier, PGE2 is also the central driver
of behavioral fever in poikilothermic animals (31, 320).

PGE2 is eliminated from the brain through an active mech-
anism that includes the organic anion transporter (OAT)-3
(393), but the relationship between rates of PGE2 elimina-
tion from the brain and the duration of fever has not yet
been defined. Interestingly, activity of OAT-3 and clearance
of PGE2 from cerebral spinal fluid were inhibited by beta-
lactam antibiotics. These antibiotics are frequently used in
febrile, infected patients, and have been linked to drug fever.
However, the effect of beta-lactam antibiotics on clearance of
PGE2 from the hypothalamus and its implications for length
of fever are not known.

PGE2 exerts its biological effects through a family of
four G protein-coupled receptors, EP1-4 (274) of which EP1,
EP3, and EP4 mRNA are expressed in the POA (287). EP3-
expressing neurons have been identified in the same loca-
tion as Hardy’s warm-sensing pacemaker neurons that are
located within the MnPO, MPO, and parastrial nucleus of the
POA and synapse with effector neurons in DMH and rMR
(262, 264, 271). Like Hardy’s warm-sensing pacemaker neu-
rons, these EP3-expressing neurons also express a marker for
GABAergic function (264) The febrile response to exoge-
nous PGE2 and LPS is absent in EP3-deficient mice (412)
and in mice with tissue specific EP3 deletion in MnPO neu-
rons (203) but only partially attenuated in EP1 receptor-
deficient mice (286), further supporting the EP3 receptor
as the predominant PGE2 receptor in mediating the febrile
response. Seven human EP3 splice variants have been iden-
tified and all inhibit adenylate cyclase by coupling with
Gi-protein (345). Steiner et al. (378) showed injections of
PGE2 into the rat anterior hypothalamus reduced cAMP levels
and stimulated an increase in core temperature. Co-injection
of the cAMP phosphodiesterase inhibitor, aminophylline,
along with PGE2 restored cAMP levels and attenuated the
increase in core temperature. Intra-hypothalamic injection of
the cAMP-dependent protein kinase A inhibitor, adenosine-
3′, 5′-cyclic monophosphorothioate-Rp isomer (Rp-cAMPS ),
also stimulated an increase in core temperature while injection
of dibutyryl cAMP caused a reduction in core temperature.
These results demonstrate that PGE2 reduces cAMP levels
in the anterior hypothalamus and that reduced activity of the
cAMP-dependent protein kinase, PKA, is sufficient to cause
fever.

Using single unit electrophysiologic recordings of rat
brain slices, Ranels and Griffin (314) showed that exogenous
administration of PGE2 in the VMPO of the POA caused
reduced firing rates of warm-sensing neurons and increased
firing rates in temperature-insensitive neurons that reflected
changes in the rate of prepotential depolarization (313). Intra-
hypothalamic injection of the stable cyclic GMP analogue,
8-bromo-cGMP exerted similar core temperature-lowering
effects in the rat (378) and reduced firing rates in both warm-
sensitive and temperature-insensitive hypothalamic neurons
(440). Collectively, these studies clearly show that PGE2

generated either peripherally or within the hypothalamus

stimulates fever by reducing the firing rate pacemaker activity
of POA neurons. The resultant decrease in GABA-mediated
inhibitory activity reduces suppression of cold-defense
effector neurons, resulting in activation of cold effector
responses.

In addition to stimulating PGE2 generation, pyrogenic
cytokines may induce fever through PGE2-independent path-
ways. For example, TNF receptors have been identified in
the hypothalamus and intracerebroventricular administration
of the TNFα-blocking antibody, infliximab, reduces fever in
rat models of sepsis (15). On the other hand, Cao et al. (50)
found that COX-2 inhibitors blocked TNFα-induced fever
whether the TNFα was administered via the intraperitoneal
or intracerebroventricular route suggesting that TNFα exerts
pyrogenic effects predominantly or exclusively through PGE2

generation. Nilsberth et al. (278) showed that IL-6 knockout
mice failed to generate fever in response to LPS adminis-
tration but did exhibit increased cerebrospinal fluid levels of
PGE2 and were capable of generating fever in response to
PGE2 injected into the central nervous system. Collectively,
these studies suggest that fever is generated predominantly
through a PGE2-dependent pathway, but alternative pathways
may also contribute to fever, which may explain the therapeu-
tic failure of antipyretic therapy with COX inhibitors in some
patients.

The role of the vagal nerve in mediating the fever response
is less clear. Much of the investigation of vagal participation
in fever has been performed in rats and guinea pigs using
surgical transection of the vagal nerve or individual branches
or vagal desentization with capsaicin injections (326). The
results of these studies must be interpreted carefully consid-
ering the untoward effects of complete vagotomy on multi-
ple homeostatic mechanisms that could indirectly affect the
capacity for mounting a febrile response. Whether vagal dis-
ruption blocks the capacity to generate fever depends on the
species studied, the pyrogen administered, and pyrogen dose
and route of administration. Most models use i.v. or i.p. injec-
tion of LPS or IL-1ß. In a review of the literature prior to 2000,
Romanovsky (326) concluded that (1) some of the attenuation
of fever caused by vagal disruption was indirectly caused by
loss of other critical vagal functions required for homoeostasis
and response to stress and (2) an intact vagus nerve, partic-
ularly the hepatic branch (359), was more essential for fever
induced by lower than higher doses of LPS whether admin-
istered i.p. or i.v. Hansen et al. (132) subsequently showed
that the subdiaphragmatic vagotomy attenuated fever induced
by 0.1 μg/kg recombinant human IL-1ß (rhIL-1ß) but not
fever induced by a 1 μg/kg dose of IL-1ß. In this study cir-
culating rhIL-1ß was only detectable with the higher dose.
Ootsuka et al. (288) showed that subdiaphragmatic vagotomy
did not affect fever induced by i.v. injection of PGE2. Collec-
tively, these data suggest that afferents in the hepatic branch of
the vagus may transmit signals activated by IL-1ß generated
within the liver than can induce fever in response to low levels
of pyrogens when circulating IL-1ß levels are not sufficient
to induce fever.
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In summary, infection and injury cause a temporary
increase in core temperature through multiple inflammatory
mediators that converge on an evolutionarily conserved PGE2-
dependent final common pathway and activate multiple cold-
defense responses. The consequences of the increase in tem-
perature in infected or injured animals are discussed in the
next section.

Biological Consequences of
Febrile-Range Hyperthermia in the
Infected Host
Fever typically results in a 2 to 4◦C increase in core temper-
ature and retrospective clinical studies suggest that tempera-
ture increases >2.5◦C may be harmful (152, 219). The most
common treatment modalities for fever either target the most
distal mediator, PGE2 (150) or physically remove heat with-
out resetting the thermal setpoint (348) thereby eliminating
the thermal component of fever. Core temperature elevations
can also occur when the balance between heat generation
and elimination is dysregulated and these can be associated
with significant morbidity and mortality (51). This section is
focused on the biological consequences of the thermal com-
ponent of fever. We review studies of the influence of tem-
perature shifts between basal and febrile levels on cell culture
and animal models of infections and injury. In most cases,
febrile-range hyperthermia (FRH) reflects a 2.5◦C change in
culture temperature in vitro or core temperature in vivo.

Studies in diverse animal species support a protective role
for fever during infections. In two studies of poikilothermic
vertebrates, increases in core temperature from 38 to 40◦C in
the lizard Diposaurus dorsalis (218) and from 28 to 32.7◦C
in goldfish (70) improves survival from 25% to 67% and
from 64% to 100%, respectively during infection with the
same Gram-negative pathogen, Aeromonas hydrophila. Stud-
ies in experimentally infected sockeye salmon, rainbow trout,
crickets, and grasshoppers showed similar protective effects
of increased body temperature during infection (Reviewed)
(192). In a lethal Herpes simplex-infected mouse model, hous-
ing infected mice at 38◦C for six days increased both their
core temperature (by approximately 2◦C) and their survival
rate (from 0% to 85%) compared with infected mice housed
at 23 to 26◦C (14). Schmidt et al. confirmed these results in
a similar model of Herpes simplex-infected mice (346). Bell
and Moore (29) reported a survival benefit of warming mice
infected with rabies virus. In our own study of mice with
experimental Klebsiella pneumoniae peritonitis, the survival
rate improved from 0% to 50% and the intraperitoneal bacte-
rial load decreased 100,000-fold when the infected mice were
coexposed to FRH (core temperature ∼39.5◦C) by housing
mice at 36 to 37◦C rather than 24◦C ambient temperature
(172).

In several other animal models, administration of
antipyretic agents blocked fever and decreased survival
(31, 89, 199, 414, 417) during bacterial infections. In

A. hydrophilia-infected lizards, treatment with sodium salicy-
late blocked fever in 7 of 12 animals, all of which died, while
all febrile animals survived (31). In experimental murine
Streptococcus pneumoniae pneumonia, treatment with aspirin
impairs bacterial clearance and reduces the LD50 from 6.3 ×
106 CFU to 3.3 × 105 CFU (89).

Febrile-range temperatures are directly cytotoxic or cyto-
static for certain microbial pathogens, including the human
pathogens Cryptococcus hominis (197), Streptococcus pneu-
monia (322), Neisseria gonorrhoeae (53), and Mycobac-
terium leprae (325). In the study of the Ascosphaera apis-
infected honeybee hive, the 7 to 8◦C increase in hive tempera-
ture caused by the communal increase in wing muscle activity
directly kills the fungal pathogen, preserves the viability of
the larvae, and secures survival of the hive (376). However,
as discussed below, many pathogens proliferate equally well
at basal and febrile temperatures.

The Klebsiella pneumoniae pathogen used in our mouse
studies exhibited virtually identical growth rates in 37 and
39.5◦C cultures, but pathogen load was reduced several orders
of magnitude in mice exposed to FRH in vivo (172, 321).
In studies of fish and lizards, increasing body temperature
by the same 4◦C increment greatly increased clearance of
the same Gram-negative pathogen, Aeromonas hydrophila, in
both animals despite a 10◦C lower temperature range in the
fish (30, 70). These data demonstrate that FRH can enhance
pathogen clearance in vivo through effects on host defense
rather than on the pathogen. This effect may also explain the
association of fever with improved survival in retrospective
clinical studies of bacterial infections (5, 43, 153, 219, 432).

Several studies have confirmed that FRH is a biologi-
cal response modifier with potent immunomodulatory effects.
Work in our laboratory and others have shown that exposure
to FRH can modify cytokine and chemokine expression in
vivo and in vitro in macrophages and epithelial and endothe-
lial cells and increase neutrophil and lymphocyte recruitment
and increase cell death through apoptosis (13, 59, 60, 67, 68,
99, 214, 215, 223, 255, 257, 354, 361, 363, 405, 407, 415,
427, 453).

In our mouse FRH model, core temperature increases
by 2 to 3◦C but normal circadian temperature and sleep-
wake patterns were maintained and the animals appear other-
wise healthy and active (335). Using this model, we showed
that FRH accelerated pathogen clearance in both experimen-
tal Klebsiella pneumoniae peritonitis (172) and pneumonia
(321). Focusing on the lung, we found that FRH tended to
reduce survival in the Klebsiella pneumonia model while it
greatly improved survival in the peritonitis model. Antibi-
otic treatment prevented death in normothermic mice with
Klebsiella pneumonia, but when coexposed to FRH, mor-
tality increased to 50% in the mice with antibiotic-treated
pneumonia (Fig. 3). FRH also increased mortality in a mouse
intratracheal LPS-induced acute lung injury model from 0%
to 50%. In both the treated pneumonia and intratracheal LPS
instillation models, severe lung injury was found in the FRH-
coexposed mice. Lipke and Martin confirmed these results
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Figure 3 Effect of Febrile-range hyperthermia (FRH) on pathogen clearance and host survival in mouse models
of bacterial peritonitis and pneumonia. (A) The mouse FRH model in which mice in standard cages are transferred
to infant incubators set at 37◦C and mice then are inoculated with Klebsiella pneumoniae Caroli strain. Mice were
inoculated with 100 cfu via i.p injection (B and C) or 250 cfu via i.t. instillation (D and E) and mice were housed at
23 or 37◦C ambient temperature. Survival (C and E) was determined and bacterial colony counts were determined
in peritoneal fluid (B) and lung homogenates (D). The p value for the survival studies is shown. The bacterial colony
counts are mean ± SE of six experiments. ∗ denotes p < 0.05 versus FRH. (F) To analyze direct effect of temperature
on bacterial growth rate, 100 mL aliquots of LB medium were inoculated with 10 cfu K. pneumoniae, incubated at 37
or 39.5◦C, and OD650 sequentially measured. (G) Core temperature in four mice per group housed at 23◦C (NT)
or 37◦C (FRH). Coexposure to FRH accelerated pathogen clearance in both the pneumonia and peritonitis models
but only improved survival in the peritonitis model. Reprinted in modified form with permission from references 172
and 321.

in the intratracheal LPS-challenged mouse model (214, 215).
Co-exposure to FRH exerted similar effects in a model of
lethal pulmonary oxygen toxicity (133). The results of the
peritonitis and pneumonia studies underscore an important
principle in understanding the consequences of fever and
FRH in the infected or injured host. Since augmentation
of immune defenses can accelerate pathogen clearance and
enhance collateral tissue injury, the ultimate consequence for
survival depends on the balance between the two effects. The
greater susceptibility of the lung to immune-mediated injury

and the importance of pulmonary gas exchange function for
survival explain why FRH coexposure is more lethal in the
setting of pulmonary than peritoneal infections. Furthermore,
when inflammation and injury is caused by a nonreplicating
pathogen, as in the case of an antibiotic-treated pneumonia,
the major benefit of FRH is lost and mortality increases.

We found that FRH coexposure was associated with
greatly increased neutrophil infiltration in both the pulmonary
oxygen toxicity and intratracheal LPS instillation models
(133, 321). Interestingly, Bernheim et al. (30) showed in
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the poikilothermic desert lizard, Diposaurus dorsalis, that
increasing core temperature from 38 to 40◦C after intradermal
inoculation with Aeromonas hydrophila increased survival,
reduced bacterial burden, and increased the accumulation of
granulocytic leukocytes at the inoculation site. Considering
the phylogenetic age of fever and the similarities between
the mouse and lizard models, we reasoned that the processes
responsible for increased granulocytic leukocyte recruitment
upon FRH exposure are phylogenetically old, evolutionar-
ily conserved, and functionally important for survival during
infections and injury. As mentioned above, the evolutionary
considerations of fever’s protective effects do not necessarily
apply to modern-day patients in whom pathogen clearance
can be pharmacologically aided.

Using the intratracheal LPS instillation model, we showed
that exposure to FRH augments multiple steps required for
neutrophil delivery to sites of infection and injury, including
induction of G-CSF expression and expansion of the circu-
lating neutrophil pool (88), increased generation of the CXC
chemokine family of endogenous chemotaxins (321, 407),
and direct effects on endothelial cells and neutrophils (134,
354, 405). We showed that the promoter regions of the CXC
chemokine genes contained binding elements for the heat-
activated transcription factor, HSF-1 (223, 256, 364), the sig-
nificance of which is discussed later in this article. Utiliz-
ing both in vitro human neutrophil transendothelial migration
(TEM) assays and an in vivo mouse model of chemokine-
directed transalveolar neutrophil recruitment, we have shown
that FRH exerts effects on endothelium and neutrophils that
increase their capacity for chemokine-directed TEM. In mod-
els of formylated-peptide-directed human neutrophil TEM
through human pulmonary artery endothelial cells (134)
and IL-8-directed TEM through human lung microvascular
endothelial cells (405), neutrophil TEM was up to sevenfold
greater at 39.5◦C than 37◦C. We utilized a mouse assay of
in vivo transalveolar neutrophil migration (72) to analyze the
effects of FRH on the capacity for chemokine-directed neu-
trophil migration (Fig. 4). In this model, a fixed chemokine
gradient is established in the lung by the intratracheal instilla-
tion of recombinant human IL-8, and the neutrophil content in
lung tissue and lung lavage quantified 4 h later. Preexposure to
FRH increased subsequent IL-8-directed transalveolar migra-
tion of neutrophils by 23.5-fold (405). Adoptive transfer of
fluorescently labeled neutrophils between normothermic and
FRH-exposed neutrophil donors and recipients demonstrated
that enhanced neutrophil migration capacity required FRH
exposure of both the donors and recipients (405), which indi-
cates that FRH augments neutrophil transmigration capacity
through interdependent effects on neutrophils and endothe-
lium. In exploring potential mechanisms for these effects of
FRH, we found that exposure to FRH was sufficient to activate
extracellular signal-related kinases (ERK) and p38 mitogen-
activated protein (MAP) kinases in human microvascular lung
endothelial cells in vitro and in mouse lung and circulating
neutrophils in vivo and inhibitors of these two MAP kinases
blocked the effects of FRH on human neutrophil TEM (405).

In addition to augmented neutrophil accumulation in
lung, FRH coexposure had two additional effect in the LPS-
challenged mouse lung that are also characteristic of human
ARDS, endothelial hyperpermeability (Fig. 5) and epithelial
injury (Fig. 6) (214, 215, 321). We found similar effects of
FRH on the permeability of TNFα-treated human pulmonary
artery and microvascular lung endothelial cell monolayers in
vitro (134, 354). Exposing human lung endothelial cells to a
temperature as low as 38.5◦C endothelial permeability using
a 10 kDa dextran tracer. Permeability increased by up to four-
fold, was evident at low and high TNFα concentrations and in
some lots of cells without exogenous TNFα, occurred with-
out detectable cytotoxicity, and was reversible upon removal
of TNFα and return to 37◦C. FRH-augmented permeabil-
ity was accompanied by formation of actin cytoskeletal stress
fibers and intercellular gaps. As was found for FRH-enhanced
neutrophil TEM, the effects of FRH on human microvas-
cular lung endothelial cells were blocked by ERK and p38
inhibitors.

In our study of the mouse intratracheal LPS instillation
model, we found that co-exposure to FRH caused extensive
epithelial injury (321), Lipke and Martin (214) confirmed
that FRH caused extensive epithelial injury in this model
and showed it to be caused by augmented TNFα- and Fas-
dependent apoptosis (215). Using the mouse MLE15 lung
epithelial cell line and primary culture lung epithelial cells,
Lipke and Martin showed that coexposure to 39.5◦C enhanced
TNFα-induced apoptosis of epithelial monolayers in vitro
and suggested that the effect may be caused by repression of
Nuclear Factor (NF)-κB activation (214). In our own recent
study using the same MLE15 cell model, we found that expo-
sure to 39.5◦C greatly accelerates activation of all three initia-
tor caspases, caspase-2, 8, and 10, with evidence of activation
as early as 60 min after stimulation with TNFα or agonistic
anti-fas antibody (and within 30 min if treated at 42◦C) (257).
Accelerated and augmented apoptosis in the FRH-exposed
and TNFα- or anti-fas-treated cells was partially blocked by
inhibition of all three initiator caspases, did not require HSF1,
and still occurred even when NFκB activation was indepen-
dently blocked by expression of the IκB superrepressor.

The Evans and Repasky laboratories have shown many of
the same effects of FRH on cytokine gene expression (292),
but have extended their studies of FRH effects to lymphocyte
trafficking (91, 99, 427). Utilizing intravital microscopy to
analyze lymphocyte trafficking in high endothelial venules
in mice, the Evans laboratory has shown that exposing
lymphocytes to FRH enhances their L-selectin- and α4β7
integrin-dependent binding to high endothelial venules that
increased their trafficking to secondary lymphoid tissue (91,
427) (Fig. 7). The Evans laboratory has subsequently shown
the FRH enhances migration through high endothelial venule
endothelium through the IL-6-dependent endothelial expres-
sion of ICAM-1 (59, 60). The consequences for the FRH-
enhanced lymphocyte recruitment in infections and inflam-
matory disease have not yet been demonstrated experimen-
tally.
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Figure 4 Effect of FRH on neutrophil recruitment. Mice were exposed to >95% oxygen (A) or received 50 μg LPS via i.t. instillation (B)
and were housed at 23◦ (NT) or 37◦C (FRH) ambient temperature for the indicated time before euthanasia, lung lavage, and quantitation
of lavage neutrophil content. Mean ± SE of eight (hyperoxia) or six mice per time point. ∗ denotes p < 0.05 versus NT. (C) IL-8-directed
trans-alveolar migration capacity was measured in NT mice and mice exposed to FRH for the indicated time and returned to NT conditions
by instilling 1 μg recombinant human IL-8 via i.t. instillation and quantifying lung lavage neutrophil content 4 h later. Mean ± SE eight
mice per group. ∗ denotes p < 0.05 versus time 0 (prewarming). (D) To determine whether the FRH increased neutrophil migration capacity
through effects on neutrophils or endothelium we performed neutrophil transfer experiments between NT and FRH. Recipient or donor
mice were exposed to FRH for 24 h, donor PMNs isolated, fluorescently labeled, and injected via tail vein, and IL-8-directed donor PMN
TAM determined by flow cytometry and manual neutrophil counts. The donor/recipient treatment is indicated on the x-axis. Mean±SE;
six mice per group. ∗ denotes p < 0.05 versus all other groups. (E) To determine the participation of ERK and p38 MAP kinases in FRH-
augmented neutrophil migration, groups of 8 mice were untreated or treated with 2% DMSO (sham), 200 μg U0126 or 1 mg SB203580
(SB) 30 min before 16 h FRH or normothermic exposure and IL-8-directed PMN transalveolar migration was measured. Mean±SE.
∗ and † denotes p < 0.05 versus normothermic and untreated mice, respectively. (F) Inflation-fixed lungs from normothermic (NT) and 24 h-
FRH-exposed mice 4 h after intratracheal IL-8 instillation were stained for GR-1 (PMNs, red) and VE-cadherin (ECs, green), and analyzed
by confocal microscopy. White and yellow arrows denote intravascular and extravasating PMNs, respectively. (G) Human Microvascular
Lung Endothelial Cells (HMVEC-Ls) were incubated at 39.5◦C for indicated time or treated with 1 ng/ml TNFα for 6 h at 37◦C and IL-8
directed transendothelial migration of calcein AM-stained human neutrophils measured over 2 h at 37◦C and standardized to untreated
HMVEC-Ls. Mean±SE; four experiments. ∗ and † denote p < 0.05 versus time-0 and TNFα. (H) HMVEC-Ls were untreated (Control) or
pretreated for 30 min with DMSO, U0126, or SB203580 (SB), incubated for 24 h at 37◦C or 39.5◦C, and neutrophil transendothelial
migration measured. Mean±SE; four experiments. ∗ and † denote p < 0.05 versus 37◦C and untreated 39.5◦C. Coexposure to FRH
increases capacity for chemokine-directed neutrophil migration through effects on neutrophils and endothelium. Reprinted in modified form
with permission from references 143 and 343, 430.
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Figure 5 Effect of FRH on pulmonary vascular endothelial permeability. Mice were exposed to >95% oxygen (A) or received 50 μg
LPS via i.t. instillation (B) and were housed at 23◦ (NT) or 37◦C (FRH) ambient temperature for the indicated time before euthanasia,
lung lavage, and quantitation of lavage neutrophil content. Mean ± SE of eight (hyperoxia) or six mice per time point. ∗ and † denote
p < 0.05 versus NT and time 0, respectively. (C) HMVECLs were incubated with the indicated concentration of TNFα for 6h at 37 or
39.5◦C, the TNFα was removed and transendothelial flux of 10 kDa Cascade blue dextran over 30 min at 37◦C was measured. (D)
HMVEC-Ls were incubated with 0.25 U/mL TNFα for 6 h at the indicated temperature and 10 kDa Cascade blue flux measured. Mean ±
SE, n = 21. ∗ and † denote changes with TNFα-free controls and 37◦C cells, respectively. (E) HMVECLs were incubated for 6 h with either
2.5 U/mL TNFα at 37◦C or 0.25 U/mL TNFα at 39.5◦C, the TNFα was removed, all monolayers returned to 37◦C and 10 kDa Cascade
blue dextran flux measured immediately and then sequentially during recovery. Mean ± SE, n = 9. ∗ denotes p < 0.05 versus 39.5◦C at
time 0. (F) HMVECLs were pretreated with 10 μmol/L UO126 or p38 MAPK SB203580 for 30 min at 37◦C, then incubated with 0.25 U/mL
TNFα for 6 h at the indicated temperature, the TNFα was removed and 10 kDa Cascade blue dextran flux measured. Mean ± SE, n = 9.
∗ and † denote p < 0.05 versus TNFα-free controls and 37◦C cells, respectively. (G) HMVECLs grown on chamber slides were incubated
for 6 h without or with 0.25 U/mL TNFα at 37◦C or 39.5◦C, fixed and stained with phalloidin coupled with Alexafluor488, counterstained
with DAPI, and visualized by fluorescent confocal microscopy. Intercellular gaps are noted by the arrows. (H) F-actin staining intensity
from panel G quantified and expressed relative to 37◦C without TNFα. Mean±SE, n = 4. † and ‡ denote p < 0.05 versus 37◦C with and
without TNFα, respectively. Coexposure to FRH reversibly increases endothelial permeability. Reprinted in modified form with permission
from references 133, 321, 405.
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Figure 6 Effect of FRH on epithelial apoptosis. (A-C) Mice received 50 μg LPS via i.t. instillation and were
housed at 23 or 37◦C ambient temperature for 48 h, the lungs were then inflation fixed and stained with
hematoxalyn and eosin. A is untreated control, B and C are normothermic and FRH-exposed mice, respectively.
Arrows indicate loss of cilia and distinct nuclei. (D) Mouse MLE15 epithelial cells were incubated with indicated
concentration of recombinant mouse TNFα for 24 h at 37 or 39.5◦C and survival assessed by crystal violet
staining and measuring absorbance at 570 nm. Mean ± SE. Survival was different with p < 0.05 by MANOVA.
(E and F) MLE15 cells were incubated for indicated time at 37◦ or 39.5◦C with or without 2 ng/mL TNFα, lysed,
and immunobloted for active caspase-3 (C3), PARP, and β-tubulin (E) or caspase-8 (F). Thick and thin arrows
indicate full-length and cleaved PARP and caspase-8. Coexposure to FRH enhances LPS-induced lung epithelial
injury in vivo and accelerates TNFα-induced apoptosis in lung epithelial cells in vitro. Reprinted in modified form
with permission from references 257, 321.

Collectively, these studies demonstrate that exposure to
temperatures achieved during febrile illness have many effects
on gene expression, cell signaling, and cell behavior that
increase leukocyte recruitment, open endothelial paracellular
pathways to macromolecules and enhance extrinsic apopto-
sis in epithelium. These effects can be both beneficial and
harmful and the consequence for host survival and recovery
depend on the nature of the pathologic process. Thus, ablating
the thermal component of fever using COX inhibiting drugs or
physical cooling may have important consequences in patients

with infections or injuries. Whether or not fever should be
treated will require empiric studies in patients with defined
clinical states as was recently done for septic shock (348).

Fever and the Heat Shock Response
Overview of the heat shock response
While fever is a systemic response to infection and injury the
HSR acts as a defense mechanism against multiple cellular
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Figure 7 FRH enhances lymphocyte trafficking to the lymph high endothelial venule (HEV). (A) BALB/c mice were exposed
to FRH (whole body hyperthermia, WBH) for 6 h and the total number of lymphocytes in peripheral blood (PB), peripheral
lymph node (PLN), and spleen was quantified. Lymphocyte expression of L-selectin and α4β7 integrin was analyzed by flow
cytometry. Mean ±SE of three experiments. ∗ and ∗∗ denote p < 0.02 and 0.03 versus control. (B) Intravital microscopy
(left) of the interactions of calcein-labeled splenocytes with the lymph node venular tree of an WBH-treated mouse, showing
the vascular structure, including the superficial epigastric artery (SEA), superficial epigastric vein (SEV) and venular branches
(I-V) in an inguinal lymph node. Right, rolling fractions and sticking fractions in normothermic (NT) and WBH-treated mice.
Mean ±SE, three mice per group. ∗ and ∗∗ denote p < 0.0001, and p < 0.01, normothermic versus NT. (C) Expression of
trafficking molecules in NT or FRH-treated mice was analyzed by scanning confocal microscopy of PLN cryosections dually
stained for ICAM-1 (red) and peripheral node addressin (PNAd; green). (D) To determine whether ICAM-1 is required for the
thermal enhancement of trafficking across HEVs, homing of rhodamine-labeled splenocytes was analyzed by fluorescence
microscopy 1 h after adoptive transfer to NT or WBH-treated mice with (+) or without (–) pretreatment with anti-ICAM-1
blocking antibodies. Mean ± SE; 10 high-power fields per mouse, three mice per group. ∗ denotes p < 0.0001 versus no
antibody. (E and F) To determine the role of IL-6 in thermal augmentation of lymphocyte trafficking, the effects of WBH
on ICAM-1 expression (E) and lymphocyte homing (F) were compared in wild type and IL-6-deficient mice. (E) PLNs were
immunostained for ICAM-1 (red) and CCL21 (green) and analyzed by confocal microscopy. Arrowheads indicate HEVs with
weak staining of ICAM-1 or CCL21. (F) Homing of rhodamine-labeled splenocytes in tissue cryosections from individual
Il6−/− and wild-type mice with (WBH) or without (NT) WBH treatment were quantified by fluorescence microscopy. Mean ±
SW, 10 fields per mouse, three mice per group. ∗ denotes p < 0.0001 versus NT. Coexposure to FRH enhances lymphocyte
localization to HEVs through the IL-6-dependent expression of ICAM-1. Reprinted in modified form with permission from
references 60, 91.
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stresses. The HSR, a highly conserved ancient biological pro-
cess, is essential for survival against a myriad of environmen-
tal stresses, including extremes of temperature, chemicals, and
radiations, each of which can cause denaturation of essential
cellular proteins. This response is accompanied by reprogram-
ming of the cellular transcriptional and translational machin-
ery to preferentially express a set of stress-inducible proteins
namely the HSPs. During stress these HSPs act as chaperones
and bind to denatured proteins to either preserve them until the
stress has abated or to target the denatured proteins for degra-
dation (94, 212, 251). Genes encoding the five families of
HSPs are highly conserved. Their presence in all species stud-
ied to date including archebacteria, eubacteria, and eukary-
otes, suggests that they first arose at least 2.5 billion years ago.
While prokaryotic and eukaryotic HSP genes exhibit striking
cross-domain homology, they use different mechanisms of
transcriptional regulation. In eukaryotes, heat shock protein
expression is regulated at the transcriptional level by HSF.
Mammals, including humans have three HSF orthologues
of which HSF1 is the heat inducible orthologue (6, 238,
304). As will discussed later in this review, HSF1 function
is modified by several proinflammatory kinases (64, 65, 77,
163, 189, 296, 429) and both HSPs and HSF1 can exert pro-
found immunomodulatory effects on inflammation and host
response.

Basic biology of HSF1
Overview of HSF structure and function

Eukaryotic HSFs are members of the “winged” helix-turn-
helix (HNF-3/fork) family of transcription factors (421,422).
All Metazoan HSFs have a conserved architecture with an
N-terminal DNA binding domain that binds to a conserved
nGAAn pentanucleotide (301), and two adjacent leucine zip-
per regions, LZ 1 and 2 (also referred to as heptad hydrophobic
repeats, HR-A and B) in the N-terminal half of the molecule.
The C-terminal half of HSF contains a third leucine zip-
per (LZ3/HR-C) and a transactivation domain (TAD) (116,
302). The LZ domains can homo-oligomerize, most likely by
forming intermolecular coiled-coil structures (309, 374, 435).
They may also modify the conformation of HSF monomers by
forming intramolecular coiled-coil structures (93, 289, 460)
that regulate the association between multiple HSF monomers
or HSF and other LZ-containing proteins with potential func-
tional consequences for both HSF and its binding partners (2,
7, 22, 32, 36, 205, 253, 299, 343, 357, 381, 445, 446, 451, 459).

Mammals express three HSFs, HSF1, 2, and 4, (260, 308,
349) of which HSF1 is the heat/stress-responsive orthologue
of the single heat-inducible HSF expressed by nonvertebrate
Metazoans (308). Xenopus laevis expresses two distinct HSFs
(149, 386). A unique heat-inducible HSF, HSF3, has been
found only in birds (259), has a higher thermal threshold for
activation than avian HSF1 (398), and may provide a sec-
ond layer of protection against severe heat stress. A recently
discovered mammalian ortholg of avian HSF3 was discovered
in mouse but it was only found to regulate atypical HSPs and

did not affect the classical HSR or survival during heat stress
(103). Plants express more than twenty HSF-like proteins
(244), many of which lack a TAD and have functions that have
not yet been identified (73). This section of the review will
focus on the role of the heat/stress activated HSFs, including
the single HSF in nonvertebrate Metazoans and mammalian
HSF1 (collectively referred to as HSF for the remainder of this
article), in modifying the host response to infection and injury.
For additional information about other vertebrate HSFs, the
reader is referred other recent reviews (249, 258).

Studies of Drosophila HSF and mouse and human HSF1
have shown that activation of HSF to a transcriptionally
competent form is a complex, multi-step process that likely
involves intrinsic stress-responsive properties of the HSF
molecule as well as interactions with other stress-responsive
regulatory molecules and signaling pathways (419, 461)
(Fig. 8). Under stress-free basal conditions, Metazoan HSF
exists largely as an inactive monomer that cannot bind sta-
bly to DNA (21, 337, 435). HSF is maintained in this form by
both its intrinsic properties and by its association with heterol-
ogous proteins (23, 32, 93, 282, 338, 457-461). Earlier studies
of Drosophila HSF and vertebrate HSF1 showed it to reside
almost exclusively in the cytosol under stress-free conditions
(21, 461) and identified an atypical cryptic nuclear localiza-
tion sequence that is only expressed following exposure to
stress (289). However, Mercier et al. (242), using immuno-
cytochemistry and gentle cell fractionation methods, showed
that a substantial portion of inactive monomeric HSF1 in
mammalian cells may be loosely associated with the nucleus
rather than cytosolic under stress-free conditions. Jolly et al.
(175) showed that human HSF1 redistributes to nuclear gran-
ular structures following stress and these HSF1-containing
granules specifically associate with certain chromosomal loci
(174). Although the location of HSF in the unstressed cell
may differ among species and cell types, the conversion from
monomers that lack stable DNA binding activity to DNA-
binding oligomers has been consistently found in all Meta-
zoan cells (21, 93, 337, 338, 435, 457, 458, 460, 461).

Activation of HSF trimerization and heat shock
element binding capacity

Studies utilizing native gel electrophoresis and chemical
cross-linking to estimate the molecular weight of mouse (337)
and human (21). HSF1 in the presence and absence of stress
found an increase in apparent molecular weight of HSF1 fol-
lowing exposure to heat, but the results of these studies did not
conclusively demonstrate trimerization stoichiometry. Con-
sidering the number of heterologous proteins that have been
reported to bind to HSF, this is not surprising. However, West-
wood and Wu (435), utilizing a classic biochemical approach
based on gel filtration and density gradient centrifugation,
presented persuasive data supporting homotrimerization of
HSF in heat-exposed Drosophila cells. Based on these stud-
ies, it is generally accepted that HSF exists as a monomer
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Figure 8 HSF1 structure and mechanism of activation. (A) Molecular organization of human
HSF1. HR = hydrophobic region. (B) Schematic of HSF1 organization. Cytosolic HSF1 is maintained
in inactive monomeric form by intramolecular interactions between HRA/B and C and heterologous
binding to HSPs and other proteins. Stress (including heat) shifts the equilibrium toward trimeriza-
tion, which unmasks a nuclear localization signal. The three DNA binding domains in the HSF1
trimer are oriented to produce high affinity binding to nGAAn repeats.

and homotrimerizes in response to stress in most Metazoans,
including mammals (419).

Mutational analyses of HSF suggests that homotrimeriza-
tion is sufficient for HSF to attain capacity for high-affinity
DNA binding (93, 460, 461), which has been attributed to an
orientation of the DNA-binding domains that optimizes their
cooperative binding to three contiguous inverted nGAAn
dyad repeats, termed the heat shock response element (HSE)
in promoter sequences of target genes (301). However,
the additional gain of transcriptional activating function
requires further posttranslational modification of the HSF
trimers (64, 65, 77, 154, 184, 191, 194, 245, 277, 372,
442, 443). Whether partially activated trimerized HSF that
lacks transcription-activating function exerts specific cellular
functions is not yet known. Since HSF has been shown to
act through HSEs to coactivate certain non-HSP genes, such
as IL-8 (364) and inducible nitric oxide synthetase (iNOS)
(112), it is possible that partially activated HSF may repress
expression of these genes. We have previously shown that
both fully activated HSF1 in heat-shocked cells and partially
activated HSF1 in cells exposed to FRT both repress TNFα

expression (361, 363), which is discussed in the context of
infections later in this review.

Evidence from multiple studies of HSF in cell-free lysate
systems suggests a hierarchical regulation of HSF trimer-
ization/DNA binding. Responsiveness to the most extreme
physical and chemical stresses appears to derive from intrin-
sic properties of HSF itself. Evidence for direct tempera-
ture sensing properties of HSF was provided by studies of
Drosophila HSF (457, 458) and mouse HSF1 (93, 338) that
show high temperatures, low pH, and oxidants synergistically
activate purified HSF in cell-free reactions. The temperature
required to directly activate HSF in cell-free reactions differs

among organisms and is typically several degrees centigrade
above the normal temperature range for each organism. For
example, the temperature required to directly activate mouse
HSF1, 39 to 41◦C (338), is higher than that required to acti-
vate Drosophila HSF, 28 to 36◦C (458). However, interpreta-
tion of HSF behavior in cell-free reactions is complicated
by potential artifacts of the experimental systems utilized
in these studies. Spontaneous trimerization and activation
of DNA-binding function of HSF has been reported to be
concentration-dependent in both cell-free reactions (93) and
within intact cells (461). Zhong et al. (458) demonstrated that
dilution of trimerized Drosophila HSF in crude cell lysates
from Schneider line-2 (SL-2) cells caused dissociation of HSF
trimers to monomers over several hours. They used this model
system to calculate the equilibrium constant, Kd, for the HSF
trimer dissociation reaction and showed that the Kd decreases
(indicating an equilibrium state favoring trimerization) with
an increase in temperature (36◦C) or exposure to oxidant stress
with hydrogen peroxide. This analysis provides a useful con-
ceptual model to interpret studies in which the expression
levels of HSF may vary widely by describing the mathemati-
cal relationship among HSF concentration, temperature, and
the extent of HSF trimerization. Importantly, this study also
demonstrates that HSF trimerization may occur as a contin-
uous temperature-dependent process that is activated over a
temperature range that includes the febrile range.

It may also be possible that heterologous proteins in the
eukaryotic or prokaryotic expression systems that are used
to generate cell-free HSF can bind to and modify HSF con-
formation and function. In most cases, demonstrating similar
properties of recombinant molecules generated in eukaryotic
and bacterial expression systems would be sufficient to
eliminate contributions of host-cell factors to the observed
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molecular function. However, because the HSR pathway
genes are so well-conserved among eukaryotes and prokary-
otes, the possibility of residual bacterial HSPs or related
proteins contributing to the behavior of recombinant HSF
remains a concern. In an attempt to circumvent these potential
pitfalls, Farkas et al. (93) showed that mouse HSF1 that had
been generated in E. coli and purified to near homogeneity
(with the exception of a 94 kD protein contaminant detectable
by silver stain), formed a DNA-binding trimer after exposure
to either elevated temperatures or low pH. Collectively, these
data suggest that HSF itself is likely to be directly activated
by exposure to high temperature and certain chemical
stresses.

HSF trimerization is achieved by forming intermolecular
α-helical coiled-coil structures between the LZ1/2 domains
on adjacent HSF molecules (309, 374, 435). Evidence
from mutational analyses of Metazoan HSF, indicates
that the hydrophobic heptad repeats in all three leucine
zipper domains are required to repress HSF trimerization in
unstressed cells (93, 460, 461). These studies suggest that
LZ3 might form an intramolecular coiled-coil structure with
LZ1 and/or LZ2, thereby competing with intermolecular
LZ1/2 binding. Zuo et al. (460) argue that the capacity of
inactivating mutations in any of the three leucine zipper
domains to derepress HSF trimerization suggests a triple-
stranded intramolecular structure involving all three leucine
zipper domains. These studies, however, did not prove that
the intramolecular interaction among the three HSF leucine
zipper domains was direct rather than mediated by interposed
heterologous proteins. The exact mechanism through which
an increase in temperature directly converts intramolecular
coiled-coil structures among LZ1, 2, and 3 in monomeric
HSF to intermolecular coiled-coil structures of HSF trimers
is not completely understood.

Several lines of evidence suggest that the participation of
other molecules and signaling pathways are important for reg-
ulating HSF activation under physiologically relevant condi-
tions, including infections and injury. First, several activators
of HSF trimerization/DNA binding in intact cells fail to acti-
vate HSF in cell-free conditions, including salicylate, dinitro-
phenol, ethanol, and arsenite (458). Second, when expressed
in Drosophila SL-2 cells, human HSF1 trimerization is acti-
vated at 32 to 37◦C (66), several degrees lower than the
threshold for human HSF1 activation in human HEK293
cells. Interestingly in this study, Drosophila HSF, but not
human HSF1, trimerized in human HEK293 cells cultured
at basal 37◦C temperatures. These results indicate that the
intrinsic temperature-responsiveness of Drosophila HSF, as
demonstrated in cell-free lysates (458), is not repressed when
expressed in the human cells. Third, the thermal threshold for
activation differs among different tissues in the same organism
(336). Fourth, the temperature required for activation of cel-
lular HSF can be modified within the same cell by prolonged
exposure to a new basal temperature (44, 217, 235, 450) or by
exposure to certain soluble factors, such as arachidonic acid
or type I interferons (IFNs) (178, 250).

Multiple, nonmutually exclusive mechanisms for intra-
cellular regulation of HSF activation have been proposed.
A widely accepted model is based on the capacity of cer-
tain HSPs and related proteins, principally HSP70 (23, 282),
HSP90 (459), the cochaperone p23 (32), and possibly one or
more immunophilins, to bind to and prevent trimerization of
monomeric, non-DNA-binding HSF1. The proponents of this
model argue that as denatured proteins accumulate in stressed
cells, they compete with HSF monomers for binding to HSPs.
Once HSF is released from these multi-protein complexes, it
spontaneously trimerizes and initiates the HS gene expression
program. The data supporting this model have been recently
reviewed (419).

The eukaryotic translation elongation factor eEF1A and
a novel noncoding RNA, HSR1, has also been implicated in
the activation process of HSF1 following exposure to heat
shock (356). Both HSR1, a novel, large, noncoding RNA,
and eEF1A, a key component regulating the actin cytoskele-
ton architecture in the cell are highly conserved and abun-
dantly present (120, 355). It is proposed that following stress,
both eEF1A and HSR1 interact with HSF1 to either pro-
mote the formation of active HSF1 trimers or favor its sta-
bilization (356). This model is very attractive since RNA
secondary structure is exquisitely temperature-dependent and
easily modified by modest sequence changes. However, addi-
tional studies are required to evaluate the participation of
these factors in HSF activation in response to infections and
inflammation.

HSF transactivating activity

Compared with regulation of HSF trimerization, much less
is known about the regulation of HSF transactivating activ-
ity. Yeast and Metazoan HSFs share a similar architecture
in which a constitutively active C-terminal TAD interacts
with upstream repressor domains, but the sequences compris-
ing these domains vary greatly across species. Even in two
related yeast, Saccharomyces cerevisiae and Kluyveromyces
lactis, HSF TAD sequences are very different. S. cerevisiae
HSF contains two cooperatively functioning TADs distributed
over 180 amino acids whereas K. lactis HSF has a single 32
amino acid TAD (61). However the TADs of both yeast species
contain hydrophobic heptad repeats with potential for form-
ing coiled-coil structures. Furthermore, inactivating the LZ2
but not the LZ1 domain in yeast HSF confers constitutive
transcriptional activating activity (61). Using a GAL4-based
chimeric transactivation assay to map the TAD domains in
Drosophila HSF, Wisniewski et al. (439) found TAD activity
to reside in the C-terminal 80 amino acids and, like yeast
HSF, the isolated TADs were constitutively active in a het-
erologous GAL4 transactivation assay. Mason and Lis (232)
showed that Drosophila HSF, like the prototypical acidic tran-
scription factor VP16, binds to the general transcription factor
TATA-binding protein (TBP), and competes with binding of
RNA polymerase II to TBP. Based on these findings, they
proposed that HSF activates transcription by displacing RNA
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Table 3 Protein Kinases Shown to Phosphorylate Human/Mouse HSF1, the Amino Acid Targeted and the Functional Consequences of
Phosphorylation

Kinase Amino acid target Functional consequences Reference number

ERK, GSK3β S307, S303 Represses transcriptional transactivating activity and HSE binding 64,65, 191, 194,
442, 443

PKCαζ S363 Represses transcriptional transactivating activity 65

CaMKII S230 Activates HSE binding, translocation to stress granules, and transactivating
activity

154

Casein kinase II T142 Induction of transcriptional activating activity 372

PLK1 S419 Heat-induced nuclear translocation 83

JNK TAD, S307, ? Prolongs nuclear localization of HSF, increases transactivating activity, may
also repress activity in some systems

77, 189, 296,
203, 316

P38MAPK ? Increases HSE binding and HSP72 expression 163

RSK ? Reduces HSE binding 428

MAPKAPK2 S121 Inhibits HSE binding and increases HSF1 binding to HSP90 429

polymerase II from TBP thereby releasing it from its paused
position and allowing transcription to proceed. Mason and
Lis (232) also demonstrated that another transcription factor,
GAGA, binds to and stabilizes HSF:DNA complex formation
on the Drosophila HSP70 and HSP26 promoters. Using a sim-
ilar assay system, Green et al. (116) showed that human HSF1
contained two independent TADs with molecular architecture
reminiscent of the S. cerevisiae HSF. One TAD, comprising
the C-terminal 100 amino acids, is proline- and glycine-rich
and negatively charged. The other TAD is somewhat less neg-
atively charged and overlaps with heptad repeats in the LZ3
domain. Both TAD sequences were constitutively active when
analyzed in the GAL4 transactivator assay. However, inclu-
sion of the sequence between the LZ2 and LZ3 domains with
the TAD/GAL4 sequence reduced basal transcription activity
and conferred heat-inducibility. Another mutational analysis
suggested the presence of a regulatory domain between amino
acid 221 and 310 (116). Zuo et al. (461) showed that mutations
in the human HSF1 LZ2, but not LZ1, domain increased basal
transcriptional activity and reduced heat-inducibility by 30-
fold, suggesting additional regulatory activity within the LZ2
domain. Collectively, these studies suggest that TAD activity
resides in the HSF C-terminus, and that it is repressed by
upstream sequences under basal conditions and de-repressed
in following heat exposure. Derepression is thought to result
from conformational changes that unmask TAD rather than
the direct modification of the TAD sequences as occurs with
other transcription factors, such as NFκB. The potential role
of specific phosphorylation events in mediating these effects
is discussed below.

Regulation of HSF by covalent modification and
heterologous protein binding

HSF function is regulated by both covalent modifica-
tions, including phosphorylation, sumoylation, and possibly

oxidation, and noncovalent binding to heterologous proteins,
which are discussed below.

Activation/deactivation homeostasis of HSF within cells
appears to be predominantly dependent on the phosphoryla-
tion state of the molecule. Human HSF1 contains 60 serine
residues, many of which are substrates for multiple kinases.
By analyzing the effect of mutating potential phosphoryla-
tion sites on the behavior of HSF in cells, multiple labo-
ratories have identified the likely consequences of several
phosphorylation events (see Table 3). For example, phospho-
rylation of S230 in human HSF1 in HeLa and H1299 cells,
K562 erythroleukemia cells, and transfected mouse embry-
onic fibroblasts enhances (154) and phosphorylation of S303,
S307, or S363 in human HSF1 in HeLa and H1299 cells, THP1
human promonocytes, 3T3 fibroblasts, and transfected Xeno-
pus oocytes inhibits transcriptional transactivating activity
(64, 65, 77, 191, 194, 245, 277, 442, 443). Note that three
of these four serines are located within the human HSF1
transcription regulatory domain identified by Green et al.
(116). Sonocin et al. reported that phosphorylation of T142 by
calcium/calmodulin-dependent protein kinase II (CaMKII) is
essential for transcriptional activating activity in HeLa cells
(372) and Kim et al. (188) showed that phosphorylation on
S419 may contribute to HSF1 nuclear translocation following
exposure to heat in HEK293 cells. In a recent study, Guet-
touche et al. (122) showed that exposure to heat induced the
phosphorylation of human HSF1 on multiple serines includ-
ing S121, S230, S292, S303, S307, S314, S319, S326, S344, S363,
S419, and S444 in HeLa cells; however, only phosphorylation
on S326 contributed to transcriptional competency of HSF1
in this study. Collectively, these studies indicate that (1) it
is the pattern of phosphorylation rather than the absolute
number of amino acids phosphorylated that determines HSF
functional activity and (2) HSF phosphorylation is extremely
complex and the mechanisms, participating sequences, and
the functional consequence of each phosphorylation event are
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incompletely understood and may differ among different
types of cells.

Considering the multitude of phosphorylation sites on
the HSF molecule, it is not surprising that HSF is a sub-
strate for multiple signaling kinases, including several that
are activated during infections and other inflammatory states.
In some studies, the kinase and the target residue have both
been identified; whereas in others, use of specific kinase
inhibitors and loss/gain of function have identified the par-
ticipating kinase without identifying the target residue. HSF1
can be phosphorylated by ERK1/2 (64), by glycogen syn-
thase kinase 3β (GSK-3β) (64,65), and by protein kinases C
(PKC)-α and ζ (65) on S307, S303, and S363, respectively, in
THP1 and 3T3 cells. These authors have suggested that the
quiescent monomeric state of HSF1 is maintained through
inhibitory phosphorylation of these specific residues at 37◦C
(65, 191). Conversely, phosphorylation of T142 in mouse
HSF1 by casein kinase II (CKII) was found to be essen-
tial for induction of transcriptional activating activity in HeLa
cells (372) and S419 phosphorylation by polo-like kinase-1
(PLK1), a kinase involved in regulation of cell cycle pro-
gression, was required for heat-induced nuclear translocation
of mouse HSF1 when transfected into HEK293 cells (188).
In some cases, the same kinase can exert opposing effects
on HSF activation. For example, c-Jun NH2-terminal kinase
(JNK) enhanced HSF1 transactivating activity in some exper-
imental systems and inhibited activity in others (77, 189, 296).
Another MAP kinase, p38MAPK, was required for cadmium-
induced HSF1 activation and HSP70 synthesis (163). Kinases
that are downstream of ERK and p38MAPK cascades, such
as ribosomal S6 kinase (RSK) (428) and mitogen-activated
kinase-activated protein kinase-2 (MAPKAPK2) have also
been shown to modify HFS1 functional activity by suppress-
ing HSF1-mediated HSP transactivation (429).

The potential role of protein phosphatases in regulating
HSF1 function has also been documented in various studies.
For example, Mevechi et al. (246) reported that okadaic acid,
a serine phosphatase inhibitor, increased HSF1 activation and
HSP synthesis following exposure to heat, but vanadate, a
tyrosine phosphatase inhibitor exerted the opposite effect.
Calyculin A, another serine/threonine phosphatase inhibitor,
abrogated heat-induced HSP70 expression in one study (184)
and our laboratory reported that calyculin A abrogates FRT-
induced repression of murine TNFα expression (362) prob-
ably by maintaining HSF1 in a hyperphosphorylated form
after stimulation with the proinflammatory agonist, bacte-
rial endotoxin lipopolysaccharide (LPS). Furthermore, Ding
et al. (84) showed that inhibition of HSF phosphorylation by
overexpression of HSP70 was mediated by activation of pro-
tein phosphatases (in addition to directly binding to HSF as
discussed below), suggesting a role for phosphatases in the
negative feedback regulation of HSF.

The covalent conjugation of small ubiquitin-like modi-
fier (SUMO) to lysine residues has been shown to alter the
function of a number of cellular proteins (9). Hong et al.
showed that SUMOylation of K298 in human HSF1 follows

phosphorylation of S303 and results in increased HSF1
DNA binding and transcriptional activity (157). In contrast,
Hietakangas et al. (147) showed that mutation of K298 to ala-
nine increased rather than decreased the transactivating activ-
ity of human HSF1 in Cos7 cells, suggesting that SUMOy-
lation of this site repressed activity in these cells. Additional
studies are required to better understand the full potential of
this post-translational modification and its functional conse-
quences, which may vary among different species and/or cell
types.

As mentioned earlier, most studies show that oxidative
stress activates HSF (293, 457, 458). Manalo et al. (227)
showed that treating cells and cell lysates with the oxidiz-
ing agent, diamide, converted human HSF1 to a compact
monomeric form that was resistant to heat-induced trimer-
ization. However, there have been no reports of similar
changes in HSF by more physiologically relevant oxidative
stresses. Whether the observed activation of HSF trimer-
ization by exposure to hydrogen peroxide (457, 458) or
hypoxia/reoxygenation (293) is caused by direct oxidation of
HSF itself rather than by the accumulation of oxidized cellu-
lar proteins that release HSF from HSP-containing inhibitory
complexes has not yet been conclusively determined. How-
ever, in the latter case, Ozaki et al. (293) showed that the
small GTPase, Rac, was required for HSF activation follow-
ing exposure to hypoxia/reoxygenation.

HSF1 forms hetero-oligomers with several proteins
including HSP70 and HSP90, each of which regulates its
activity through distinct mechanisms. HSP90 maintains HSF1
in the inactive monomeric state (7, 32, 459) (see Table 4).
HSP90, a ubiquitously expressed chaperone, participates in
diverse signaling pathways and forms multi-chaperone com-
plexes with client proteins that include steroid hormone recep-
tors, kinases, transcription factors, proteins like HIP, HOP,
HSP70/40, p23, immunophilin, and HSF1 (299). Several
groups have shown that pharmacologic inhibition of HSP90
with geldanamycin or knockdown of HSP90 with siRNA dis-
rupts the complex, induces HSF1 trimer formation and HSE-
binding activity, and activates HSP gene transcription (7, 32,
459). While earlier studies suggested that HSP70 regulated
HSF1 by a negative feedback mechanism involving formation
of an HSP70/HSP40 complex that binds to and inactivates
HSF1 trimers (2, 22, 253, 343, 357), subsequent studies have
shown that an interaction between HSF1 and HSP70 occurs in
both stressed and unstressed cells and is probably insufficient
to repress HSF under normal conditions (310). Using yeast
two-hybrid screening, Satyal et al. (341) identified a novel
8.5 kDa nuclear protein, HSF-binding protein-1, while
Hu and Mivechi (160) showed that Ral-binding protein 1,
formed a multimeric complex with HSF1 along with HSP90
and ß-tubulin in the absence of stress. Another protein
identified by this method was the apoptosis modulator,
Death-associated protein-6 (DAXX) (36). Although DAXX
is generally considered to be a repressor of basal transcrip-
tion, the interaction between DAXX and HSF1 enhanced
the transactivation activity of HSF1 in this study (36). Other
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Table 4 HSF-binding proteins and effects on HSF function

Proteins that bind to HSF Functional consequence Reference number

HSP90 Maintains HSF1 in the inactive monomeric state 7, 32, 459

HSP72 Maintains HSF1 in the inactive monomeric state; may recruit phosphatase
leading to HSF1 dephosphorylation

2, 22, 23, 84, 253,
282, 343, 357

Cochaperone p23 Maintains HSF1 in the inactive monomeric state 32

eEF1A/HSR1 Protein/RNA complex promotes or stabilizes HSF1 trimers 120, 355, 356

GAGA Stabilizes HSF1:HSE binding on HSP72 promoter 232

DAXX Enhances the transactivation activity 36

STAT-1 STAT1 and HSF1 synergistically activated transcription of HSP72 and HSP90 381

NF-IL-6 (eEBPβ) HSF1 and NF-IL6 are mutually antagonistic 445, 446

TBP and TFIIB Participates in formation of transcription preinitiation complex 451

Cell division cycle protein, Cdc20 Blocks exit from mitosis, leading to aneuploidy 205

Nuclear pore TPR protein Facilitate the export of HSP72 mRNA from the nucleus during stress 106

CHIP De-represses HSF1 after HS by ubiquitinylating HSP72 76, 307, 371

transcriptional regulators, including signal transducer and
activation of transcription (STAT)-1, NF-IL6, and Transcrip-
tion Factor (TF)-IID, have also been shown to bind to HSF1
(381, 445, 446, 451) with variable effects on HSF1 function.
For example, STAT-1 and HSF1 synergistically activated
transcription of HSP70 and HSP90 (381), whereas HSF1 and
NF-IL6 are mutually antagonistic (445,446). Similarly, Yuan
and Gurley (451) reported that HSF1 could bind both TATA-
binding protein (TBP) and the TFIIB transcription factor
complex, and implied that these interactions could direct
the formation of either a dysfunctional or a transcriptionally
competent preinitiation complex.

Two recent studies identified new binding partners for
HSF1 that suggested expanded functions for HSF. Lee et al.
(205) reported that the regulatory domain of human HSF1
(amino-acid sequence 212-380) interacted directly with the
amino-acids 106-171 of the human cell division cycle pro-
tein, Cdc20, and inhibited the interaction between Cdc27
and Cdc20, phosphorylation of Cdc27, and the ubiquitina-
tion activity of anaphase-promoting complex. Kevin Sarge’s
group (371) showed that HSF1 interacts with the nuclear
pore-associating TPR protein in a stress-responsive manner
to selectively facilitate the efficient export of HSP70 mRNA
from the nucleus during stress, while the export of most
other mRNAs is depressed in the stressed cell. Cam Patter-
son’s laboratory demonstrated a role for the ubiquitin ligase,
carboxy-terminus-of-HSC-70-interacting-protein (CHIP), in
derepressing HSF1 following exposure to heat (76, 307).
CHIP is recruited to HSF1 following heat exposure (187)
and targets HSP70 for degradation via the proteosome path-
way (76, 307), thereby providing an alternative mechanism
for removal of HSP70 from the HSF1-containing complexes
and reversal of HSF1 repression.

Collectively, these studies demonstrate that HSF1 activa-
tion is regulated through multiple steps, each of which can
be affected by temperatures, soluble mediators, and protein
modifying signaling events that are encountered during febrile
illnesses.

Overlap between the fever and heat
shock responses
Over ten years ago, we proposed that there is a partial over-
lap between fever and the HSR that may help shape the host
response during febrile illnesses (136). We based this pro-
posal on data showing partial activation of heat shock sig-
naling pathways at febrile temperatures, the participation of
HSF1 in the regulation of some inflammatory mediator genes,
and the cytoprotective effects of intracellular HSPs generated
at febrile temperatures. In the subsequent decade additional
experimental evidence has been generated that supports a
functional overlap between fever and the HSR and identifies
HSF1 as central to the relationship between these two distinct,
evolutionarily conserved processes.

Activation of HSF1 at febrile-range temperatures

The thermal threshold for activating HSF1 and inducing the
HSR not only differs across species (401), but also across dif-
ferent cell types and tissue in the same organism (115, 336),
and can be lowered further by exposure to certain inflam-
matory mediators (178, 250). For example, mouse lymphoid
tissues, including spleen, exhibit a low thermal threshold for
induction of HSP expression (115, 291), which appears to
derive from T lymphocyte rather than B lymphocyte behav-
ior (115), suggesting variable cell- and tissue-specific HSR
activation that may occur at FRT.
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As discussed in the previous section, HSF1 trimeriza-
tion and nuclear translocation is required but not sufficient
for HSP gene expression (93, 460, 461) and can be disso-
ciated from activation of HSP gene expression (33, 69). We
found that exposing RAW 264.7 mouse macrophages to FRT
(39.5◦C) activates HSF1 trimerization, but not transactivat-
ing activity while exposure to classic heat shock temperatures
(≥42◦C) activates both and HSF1 functions (363). Similarly,
Laszlo et al. (202) showed that 15 min exposure to 38◦C was
sufficient to activate HSF1 to a DNA binding form in HA-
1 hamster fibroblasts and C3H10T1/2 mouse fibroblast-like
cells. We recently confirmed that HSF1 activation to its DNA-
binding trimeric state is dissociated from HSP70 expression
and showed that the thermal threshold for HSP70 expression
is both temperature- and time-dependent in the A549 human
pulmonary epithelial-like adenocarcinoma cell line (406).
Similar to the results in the Laszlo study, exposing A549 cells
for 1 h to 38.5◦C, 39.5◦C, or 41◦C caused similar nuclear
translocation of HSF1 with HSE-binding activity. However,
detectable HSP70 protein expression required 24 h exposure
at 38.5◦C, 6 h exposure at 39.5◦C, and only 1 h exposure
at 41◦C. The relationship between the exposure temperature
and maximal HSP70 protein levels was linear between 37◦C
and 41◦C, increasing approximately 50% per degree-Celsius.
However, a further one degree-Celsius increase in temperature
to 42◦C stimulated an additional 2.6-fold increase in HSP70
expression with little additional activation of HSE-binding
activity (406). A luciferase reporter controlled by the human
HSP70 gene promoter sequence exhibited a similar pattern
of temperature dependence. These results suggest that 41 to
42◦C may represent a key temperature threshold in human
cells above which the relationship between HSP70 gene acti-
vation and temperature shifts. That 41◦C is the upper limit
of the normal human febrile range underscores the biological
significance of this relationship and its importance in febrile
disease states (330, 331).

In anesthetized mice, raising core temperature to febrile-
range levels (39.5◦C) for 3 h was sufficient to activate HSP70
expression in liver and kidney, albeit at much lower levels than
mice exposed to a classic HSR-activating temperature (42◦C)
for only 20 min (173). More recently, we showed that main-
taining core temperature at 39.5◦C for 24 h in conscious mice
activates expression of HSP70 in lung parenchyma (321).
We have previously posited that fever, which evolved long
after emergence of the HSR, coopted elements of the HSR
to generate a distinct, partially overlapping process (136).
The dramatic increase in HSP70 gene expression as ambient
temperature increases from ≤41◦C to ≥42◦C supports this
hypothesis.

Several studies demonstrate that the thermal threshold
for HSR activation may be modified as part of adaptation to
new basal temperatures. Two recent studies in humans (235,
450) have demonstrated that physiologic adaptation to recur-
rent exertional hyperthermia is sufficient to increase baseline
HSP70 and 90 expression in peripheral blood mononuclear
cells. In our own study, we showed that subjecting human

subjects to a 10-day heat acclimation program consisting of
daily exposure to exertional hyperthermia that achieved core
temperatures up to 39.5◦C for ≤ 100 min increased baseline
levels of HSP70 and HSP90 and blunted ex vivo inducibility
of HSP70 (235). Intertidal mussels (44) and goby fish (217)
each exhibit a similar pattern of increased thermal threshold
for HSP70 and HSP90 expression following chronic expo-
sure to elevated body temperatures. In the case of intertidal
mussels, the increase in thermal threshold for HSP70 expres-
sion occurred without an increase in the temperature threshold
for HSF HSE binding activity, indicating a change in post-
trimerization modification of HSF or activation of factors that
synergize with HSF for HSP70 gene activation (e.g., STAT-1).

Collectively, these data suggest that HSP gene expression
can occur at temperatures within the usual febrile range, that
post-HSF-trimerization events play a large role in its regu-
lation, and that the threshold for HSP gene expression may
be modified by chronic exposure to elevated temperatures as
may occur during prolonged febrile illnesses.

Activation of heat shock signaling by products
of infection

Pathogens, pathogen-derived products, and host-derived
inflammatory mediators can activate many of the kinases that
regulate HSF1 activation and HSP gene expression. Mam-
malian toll-like receptors (TLRs) are a family of 13 highly
conserved type I transmembrane pattern recognition recep-
tors that recognize various pathogen components as well as
certain host molecules that are released during tissue injury
[reviewed in (42)]. Activation of all TLRs except TLR3 are
transduced through a multi-protein signaling complex that
includes MyD88, IRAK-1 and -4, and TRAF6, and leads
to activation of all three MAP kinase cascades. Moreover,
certain TLR agonists like the TLR4 agonist LPS also acti-
vate the lipid kinase phosphoinositide-3-kinase (PI3K) and
PI3K-dependent kinase-1 (PDK-1). PDK-1 directly activates
Akt/Protein kinase B, which leads to activation GSK-3β and
RSK-1 and 2, as well as PKC-α and ζ (64,65, 155, 163, 185,
189). As discussed earlier (Table 3), each of these kinases
can phosphorylate HSF1 and modify its activation state and
transactivating activity. In addition to the MyD88-dependent
pathway, LPS also activates expression of IFN-β via a sec-
ond, MyD88-independent pathway (100). Type I IFNs not
only reduce the thermal threshold for activation (250) but
may also enhance the HSR by activating STAT-1, a transcrip-
tion factor that binds to HSF1 and the HSP70 and HSP90α

promoters and enhances transcriptional output of both genes
(381).

While the studies of TLR-mediated kinase activation sug-
gest that post-TLR signaling in general and LPS-induced
signaling in particular has the capacity to up- and down-
regulate HSF transactivating activity, most empiric studies
show that LPS causes an increase in expression of HSPs
when applied to mammalian cells. Isolated rat lung pericytes
increased HSP60 and 72 mRNA and protein levels after 18 h
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incubation with LPS (86). Hirsh and co-workers (151) showed
that LPS rapidly elicited the expression of HSP70 on the sur-
face of human neutrophils, which may target them for destruc-
tion by γ δ T cells. Unoshima et al. (410) reported that admin-
istration of LPS to rats in vivo caused upregulation of HSP70
in splenocytes. Similarly, Ofentsein et al. (284) showed that
intravenous administration of LPS to rats for 2 h increased
levels of HSP70 in splenocytes incubated ex vivo at 37◦C for
an additional 3 h. Flohé and co-workers (101) showed that
rats that received intravenous LPS 5 h prior to euthanasia
exhibited increased levels of HSP70 mRNA in lung and liver
compared with untreated controls and rats made LPS-tolerant
prior to LPS challenge.

In addition to its intracellular functions, HSP60 and 72
have been shown to exert TLR4 agonist activity (18, 285)
when present in the extracellular milieu as may occur follow-
ing cellular necrosis or as a result of active HSP secretion
(224,225). One can appreciate how this might activate a posi-
tive feedback loop that could enhance activation of HSPs and
inflammatory mediators. Furthermore, prolonged exposure to
low concentrations of extracellular HSP70 induced LPS tol-
erance in human THP-1 promonocytes (12), thereby demon-
strating at least one mechanism through which this positive
feedback loop may be interrupted. In addition, as discussed
earlier, accumulation of HSP90 and 72 limits further HSP
expression by blocking and reversing HSF1 activation.

Exposure to TLR agonists activate a stereotypic acute
phase response in mammals comprising fever, release of the
proinflammatory cytokines TNFα, IL-1β, IL-6, and IFNγ ,
an increase in circulating leukocytes and certain proteins
(e.g. fibrinogen, serum amyloid A, albumin, and C-reactive
protein) and decrease in others (albumin, transferrin, and
insulin growth factor I) (106). That IL-1β stimulates the
same MyD88-dependent signaling cascade as TLR agonists
(209) and TNFα activates many of the same HSF1-targeting
kinases as TLR agonists [reviewed in (423)] suggests these
cytokines might also enhance the HSR. The few reported
studies of cytokine effects on the HSR have confirmed this
prediction. D’Souza et al. (74) reported that IL-1α, TNFα, and
IFNγ each stimulate an increase in HSP70 immunostaining
in human oligodendoglial cells incubated without exposure to
heat. Maulik et al. (234) found that in vivo IL-1α administra-
tion caused an increase in HSP27 mRNA levels in rat heart.
Overexpression of TNFα increased HSF1 HSE-binding activ-
ity and HSP70 expression and knockdown of TNFα with an
antisense plasmid had the opposite effects in HeLa cells and
several human pancreatic cell lines (430,431). IFNγ activates
HSP72 expression in the human HepG2 liver cell line via a
STAT1-dependent process (381). IL-6 enhanced heat-induced
HSP70 expression in the human Huh-7 hepatoma cell line by
derepressing HSF1 through the inhibition of ERK and GSK-
3ß (438). Collectively, these data demonstrate that pathogens
themselves, pathogen-derived products, and multiple compo-
nents of the host acute phase response, including fever and
multiple proinflammatory cytokines, can activate or enhance
HSF1 activation and HSP expression.

Heat shock response during infection and sepsis
Modifications in HSF1 activation and HSP expression have
been demonstrated in clinical studies of human infections and
in experimental infections in animals (see Table 5). The clin-
ical studies of HSR in human sepsis are small and utilize
different methods but generally show that HSP expression is
higher in patients with sepsis. Hashiguchi et al. (138) analyzed
HSP27, 60, 70, and 90 expression levels in blood neutrophils
using mean fluorescence intensity from flow cytometry in 21
patients with early sepsis and 14 healthy controls. They found
that neutrophils from the patients with sepsis had higher levels
of all four HSPs compared with the control subjects. Similarly,
Delogu et al. (83) found the proportion of peripheral blood
mononuclear cells (PBMCs) expressing HSP70 as assessed
by flow cytometry to be almost 4-fold higher in patients with
sepsis than in healthy controls. Other studies showed that lev-
els of cell-free HSP70 in serum were also elevated in patients
with sepsis, including children with septic shock (281, 436).

Most studies of animal models of infections also demon-
strate that host HSP expression is increased during infec-
tions. In mice infected with Francisella tularensis, the
causative agent of tularemia, peritoneal macrophages exhib-
ited increased HSP70 levels but not until three days after
infection (385). Trichinella infection in rats is associated with
increased levels of HSP25, 60, and 70 protein in spleen and
brain, increased HSP25 protein levels in liver, and increased
HSP25 and 60 levels in muscle (230, 231). On the other
hand, Singleton et al. (370) reported reduced HSP25 and
70 expression in lung 24 h after sepsis induced by cecal lig-
ation and puncture. Weiss et al. (433) reported that HSP72
mRNA and protein levels in lung did not increase up to 48 h
after cecal ligation and puncture in mice. Collectively, these
data suggest that the observed effect of infections on HSP
expression may depend on the timing relative to infection,
the type of infection, and the tissue affected. Zheng et al.
(456) showed that exposing cultured human neutrophils to E.
coli or S. aureus induced apoptosis, but unlike neutrophils
that were made apoptotic by exposure to ultraviolet irradi-
ation, the pathogen-exposed neutrophils generated increased
expression levels of HSP60 and 70. Furthermore, the bacteria-
exposed neutrophils induced classic rather than alternative
macrophage activation following phagocytosis. As the shift
to alternative macrophage activation is important for the res-
olution of inflammation (113, 114), this effect might prolong
the inflammatory phase of infection. Infections also cause ele-
vated HSP expression in lower vertebrates, including in sea
bream infected with Vibrio alginolyticus (82) and the west-
ern painted turtle (Chrysemays picta bellii) with septicemic
cutaneous ulcerative dermatitis in which HSP72 levels were
increased in brain and liver (312).

HSP induction is not limited to bacterial infections as sev-
eral viruses also induce HSP expression in target cells, includ-
ing Epstein-Barr virus in human B lymphocytes (196), respi-
ratory syncitial virus in A549 cells (38), and adenovirus in B16
melanoma cells (239). HSR activation has also been found

134 Volume 4, January 2014

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Comprehensive Physiology Fever, Immunity, and Molecular Adaptations

Table 5 Alterations in HSF1 Activation and HSP Expression in Infections and Injury

Effect on HS Clinical condition Reference number

Clinical studies

Increased HSP27, 60, 72, 90 in neutrophils Sepsis 138

Increased HSP72 in PBMC Sepsis 83

Increased serum HSP72 Acute infections, septic shock 281, 436

Activation of HSF1 HSE-binding in PBMC Human pancreatitis 283

Increased HSP72 in neutrophils Trauma 137

Increased HSP32, 72, 90 in PBMC Systemic inflammation 279, 280

Increased HSP72 in cardiac tissue Postcardiac surgery 236, 394

Animal models Stimulus

Increased HSP72 in peritoneal macrophages Francisella tularensis infection 385

Increased HSP25, 60, 72 expression in spleen, liver,
and muscle

Trichinella-infected rats 230,231

Reduced HSP25, 72 levels in lung Mouse CLP 370

No change in HSP72 levels in lung Mouse CLP 433

Elevated HSP72 in liver Vibrio alginolyticus-infected sea bream 82

Elevated HSP72 in brain and liver Septicemic cutaneous ulcerative dermatitis in Western
painted turtle

312

HSP72, 25 expression and activation of HSF1
HSE-binding in pancreas

Mouse model of cerulean-induced pancreatitis 90

Increased HSP72 in lung Mouse undergoing surgery (sham CLP) 433

Cell culture models Stimulus

Increased HSP90, 25 EBV infected human B lymphocytes 196

Intranuclear HSP60, 72 expression RSV infected A549 cells 38

HSP72 expression Adenoviral-infected B16 melanoma 239

HSP72 expression E. coli, S. aureus-infected human neutrophils 456

to occur in noninfectious inflammatory disorders, including
human pancreatitis in which HSF1 was found to be activated
(283) and a mouse model of cerulean-induced pancreatitis
in which elevated pancreatic levels of HSP72 and 25 pro-
tein and activated HSF1 were detected (90). Hashiguchi et al.
(137) demonstrated that neutrophils obtained from trauma
patients had higher levels of HSP72 than cells from control
subjects. Njemini et al. (279) reported that PBMCs obtained
from patients with inflammation, based on elevated circulat-
ing levels of C-reactive protein and IL-6, expressed higher
levels of HSP32, 72, and 90 than cells from control patients.
In their study of HSP expression in the mouse cecal ligation
and puncture, Weiss et al. (433) found elevated HSP72 mRNA
and protein levels in lungs of mice undergoing sham cecal lig-
ation and puncture in which an abdominal incision was made.
These results indicate that the stress of surgery might be suf-
ficient to activate the HSR in mice. A similar association of
HSP expression and surgery has been demonstrated in human
cardiac surgery in which cardiac expression of HSP72 was
detected postoperatively (236, 394).

Extended activities of HSF1
and the immune response
Heat-inducible HSF, including mammalian HSF1, was orig-
inally identified as a stress-activated transcriptional activa-
tor of HSP genes. However, evidence for the participation
of HSF in more diverse processes such as innate immunity
in Caenorhabditis elegans (368) and extra-embryonic devel-
opment (444) suggest a much broader range of biological
functions than previously thought (Table 6).

The concept that HSF1 might have additional functions
was initially suggested by Westwood et al. (434) who used
in situ hybridization analysis to show that exposure to heat
stimulated the recruitment of HSF to 150 distinct chromoso-
mal loci in Drosophila salivary gland polytene chromosomes,
far more than could be accounted for by the known HSP
genes. These observations were subsequently complemented
by Trinklein et al. (403) who used a combination of chro-
matin immunoprecipitation and human promoter microarray
analyses to show recruitment of HSF1 to multiple non-HSP
genes in human K562 cells. Our own in silico analysis of
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Table 6 Additional Functions of HSF

Biological effect of HSF
Reference
number

Information from HSF1 deletion in animal models

Increases expression of LIX in murine lung 364

Normal extra-embryonic murine development 444

Normal murine reproductive behavior and
female fertility

63, 171, 444

Normal postnatal murine brain development 333

Maintenance of murine olfactory epithelium 396

Ciliary beating in murine respiratory epithelium,
oviduct

397

Limits LPS-induced TNFα expression 67

Increases respiratory epithelial injury in
LPS-challenged mice

321

Resistance to E. fecaelis infection in C. elegans 368

Information from in vitro studies

Increases expression of IL-8 (and likely other
CXC chemokines)

256, 364

Represses expression of human prointerleukin-1,
c-fos, and urokinase-type plasminogen activator
genes

47, 445

Represses expression of c-fos 447

Represses TNFα expression 361, 363

Enhanced expression of inducible nitric oxide
synthase

112

Optimizes IL-6 expression by altering chromatin
architecture

168

CXC chemokine genes showed that the promoter regions of
almost all mouse and human CXC chemokine genes contained
multiple potential HSE consensus sequences (256). We sub-
sequently showed that some of the putative HSEs recruited
HSF1 in vivo and that some of these functioned as a transcrip-
tional activator, some as a repressor and some were func-
tionally silent (223, 364). Additional studies, using cDNA
microarrays to analyze the gene expression pattern activated
by heat exposure confirmed that such exposure also mod-
ifies expression of several non-HSP genes, including those
involved in regulation of transcription, growth, DNA repair,
apoptosis, signaling, and cytoskeletal function (85, 254, 373).
More recently, Mendillo et al. (240) showed that HSF1
was activated under basal conditions in cancers with high
tumorigenic and metastatic potential but not in other cancers
and, using high throughput chromatin-immunoprecipitation-
sequencing (ChIPseq), that HSF1 was recruited to about 500
genes, many of which are distinct from those induced by heat
exposure and some of which are downregulated by HSF1.

Studies with the HSF1 knock-out mouse developed by
Ivor Benjamin’s group confirmed that HSF1 is the major
regulator of the HSR (238) and also demonstrated that
HSF1 participates in the regulation of extra-embryonic

development, growth, and endotoxemia-induced systemic
inflammation (444), female (63, 444) and male (171) repro-
ductive potential, the ubiquitin proteolytic pathway (303),
postnatal brain development (333), in the maintenance of
olfactory epithelium (397) and in ciliary beating in the respi-
ratory epithelium, ependymal cells, oviduct, and the trachea
(396), and tumorigenesis (75).

Gene specific studies by our laboratory and by Stuart
Calderwood’s laboratory have shown that HSF1 can modify
the expression of various cytokines, chemokines, and acute
response genes. The Calderwood group showed that follow-
ing exposure to heat, HSF1 mediates transcriptional repres-
sion of human prointerleukin-1β, c-fms, and c-fos genes (47,
445-447) through quenching of other transcription factors,
most notably NF-IL6/c/EBPβ. In our studies, we found that
HSF1 was activated at FRT (39.5◦C) and mediated the repres-
sion of TNFα gene expression by interacting with a putative
HSE sequence present in the mouse TNFα 5′-untranslated
region (361-363). Interestingly, we found that exposure to
FRT also represses TNFα gene expression by selectively
blocking recruitment of NFκB and Sp1 to the TNFα prox-
imal promoter sequence (67, 68). In further support of HSF1
as a negative regulator of TNFα expression, HSF1-null mice
exhibited higher circulating levels of TNFα expression after
intraperitoneal challenge with LPS (444) and higher levels
of TNFα in lung lavage after intratracheal LPS challenge
(67). Activated HSF1 has also been found to repress human
CXCL5 (223) and the proapoptotic factor, xIAP-associated
factor 1 (XAF1) (424).

As mentioned above, we analyzed the effect of heat expo-
sure on the expression of interleukin IL-8. Exposure to a
classic HSR-activating temperature enhanced TNFα-induced
IL-8 secretion in human A549 epithelial cells but unlike clas-
sic HSPs, exposure to heat alone was not sufficient to activate
IL-8 expression (364). Using electrophoretic mobility shift
assays (EMSA) and chromatin immunoprecipitation (ChIP)
assays, we identified two IL-8 promoter regions, approxi-
mately 800 and 1200 nt upstream of the transcription start
site, that bound active HSF1. Using a 5′-deletion mapping
strategy and siRNA knockdown of HSF1, we showed that
the interaction of HSF1 with both of these promoter regions
contributed to the increased IL-8 expression in cells cotreated
with IL-8 and heat. Goldring et al. (112) found that heat-
activated HSF1 has a similar coactivator function for the
murine iNOS gene. Inouye et al. (168) found that HSF1 con-
stitutively bound to IL-6-associated chromatin in unstressed
peritoneal macrophages and fibroblasts and enhanced LPS-
induced IL-6 expression by modifying the chromatin accessi-
bility of other transcription factors. The Santoro lab reported
two new nonclassical heat shock genes, COX-2 and the zinc
finger AN1-type domain-2a gene, Arsenite-inducible RNA-
associated protein (AIRAP), that exhibit heat-inducible tran-
scription similar to those of canonical HSPs (328, 329).

HSF1 may also exert additional biological effects by bind-
ing to and modifying function of proteins involved in diverse
cellular processes, including HSPs (365), the nuclear pore
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forming TPR protein through which HSP72 is secreted (371),
other transcription factors (367, 446), components of the
TFIIB transcription complex (451), the cell division cycle
protein, Cdc20 (205), the apoptosis modulator DAXX (58),
and the multidrug exporter, Ral-Binding Protein (Ralbp)-1
(369). Collectively, these studies illustrate the broad range of
important biological functions of HSF1. The potential impact
of alterations in HSF1 expression level and genetic variations
in HSF1 are discussed in the following sections.

Overlap between the HSR and TLR signaling
Within the past decade HSPs have been shown to have
additional cellular functions directly related to inflammation
and the innate immune response. HSPs, particularly Hsp70,
have been detected in the extracellular milieu and have been
reported to be proinflammatory agonists for TLR2 and 4 (48,
78, 413). Although some earlier studies raised concerns that
the TLR4 agonist activity of recombinant Hsp70 prepara-
tions was caused by LPS contamination (108, 404), more
recent studies showing TLR4-activity expressed by recombi-
nant Hsp70 prepared in insect cells and by nonrecombinant
Hsp70 as well as the inclusion of classic LPS controls demon-
strate that HSP70 exerts proinflammatory TLR4 agonist and
macrophage activating activities of Hsp70 protein that are
intrinsic to the molecule and not caused by artifacts of its
preparation (12, 17, 418, 426, 455).

In the initial reports by Hightower and Guidon (148) and
later by Hunter-Lavin et al. (164), both groups showed that
Hsp70 release occurred from healthy uninjured cells inde-
pendent of cell death. Basu et al. (27) showed that bioactive
HSP70 was also released from necrotic cells but not from
cells undergoing apoptosis. Mambula et al. (224) showed that
HSP70 was released from prostate cancer cells via both necro-
sis and active secretion. These studies demonstrate that HSPs
can not only reach the extracellular milieu by leaking from
necrotic cells, but can also be actively secreted by viable cells.
However, HSPs lack a classical consensus signal required
for secretion and HSP secretion. Moreover, HSP secretion
is not blocked by typical inhibitors of the ER-Golgi path-
way, such as brefaldin A (164), suggesting that HSP secretion
occurs through nonclassical mechanisms such as those used
by IL-1α and -1β, high mobility group box-1 (HMGB1),
macrophage migration inhibitory factor (MIF), and fibroblast
growth factor 2 (FGF2) (225, 226). There is some evidence
that Hsp70 release may occur via a lysosome-endosome path-
way in which case Hsp70 translocates into lysomes via an
ATP-binding cassette (ABC) transport-like system and is then
exported from the cell via the endocytic process (225, 226).
Hsp70 has also been proposed to be released by secretory-like
granules (92) and via membrane export vesicles (418). Col-
lectively, these studies suggest that Hsp70 is released actively
by nonclassical active secretion and passively as a result of
cellular necrosis but not apoptosis. These mechanisms may
explain the elevated serum levels of HSP72 found in patients
with sepsis (111, 281, 436), acute lung injury, (107), chronic
inflammatory diseases (280), and trauma (305). As discussed

earlier, once HSPs reach the extracellular space, they can exert
proinflammatory TLR agonist activity.

While extracellular HSPs can activate TLR signaling,
recent in vitro and in vivo studies suggest that TLR agonists,
particularly LPS, can activate expression of HSPs in mam-
malian cells. Edelman et al. (86) reported that LPS activated
expression of HSP60 and 70 in isolated rat lung pericytes at
37◦C, but the increase was modest, only 20% to 40%, and
required 18 h incubation with LPS. Similarly, Hirsh and co-
workers (151) showed that in vitro treatment of human neu-
trophils with LPS at 37◦C stimulated a rapid increase in the
percentage of cells with detectable intracellular and surface
expression of HSP60 and 70 as detected by flow cytome-
try, but the increase in HSP protein expression level was not
reported. Administration of LPS to rats in vivo caused upreg-
ulation of HSP70 in splenocytes (284, 411) and increased
levels of HSP70 mRNA in lung and liver compared with rats
previously subjected to an endotoxin tolerance protocol (101).

The release of HSP60 and 70 into the circulation dur-
ing infection, inflammation, and trauma (107, 111, 280, 281,
305, 436) combined with its TLR agonist activity (12, 17, 48,
78, 413, 418, 426, 455) suggest a positive feedback mech-
anism that might amplify inflammation. Recently, we found
an interaction between TLR agonists and FRT that further
enhances this proinflammatory amplification loop. We found
that coexposure to TLR agonists or IL-1ß, which shares the
same downstream MyD88-dependent signaling pathway as
TLRs, synergizes with exposure to FRT to greatly augment
Hsp70 synthesis and secretion in the RAW 264.7 mouse
macrophage cell line (125). The increase in HSP expression
is mediated through a p38 MAP kinase-dependent signaling
pathway leading to increased histone H3 phosphorylation and
HSF1 recruitment to the Hsp70 chromatin. The mechanism
by which coexposure to TLR agonists and febrile tempera-
ture increase Hsp70 secretion is not yet known, but occurred
without evidence of cytotoxicity. Similar synergism between
TLR agonists and febrile temperatures for HSP70 expression
and secretion were seen in IL-1ß-stimulated human A549
cells in vitro and in an intratracheal LPS-challenge mouse
model of acute lung injury in vivo (125). In the latter model,
the combination of FRH and intratracheal LPS stimulated an
increase in HSP70 protein levels in lung homogenates and in
cell-free lung lavage fluid. Considering the pyrogenic action
of TLR agonists, including HSP70 (298), we propose that the
synergism between fever and TLR agonists for synthesis and
release of HSP70 promotes a proinflammatory vicious cycle
that may contribute to the negative consequences of fever in
high acuity disease (Fig. 9).

Genetic Variations of the Heat Shock
Pathway and Potential Biological and
Clinical Consequences
As discussed in the previous sections, HSF1 regulates expres-
sion of a broad range of genes, including those involved in
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Figure 9 Model of how fever, LPS, and Hsp70 interact to cause sepsis. Proposed model of
sepsis in which LPS and fever initiate a positive feedback pathway through enhanced Hsp70
expression and release and subsequent increased TLR4 activation, Hsp70 expression, and
proinflammatory cytokine release. Reprinted in modified form with permission from reference
125.

host defense, inflammation, and tumorigenesis (47, 67, 68,
112, 168, 223, 240, 328, 361-364, 424, 445-447) as well as
exerting additional effects by directly binding to proteins criti-
cal for cell proliferation, survival, and death (365, 371), other
transcription factors (58, 205, 367, 369, 446, 451). Studies
from heterozygous mice suggest that the level of HSF1 expres-
sion may affect capacity for expression of some chemokines
(364) and modify risk of tumor progression (75). Considering
the central participation of HSF1 in so many important bio-
logical functions, it is surprising that so little is known about
genetic variations in elements of the human HSR, especially
HSF1, and the potential impact on human health and disease.

Single nucleotide polymorphisms (SNPs) have been iden-
tified in human HSP40, HSP60, HSP70, and HSP90 and the
following associations have been reported: HSP40 SNPs with
hyperandrogenic and metabolic dysfunction in women (176);
HSP60 SNPs with coronary heart disease and sudden infant
death (142, 311); HSPA1A and B SNPs with urinary tract mal-
formations, systemic lupus erythematosus, childhood acute
lymphoblastic leukemia, severity and outcome of diabetic
foot ulcer, schizophrenia, high altitude pulmonary edema,
coronary heart disease, Meniere’s Disease, essential hyper-
tension, longevity, preeclampsia, and septic shock (96, 97,
105, 140, 181, 186, 206, 207, 243, 294, 306, 332, 366, 375,
408); HSPA8 SNP with coronary heart disease (141); and
HSP90 SNPs with bipolar disease and male infertility (139,
179). While specific studies of human HSF1 genetic varia-
tion have not yet been performed, genome-wide association
studies (GWAS) have linked 8q24.3, the location of the HSF1
gene, to schizophrenia, bipolar disorder (425), and attention

deficit hyperactivity disorder (201), suggesting HSF1 genetic
variation may contribute to neuropsychiatric disease.

Recently, Li et al. (208) reported two novel SNPs in the
HSF1 gene that are disproportionately associated with ther-
mal tolerance in Chinese Holstein cattle, including one SNP
in the 3′-untranslated region (3′UTR) that disrupts a poten-
tial microRNA (miRNA)-binding sequence in HSF1 (208) is
disproportionately associated with heat tolerance in Chinese
Holstein cows. Huang et al. (161) found a SNP in a mature
microRNA, mIR-608, that is predicted to weaken its inter-
action with its target sequence in human HSF1 3′UTR, and
which is associated with increased Human epithelial growth
factor receptor-2 (HER2)-positivity and larger size of human
breast cancers. While a reduction in HSF1 protein expression
that might be caused by reduced miRNA targeting is consis-
tent with HER2-positivity and larger tumors (241), the effect
of this SNP on HSF1 protein level has not been confirmed
experimentally.

The occurrence of SNPs in the human HSF1 gene has
not yet been systematically analyzed. To begin to understand
the potential biological and clinical importance of SNPs in
the HSF1 gene, we analyzed the human HSF1 gene for SNPs
by mining the NCBI dbSNP database and performing exonic
sequencing from anonymous genomic DNA samples. DNA
isolated from 30 healthy Caucasians and 30 healthy African
American volunteers, exons amplified by PCR, and bidirec-
tional sequencing performed and each sequence was com-
pared with a reference human HSF1 sequence (NT_037704).
Mining the dbSNP database revealed six SNPs, three in the
3′UTR and three in the coding sequence). One of the coding
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SNPs causes a proline-to-threonine missense at amino acid
365 adjacent to LZ3 and one causes a frame-shift replacement
of the 26-amino acid C-terminal TAD. Direct sequencing con-
firmed the P365T SNP and identified two novel 5′UTR and
two novel 3′UTR SNPs (41). Four of the five 3′UTR SNPs
alter predicted miRNA target sequences as identified using
the MicroSNiPer on-line program (26) and both of the 5′UTR
SNPs alter the 5′UTR secondary structure predicted using the
RNAFOLD on-line program (121). The frequency of these
and potentially other HSF1 SNPs and their participation in
disease pathophysiology are not yet known.

Conclusion
The strategy and mechanisms of fever in the infected and
injured host are evolutionarily old and well-conserved. As
fever evolved, it incorporated elements of older biological
responses including the HSR, the innate immune response,
and signaling pathways including MAP kinases and others.
We presented the experimental evidence that the temperature
increase during fever is a potent biological response mod-
ifier with myriad effects on other elements of the immune
response, which have important consequences for survival.
We discussed the evidence for multiple overlaps between the
heat shock and febrile responses, including overlapping tem-
perature ranges and mutual cross-regulation. We describe the
potential of a positive-feedback mechanism in which fever and
TLR agonists synergize to augment expression and secretion
of HSP70, which through the TLR agonist activity of extracel-
lular HSP70 can potentiate a vicious proinflammatory cycle.
We showed how HSF1 plays a central role in heat shock,
febrile, and immune responses and discussed the potential
importance of HSF1 genetic variations. The biological pro-
cesses discussed have great clinical significance as fever is a
common feature of infectious and inflammatory disease and
traumatic injury, the effect of fever depends on the site and
nature of the disease process, and little empiric evidence is
available to establish the benefit or harm of fever is different
disease states.

Acknowledgements
We acknowledge support from NIH (grant no. HL69057 and
HL085256) and the VA (Merit Review grants for JDH and
ISS).

References
1. Abraham E, Bursten S, Shenkar R, Albee J, Tuder R, Woodson P,

Guidot DM, Rice G, Singer JW, Repine JE. Phosphatidic acid signaling
mediates lung cytokine expression and lung inflammatory injury after
hemorrhage in mice. J Exp Med 181: 569-575, 1995.

2. Abravaya K, Myers MP, Murphy SP, Morimoto RI. The human heat
shock protein hsp70 interacts with HSF, the transcription factor that
regulates heat shock gene expression. Genes Dev 6: 1153-1164, 1992.

3. Adachi A, Niijima A. Thermosensitive afferent fibers in the hepatic
branch of the vagus nerve in the guinea pig. J Auton Nerv Syst 5:
101-109, 1982.

4. Adair ER. Skin, preoptic, and core temperatures influence behavioral
thermoregulation. J Appl Physiol 42: 559-564, 1977.

5. Ahkee S, Srinath L, Ramirez J. Community-acquired pneumonia in the
elderly: Association of mortality with lack of fever and leukocytosis
[see comments]. South Med J 90: 296-298, 1997.

6. Akerfelt M, Morimoto RI, Sistonen L. Heat shock factors: Integrators
of cell stress, development and lifespan. Nat Rev Mol Cell Biol 11:
545-555, 2010.

7. Ali A, Bharadwaj S, O’Carroll R, Ovsenek N. HSP90 interacts with
and regulates the activity of heat shock factor 1 in Xenopus oocytes.
Mol Cell Biol 18: 4949-4960, 1998.

8. Amir S, Schiavetto A. Injection of prostaglandin E2 into the anterior
hypothalamic preoptic area activates brown adipose tissue thermogen-
esis in the rat. Brain Res 528: 138-142, 1990.

9. Anckar J, Sistonen L. SUMO: Getting it on. Biochem Soc Trans 35:
1409-1413, 2007.

10. Andersson DA, Gentry C, Bevan S. TRPA1 has a key role in the somatic
pro-nociceptive actions of hydrogen sulfide. PloS One 7: e46917, 2012.

11. Andrew D, Craig AD. Spinothalamic lamina I neurones selectively
responsive to cutaneous warming in cats. J Physiol 537: 489-495, 2001.

12. Aneja R, Odoms K, Dunsmore K, Shanley TP, Wong HR. Extracellu-
lar heat shock protein-70 induces endotoxin tolerance in THP-1 cells.
J Immunol 177: 7184-7192, 2006.

13. Appenheimer MM, Girard RA, Chen Q, Wang WC, Bankert KC, Hardi-
son J, Bain MD, Ridgley F, Sarcione EJ, Buitrago S, Kothlow S, Kaspers
B, Robert J, Rose-John S, Baumann H, Evans SS. Conservation of IL-6
trans-signaling mechanisms controlling L-selectin adhesion by fever-
range thermal stress. Eur J Immunol 37: 2856-2867, 2007.

14. Armstrong C. Some recent research in the field of neurotropic viruses
with especial reference to lymphocytic choriomeningitis and herpes
simplex. Milit Surg 91: 129-145, 1942.

15. Arruda AP, Milanski M, Romanatto T, Solon C, Coope A, Alberici LC,
Festuccia WT, Hirabara SM, Ropelle E, Curi R, Carvalheira JB, Vercesi
AE, Velloso LA. Hypothalamic actions of tumor necrosis factor alpha
provide the thermogenic core for the wastage syndrome in cachexia.
Endocrinology 151: 683-694, 2010.

16. Asakawa M, Yoshioka T, Matsutani T, Hikita I, Suzuki M, Oshima I,
Tsukahara K, Arimura A, Horikawa T, Hirasawa T, Sakata T. Associ-
ation of a mutation in TRPV3 with defective hair growth in rodents.
J Invest Dermatol 126: 2664-2672, 2006.

17. Asea A. Hsp70: A chaperokine. Novartis Found Symp 291: 173-179;
discussion 179-183, 221-174, 2008.

18. Asea A, Kraeft SK, Kurt-Jones EA, Stevenson MA, Chen LB, Finberg
RW, Koo GC, Calderwood SK. HSP70 stimulates cytokine production
through a CD14-dependant pathway, demonstrating its dual role as a
chaperone and cytokine. Nat Med 6: 435-442, 2000.

19. Badjatia N, Strongilis E, Gordon E, Prescutti M, Fernandez L, Fer-
nandez A, Buitrago M, Schmidt JM, Ostapkovich ND, Mayer SA.
Metabolic impact of shivering during therapeutic temperature modula-
tion: The Bedside Shivering Assessment Scale. Stroke 39: 3242-3247,
2008.

20. Badjatia N, Strongilis E, Prescutti M, Fernandez L, Fernandez A,
Buitrago M, Schmidt JM, Mayer SA. Metabolic benefits of surface
counter warming during therapeutic temperature modulation. Crit Care
Med 37: 1893-1897, 2009.

21. Baler R, Dahl G, Voellmy R. Activation of human heat shock genes is
accompanied by oligomerization, modification, and rapid translocation
of heat shock transcription factor HSF1. Mol Cell Biol 13: 2486-2496,
1993.

22. Baler R, Welch WJ, Voellmy R. Heat shock gene regulation by nascent
polypeptides and denatured proteins: hsp70 as a potential autoregula-
tory factor. J Cell Biol 117: 1151-1159, 1992.

23. Baler R, Zou J, Voellmy R. Evidence for a role of Hsp70 in the regulation
of the heat shock response in mammalian cells. Cell Stress Chaperones
1: 33-39, 1996.

24. Banet M, Hensel H. Nonshivering thermogenesis induced by repetitive
cooling of spinal cord in the rat. Am J Physiol 230: 720-723, 1976.

25. Banet M, Hensel H, Pothmann B. Autonomic thermoregulation after
intermittent cooling of the spinal cord and cold exposure in the rat.
J Physiol 275: 439-447, 1978.

26. Barenboim M, Zoltick BJ, Guo Y, Weinberger DR. MicroSNiPer: A
web tool for prediction of SNP effects on putative microRNA targets.
Hum Mutat 31: 1223-1232, 2010.

27. Basu S, Binder RJ, Suto R, Anderson KM, Srivastava PK. Necrotic but
not apoptotic cell death releases heat shock proteins, which deliver a
partial maturation signal to dendritic cells and activate the NF-kappa B
pathway. Int Immunol 12: 1539-1546, 2000.

28. Bautista DM, Siemens J, Glazer JM, Tsuruda PR, Basbaum AI, Stucky
CL, Jordt SE, Julius D. The menthol receptor TRPM8 is the principal
detector of environmental cold. Nature 448: 204-208, 2007.

Volume 4, January 2014 139

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fever, Immunity, and Molecular Adaptations Comprehensive Physiology

29. Bell JF, Moore GF. Effects of high ambient temperature on various
stages of rabies virus infection in mice. Infect Immun 10: 510-515,
1974.

30. Bernheim HA, Bodel PT, Askenase PW, Atkins E. Effects of fever
on host defence mechanisms after infection in the lizard Dipsosaurus
dorsalis. Br J Exp Pathol 59: 76-84, 1978.

31. Bernheim HA, Kluger MJ. Fever: Effect of drug-induced antipyresis
on survival. Science 193: 237-239, 1976.

32. Bharadwaj S, Ali A, Ovsenek N. Multiple components of the HSP90
chaperone complex function in regulation of heat shock factor 1 In vivo.
Mol Cell Biol 19: 8033-8041, 1999.

33. Bharadwaj S, Hnatov A, Ali A, Ovsenek N. Induction of the DNA-
binding and transcriptional activities of heat shock factor 1 is uncoupled
in Xenopus oocytes. Biochim Biophys Acta 1402: 79-85, 1998.

34. Bini G, Hagbarth KE, Hynninen P, Wallin BG. Thermoregulatory and
rhythm-generating mechanisms governing the sudomotor and vasocon-
strictor outflow in human cutaneous nerves. J Physiol 306: 537-552,
1980.

35. Blanford S, Thomas MB, Langewald J. Behavioural fever in the Sene-
galese grasshopper, Oedaleus senegalensis, and its implications for
biological control using pathogens. Ecol Entomol 23: 9-14, 1998.

36. Boellmann F, Guettouche T, Guo Y, Fenna M, Mnayer L, Voellmy R.
DAXX interacts with heat shock factor 1 during stress activation and
enhances its transcriptional activity. Proc Natl Acad Sci U S A 101:
4100-4105, 2004.

37. Boulant JA, Hardy JD. The effect of spinal and skin temperatures on the
firing rate and thermosensitivity of preoptic neurones. J Physiol 240:
639-660, 1974.

38. Brasier AR, Spratt H, Wu Z, Boldogh I, Zhang Y, Garofalo RP, Casola
A, Pashmi J, Haag A, Luxon B, Kurosky A. Nuclear heat shock response
and novel nuclear domain 10 reorganization in respiratory syncytial
virus-infected a549 cells identified by high-resolution two-dimensional
gel electrophoresis. J Virol 78: 11461-11476, 2004.

39. Bratincsak A, Palkovits M. Evidence that peripheral rather than
intracranial thermal signals induce thermoregulation. Neuroscience
135: 525-532, 2005.

40. Brauchi S, Orio P, Latorre R. Clues to understanding cold sensation:
Thermodynamics and electrophysiological analysis of the cold receptor
TRPM8. Proc Natl Acad Sci U S A 101: 15494-15499, 2004.

41. Bridges TM, Singh IS, Liggett SB, Hasday JD. Polymorphisms of
heat shock factor-1: Genetic divesity in an evolutionaryily conserved,
multifunctional regulator gene. Am J Respir Crit Care Med 183: A6018,
2011.

42. Brikos C, O’Neill LA. Signalling of toll-like receptors. Handb Exp
Pharmacol: 21-50, 2008, issue 183.

43. Bryant RE, Hood AF, Hood CE, Koenig MG. Factors affecting mor-
tality of gram-negative rod bacteremia. Arch Intern Med 127: 120-128,
1971.

44. Buckley BA, Owen ME, Hofmann GE. Adjusting the thermostat: The
threshold induction temperature for the heat-shock response in intertidal
mussels (genus Mytilus) changes as a function of thermal history. J Exp
Biol 204: 3571-3579, 2001.

45. Bundey S, Raymond S, Dean P, Roberts SK, Dillon RJ, Charnley AK.
Eicosanoid involvement in the regulation of behavioral fever in the
desert locust, Schistocerca gregaria. Arch Insect Biochem Physiol 52:
183-192, 2003.

46. Cabanac M. Fever in the leech, Nephelopsis obscura (Annelida). J Com-
parative Physiol B 159: 281-285, 1989.

47. Cahill CM, Warerman WR, Xie Y, Auron PE, Calderwood SK. Tran-
scriptional repression of the prointerleukin 1ß gene by heat shock factor
1. J Biol Chem 271: 24874-24879, 1996.

48. Calderwood SK, Mambula SS, Gray PJ, Jr., Theriault JR. Extracellular
heat shock proteins in cell signaling. FEBS Lett 581: 3689-3694, 2007.

49. Cano G, Passerin AM, Schiltz JC, Card JP, Morrison SF, Sved AF.
Anatomical substrates for the central control of sympathetic outflow to
interscapular adipose tissue during cold exposure. J Comp Neurol 460:
303-326, 2003.

50. Cao C, Matsumura K, Yamagata K, Watanabe Y. Cyclooxygenase-2
is induced in brain blood vessels during fever evoked by peripheral or
central administration of tumor necrosis factor. Brain Res Mol Brain
Res 56: 45-56, 1998.

51. Capacchione JF, Sambuughin N, Bina S, Mulligan LP, Lawson TD,
Muldoon SM. Exertional rhabdomyolysis and malignant hyperthermia
in a patient with ryanodine receptor type 1 gene, L-type calcium chan-
nel alpha-1 subunit gene, and calsequestrin-1 gene polymorphisms.
Anesthesiology 112: 239-244, 2010.

52. Carlisle HJ. Effect of preoptic and anterior hypothalamic lesions on
behavioral thermoregulation in the cold. J Comp Physiol Psychol 69:
391-402, 1969.

53. Carpenter CM, Boak RA, Mucci LA, Warren SL. Clinical and experi-
mental studies of the physiological effects of fever temperatures. The
thermal death time of Neisseria gonorrheae in vitro with special refer-
ence to fever temperatures. J Lab Clin Med 18: 981-990, 1933.

54. Caterina MJ, Julius D. Sense and specificity: A molecular identity for
nociceptors. Curr Opin Neurobiol 9: 525-530, 1999.

55. Caterina MJ, Leffler A, Malmberg AB, Martin WJ, Trafton J, Petersen-
Zeitz KR, Koltzenburg M, Basbaum AI, Julius D. Impaired nociception
and pain sensation in mice lacking the capsaicin receptor. Science 288:
306-313, 2000.

56. Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD,
Julius D. The capsaicin receptor: A heat-activated ion channel in the
pain pathway. Nature 389: 816-824, 1997.

57. Chai CY, Lin MT. Effects of heating and cooling the spinal cord and
medulla oblongata on thermoregulation in monkeys. J Physiol 225:
297-308, 1972.

58. Charette SJ, Lavoie JN, Lambert H, Landry J. Inhibition of Daxx-
mediated apoptosis by heat shock protein 27. Mol Cell Biol 20: 7602-
7612, 2000.

59. Chen Q, Appenheimer MM, Muhitch JB, Fisher DT, Clancy KA,
Miecznikowski JC, Wang WC, Evans SS. Thermal facilitation of lym-
phocyte trafficking involves temporal induction of intravascular ICAM-
1. Microcirculation 16: 143-158, 2009.

60. Chen Q, Fisher DT, Clancy KA, Gauguet JM, Wang WC, Unger E,
Rose-John S, von Andrian UH, Baumann H, Evans SS. Fever-range
thermal stress promotes lymphocyte trafficking across high endothelial
venules via an interleukin 6 trans-signaling mechanism. Nat Immunol
7: 1288-1290, 2006.

61. Chen Y, Barlev NA, Westergaard O, Jakobsen BK. Identification of the
C-terminal activator domain in yeast heat shock factor: Independent
control of transient and sustained transcriptional activity. EMBO J 12:
5007-5018, 1993.

62. Cheng X, Jin J, Hu L, Shen D, Dong XP, Samie MA, Knoff J, Eisinger
B, Liu ML, Huang SM, Caterina MJ, Dempsey P, Michael LE, Dlugosz
AA, Andrews NC, Clapham DE, Xu H. TRP channel regulates EGFR
signaling in hair morphogenesis and skin barrier formation. Cell 141:
331-343, 2010.

63. Christians E, Davis AA, Thomas SD, Benjamin IJ. Maternal effect of
Hsf1 on reproductive success. Nature 407: 693-694, 2000.

64. Chu B, Soncin F, Price BD, Stevenson MA, Calderwood SK. Sequen-
tial phosphorylation by mitogen-activated protein kinase and glycogen
synthase kinase 3 represses transcriptional activation by heat shock
factor-1. J Biol Chem 271: 30847-30857, 1996.

65. Chu B, Zhong R, Soncin F, Stevenson MA, Calderwood SK. Tran-
scriptional activity of heat shock factor 1 at 37◦C is repressed through
phosphorylation on two distinct serine residues by glycogen synthase
kinase 3a and protein kinases Ca and Cz. J Biol Chem 273: 18640-
18646, 1998.

66. Clos J, Rabindran S, Wisniewski J, Wu C. Induction temperature of
human heat shock factor is reprogrammed in a Drosophila cell environ-
ment. Nature 364: 252-255, 1993.

67. Cooper ZA, Ghosh A, Gupta A, Maity T, Benjamin IJ, Vogel S, Has-
day JD, Singh IS. Febrile range temperature modifies cytokine gene
expression in Lps-stimulated macrophages by differentially modifying
Nf-Kb recruitment to cytokine promoters. Am J Physiol Cell Physiol
298: C171-C181, 2010.

68. Cooper ZA, Singh IS, Hasday JD. Febrile range temperature represses
TNF-alpha gene expression in LPS-stimulated macrophages by selec-
tively blocking recruitment of Sp1 to the TNF-alpha promoter. Cell
Stress Chaperones 15: 665-673, 2010.

69. Cotto JJ, Kline M, Morimoto RI. Activation of heat shock factor 1 DNA
binding precedes stress-induced serine phosphorylation. J Biol Chem
271: 3355-3358, 1996.

70. Covert JB, Reynolds WW. Survival value of fever in fish. Nature 267:
43-45, 1977.

71. Craig AD, Krout K, Andrew D. Quantitative response characteristics
of thermoreceptive and nociceptive lamina I spinothalamic neurons in
the cat. J Neurophysiol 86: 1459-1480, 2001.

72. Cross AS, Sakarya S, Rifat S, Held TK, Drysdale BE, Grange PA,
Cassels FJ, Wang LX, Stamatos N, Farese A, Casey D, Powell J, Bhat-
tacharjee AK, Kleinberg M, Goldblum SE. Recruitment of murine neu-
trophils in vivo through endogenous sialidase activity. J Biol Chem 278:
4112-4120, 2003.

73. Czarnecka-Verner E, Yuan CX, Scharf KD, Englich G, Gurley WB.
Plants contain a novel multi-member class of heat shock factors with-
out transcriptional activator potential. Plant Mol Biol 43: 459-471,
2000.

74. D’Souza SD, Antel JP, Freedman MS. Cytokine induction of heat
shock protein expression in human oligodendrocytes: An interleukin-
1-mediated mechanism. J Neuroimmunol 50: 17-24, 1994.

75. Dai C, Whitesell L, Rogers AB, Lindquist S. Heat shock factor 1 is a
powerful multifaceted modifier of carcinogenesis. Cell 130: 1005-1018,
2007.

76. Dai Q, Zhang C, Wu Y, McDonough H, Whaley RA, Godfrey V, Li
HH, Madamanchi N, Xu W, Neckers L, Cyr D, Patterson C. CHIP
activates HSF1 and confers protection against apoptosis and cellular
stress. EMBO J 22: 5446-5458, 2003.

140 Volume 4, January 2014

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Comprehensive Physiology Fever, Immunity, and Molecular Adaptations

77. Dai R, Frejtag W, He B, Zhang Y, Mivechi NF. c-Jun NH2-terminal
kinase targeting and phosphorylation of heat shock factor-1 suppress
its transcriptional activity. J Biol Chem 275: 18210-18218, 2000.

78. De Nardo D, Masendycz P, Ho S, Cross M, Fleetwood AJ, Reynolds EC,
Hamilton JA, Scholz GM. A central role for the Hsp90.Cdc37 molec-
ular chaperone module in interleukin-1 receptor-associated-kinase-
dependent signaling by toll-like receptors. J Biol Chem 280: 9813-9822,
2005.

79. Dean JB, Boulant JA. Effects of synaptic blockade on thermosensitive
neurons in rat diencephalon in vitro. Am J Physiol 257: R65-R73, 1989.

80. Dean JB, Boulant JA. In vitro localization of thermosensitive neurons
in the rat diencephalon. Am J Physiol 257: R57-R64, 1989.

81. Dean JB, Kaple ML, Boulant JA. Regional interactions between ther-
mosensitive neurons in diencephalic slices. Am J Physiol 263: R670-
R678, 1992.

82. Deane EE, Li J, Woo NY. Modulated heat shock protein expression
during pathogenic Vibrio alginolyticus stress of sea bream. Dis Aquat
Organ 62: 205-215, 2004.

83. Delogu G, Lo Bosco L, Marandola M, Famularo G, Lenti L, Ippoliti F,
Signore L. Heat shock protein (HSP70) expression in septic patients.
J Crit Care 12: 188-192, 1997.

84. Ding XZ, Tsokos GC, Kiang JG. Overexpression of HSP-70 inhibits
the phosphorylation of HSF1 by activating protein phosphatase and
inhibiting protein kinase C activity. Faseb J 12: 451-459, 1998.

85. Dinh HK, Zhao B, Schuschereba ST, Merrill G, Bowman PD. Gene
expression profiling of the response to thermal injury in human cells.
Physiol Genomics 7: 3-13, 2001.

86. Edelman DA, Jiang Y, Tyburski JG, Wilson RF, Steffes CP.
Lipopolysaccharide up-regulates heat shock protein expression in rat
lung pericytes. J Surg Res 140: 171-176, 2007.

87. Egan GF, Johnson J, Farrell M, McAllen R, Zamarripa F, McKinley
MJ, Lancaster J, Denton D, Fox PT. Cortical, thalamic, and hypotha-
lamic responses to cooling and warming the skin in awake humans: A
positron-emission tomography study. Proc Natl Acad Sci U S A 102:
5262-5267, 2005.

88. Ellis G, Carlson D, Hester L, Bagby G, Singh IS, Hasday J. G-CSF, but
not corticosterone mediates circulating neutrophilia induced by febrile-
range hyperthermia. J Appl Physiol 98: 1799-1804, 2005.

89. Esposito AL. Aspirin impairs antibacterial mechanisms in experimental
pneumococcal pneumonia. Am Rev Respir Dis 130: 857-862, 1984.

90. Ethridge RT, Ehlers RA, Hellmich MR, Rajaraman S, Evers BM. Acute
pancreatitis results in induction of heat shock proteins 70 and 27 and
heat shock factor-1. Pancreas 21: 248-256, 2000.

91. Evans SS, Wang WC, Bain MD, Burd R, Ostberg JR, Repasky EA.
Fever-range hyperthermia dynamically regulates lymphocyte delivery
to high endothelial venules. Blood 97: 2727-2733, 2001.

92. Evdonin AL, Martynova MG, Bystrova OA, Guzhova IV, Margulis BA,
Medvedeva ND. The release of Hsp70 from A431 carcinoma cells is
mediated by secretory-like granules. Eur J Cell Biol 85: 443-455, 2006.

93. Farkas T, Kutskova YA, Zimarino V. Intramolecular repression of
mouse heat shock factor 1. Mol Cell Biol 18: 906-918, 1998.

94. Feder ME, Hofmann GE. Heat-shock proteins, molecular chaperones,
and the stress response: Evolutionary and ecological physiology. Annu
Rev Physiol 61: 243-282, 1999.

95. Feinberg M. The problems of anticholinergic adverse effects in older
patients. Drugs Aging 3: 335-348, 1993.

96. Fekete A, Ver A, Bogi K, Treszl A, Rigo J, Jr. Is preeclampsia associated
with higher frequency of HSP70 gene polymorphisms? Eur J Obstet
Gynecol Reprod Biol 126: 197-200, 2006.

97. Fekete A, Viklicky O, Hubacek JA, Rusai K, Erdei G, Treszl A, Vitko S,
Tulassay T, Heemann U, Reusz G, Szabo AJ. Association between heat
shock protein 70s and toll-like receptor polymorphisms with long-term
renal allograft survival. Transpl Int 19: 190-196, 2006.

98. Fernandes J, Lorenzo IM, Andrade YN, Garcia-Elias A, Serra
SA, Fernandez-Fernandez JM, Valverde MA. IP3 sensitizes TRPV4
channel to the mechano- and osmotransducing messenger 5′-6’-
epoxyeicosatrienoic acid. J Cell Biol 181: 143-155, 2008.

99. Fisher DT, Chen Q, Skitzki JJ, Muhitch JB, Zhou L, Appenheimer MM,
Vardam TD, Weis EL, Passanese J, Wang WC, Gollnick SO, Dewhirst
MW, Rose-John S, Repasky EA, Baumann H, Evans SS. IL-6 trans-
signaling licenses mouse and human tumor microvascular gateways for
trafficking of cytotoxic T cells. J Clin Invest 121: 3846-3859, 2011.

100. Fitzgerald KA, Rowe DC, Barnes BJ, Caffrey DR, Visintin A, Latz E,
Monks B, Pitha PM, Golenbock DT. LPS-TLR4 signaling to IRF-3/7
and NF-kappaB involves the toll adapters TRAM and TRIF. J Exp Med
198: 1043-1055, 2003.

101. Flohe S, Dominguez Fernandez E, Ackermann M, Hirsch T, Borger-
mann J, Schade FU. Endotoxin tolerance in rats: Expression of TNF-
alpha, IL-6, IL-10, VCAM-1 AND HSP 70 in lung and liver during
endotoxin shock. Cytokine 11: 796-804, 1999.

102. Forster RE, Ferguson TB. Relationship between hypothalamic tem-
perature and thermo-regulatory effectors in unanesthetized cat. Am J
Physiol 169: 255-269, 1952.

103. Fujimoto M, Hayashida N, Katoh T, Oshima K, Shinkawa T, Prakasam
R, Tan K, Inouye S, Takii R, Nakai A. A novel mouse HSF3 has the
potential to activate nonclassical heat-shock genes during heat shock.
Mol Biol Cell 21: 106-116, 2010.

104. Funk CD. Prostaglandins and leukotrienes: Advances in eicosanoid
biology. Science 294: 1871-1875, 2001.

105. Furnrohr BG, Wach S, Kelly JA, Haslbeck M, Weber CK, Stach CM,
Hueber AJ, Graef D, Spriewald BM, Manger K, Herrmann M, Kaufman
KM, Frank SG, Goodmon E, James JA, Schett G, Winkler TH, Harley
JB, Voll RE. Polymorphisms in the Hsp70 gene locus are genetically
associated with systemic lupus erythematosus. Ann Rheum Dis 69:
1983-1989, 2010.

106. Gabay C, Kushner I. Acute-phase proteins and other systemic responses
to inflammation. N Engl J Med 340: 448-454, 1999.

107. Ganter MT, Ware LB, Howard M, Roux J, Gartland B, Matthay MA,
Fleshner M, Pittet JF. Extracellular heat shock protein 72 is a marker
of the stress protein response in acute lung injury. Am J Physiol Lung
Cell Mol Physiol 291: L354-L361, 2006.

108. Gao B, Tsan MF. Endotoxin contamination in recombinant human heat
shock protein 70 (Hsp70) preparation is responsible for the induction
of tumor necrosis factor alpha release by murine macrophages. J Biol
Chem 278: 174-179, 2003.

109. Gavva NR, Bannon AW, Surapaneni S, Hovland DN, Jr., Lehto SG,
Gore A, Juan T, Deng H, Han B, Klionsky L, Kuang R, Le A, Tamir
R, Wang J, Youngblood B, Zhu D, Norman MH, Magal E, Treanor JJ,
Louis JC. The vanilloid receptor TRPV1 is tonically activated in vivo
and involved in body temperature regulation. J Neurosci 27: 3366-3374,
2007.

110. Geiser F. Metabolic rate and body temperature reduction during hiber-
nation and daily torpor. Annu Rev Physiol 66: 239-274, 2004.

111. Gelain DP, de Bittencourt Pasquali MA, C MC, Grunwald MS, Ritter
C, Tomasi CD, Alves SC, Quevedo J, Dal-Pizzol F, Moreira JC. Serum
heat shock protein 70 levels, oxidant status, and mortality in sepsis.
Shock 35: 466-470, 2011.

112. Goldring CE, Reveneau S, Comim, CM, Chantome A, Pance A, Fleury
C, Hume DA, Sester D, Mignotte B, Jeannin JF. Heat shock enhances
transcriptional activation of the murine-inducible nitric oxide synthase
gene. FASEB J 14: 2393-2395, 2000.

113. Gordon S. Alternative activation of macrophages. Nat Rev Immunol 3:
23-35, 2003.

114. Gordon S, Martinez FO. Alternative activation of
macrophages: Mechanism and functions. Immunity 32: 593-604,
2010.

115. Gothard LQ, Ruffner ME, Woodward JG, Park-Sarge OK, Sarge
KD. Lowered temperature set point for activation of the cellular
stress response in T-lymphocytes. J Biol Chem 278: 9322-9326,
2003.

116. Green M, Schuetz TJ, Sullivan EK, Kingston RE. A heat shock-
responsive domain of human HSF1 that regulates transcription acti-
vation domain function. Mol Cell Biol 15: 3354-3362, 1995.

117. Griffin JD, Boulant JA. Temperature effects on membrane potential
and input resistance in rat hypothalamic neurones. J Physiol 488(Pt 2):
407-418, 1995.

118. Griffin JD, Kaple ML, Chow AR, Boulant JA. Cellular mechanisms for
neuronal thermosensitivity in the rat hypothalamus. J Physiol 492(Pt
1): 231-242, 1996.

119. Griffin JD, Saper CB, Boulant JA. Synaptic and morphological char-
acteristics of temperature-sensitive and -insensitive rat hypothalamic
neurones. J Physiol 537: 521-535, 2001.

120. Gross SR, Kinzy TG. Translation elongation factor 1A is essential for
regulation of the actin cytoskeleton and cell morphology. Nat Struct
Mol Biol 12: 772-778, 2005.

121. Gruber AR, Lorenz R, Bernhart SH, Neubock R, Hofacker IL. The
Vienna RNA websuite. Nucleic Acids Res 36: W70-W74, 2008.

122. Guettouche T, Boellmann F, Lane WS, Voellmy R. Analysis of phos-
phorylation of human heat shock factor 1 in cells experiencing a stress.
BMC Biochem 6: 4, 2005.

123. Guieu JD, Hardy JD. Effects of heating and cooling of the spinal cord
on preoptic unit activity. J Appl Physiol 29: 675-683, 1970.

124. Guler AD, Lee H, Iida T, Shimizu I, Tominaga M, Caterina M. Heat-
evoked activation of the ion channel, TRPV4. J Neurosci 22: 6408-6414,
2002.

125. Gupta A, Cooper ZA, Tulapurkar ME, Potla R, Maity T, Hasday JD,
Singh IS. Toll-like receptor agonists and febrile range hyperthermia
synergize to induce heat shock protein 70 expression and extracellular
release. J Biol Chem 288: 2756-2766, 2013.

126. Gupta BN, Nier K, Hensel H. Cold-sensitive afferents from the
abdomen. Pflugers Arch 380: 203-204, 1979.

127. Hamanaka K, Jian MY, Weber DS, Alvarez DF, Townsley MI, Al-
Mehdi AB, King JA, Liedtke W, Parker JC. TRPV4 initiates the acute
calcium-dependent permeability increase during ventilator-induced
lung injury in isolated mouse lungs. Am J Physiol Lung Cell Mol
Physiol 293: L923-L932, 2007.

Volume 4, January 2014 141

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fever, Immunity, and Molecular Adaptations Comprehensive Physiology

128. Hammel HT. Neurons and temperature regulation. In: Yamamoto WS,
Brobeck JR, editors. Physiological Controls and Regulations. Philadel-
phia: Sauncers, 1965, pp. 71-97.

129. Hammel HT, Hardy JD, Fusco MM. Thermoregulatory responses to
hypothalamic cooling in unanesthetized dogs. Am J Physiol 198: 481-
486, 1960.

130. Hammel HT, Jackson DC, Stolwijk JA, Hardy JD, Stromme SB.
Temperature regulation by hypothalamic proportional control with an
adjustable set point. J Appl Physiol 18: 1146-1154, 1963.

131. Hammel HT, Maggert J, Kaul R, Simon-Oppermann C, Simon E.
Effects of altering spinal cord temperature on temperature regulation in
the Adelie Penguin, Pygoscelis Adeliae. Pflugers Arch 362: 1-6, 1976.

132. Hansen MK, O’Connor KA, Goehler LE, Watkins LR, Maier SF. The
contribution of the vagus nerve in interleukin-1beta-induced fever is
dependent on dose. Am J Physiol Regul Integr Comp Physiol 280:
R929-R934, 2001.

133. Hasday J, Garrison A, Singh I, Standiford T, Ellis G, Rao S, He J-R,
Rice P, Frank M, Goldblum S, Viscardi R. Febrile-range hyperthermia
augments pulmonary neutrophil recruitment and amplifies pulmonary
oxygen toxicity. Am J Pathol 162: 2005-2017, 2003.

134. Hasday JD, Bannerman D, Sakarya S, Cross AS, Singh IS, Howard D,
Drysdale B-E, Goldblum SE. Exposure to febrile temperature modifies
endothelial cell response to tumor necrosis factor-a. J Appl Physiol 90:
90-98, 2001.

135. Hasday JD, Shah N, Mackowiak PA, Tulapurkar M, Nagarsekar A,
Singh I. Fever, hyperthermia, and the lung: It’s all about context and
timing. Trans Am Clin Climatol Assoc 122: 34-47, 2011.

136. Hasday JD, Singh IS. Fever and the heat shock response: Distinct,
partially overlapping processes. Cell Stress Chaperones 5: 471-480,
2000.

137. Hashiguchi N, Ogura H, Tanaka H, Koh T, Aoki M, Shiozaki T, Mat-
suoka T, Shimazu T, Sugimoto H. Enhanced expression of heat shock
proteins in leukocytes from trauma patients. J Trauma 50: 102-107,
2001.

138. Hashiguchi N, Ogura H, Tanaka H, Koh T, Nakamori Y, Noborio
M, Shiozaki T, Nishino M, Kuwagata Y, Shimazu T, Sugimoto H.
Enhanced expression of heat shock proteins in activated polymorphonu-
clear leukocytes in patients with sepsis. J Trauma 51: 1104-1109, 2001.

139. Hassun Filho PA, Cedenho AP, Lima SB, Ortiz V, Srougi M. Sin-
gle nucleotide polymorphisms of the heat shock protein 90 gene in
varicocele-associated infertility. Int Braz J Urol 31: 236-242, 2005.

140. He M, Guo H, Yang X, Zhang X, Zhou L, Cheng L, Zeng H, Hu FB,
Tanguay RM, Wu T. Functional SNPs in HSPA1A gene predict risk of
coronary heart disease. PLoS One 4: e4851, 2009.

141. He M, Guo H, Yang X, Zhou L, Zhang X, Cheng L, Zeng H, Hu FB,
Tanguay RM, Wu T. Genetic variations in HSPA8 gene associated with
coronary heart disease risk in a Chinese population. PLoS One 5: e9684,
2010.

142. He MA, Zhang X, Wang J, Cheng L, Zhou L, Zeng H, Wang F, Chen
Y, Xu Z, Wei Q, Hu FB, Wu T. Genetic variation in heat shock protein
60 gene and coronary heart disease in China: Tagging-SNP haplotype
analysis in a case-control study. Cell Stress Chaperones 13: 231-238,
2008.

143. Helliwell RJ, McLatchie LM, Clarke M, Winter J, Bevan S, McIntyre P.
Capsaicin sensitivity is associated with the expression of the vanilloid
(capsaicin) receptor (VR1) mRNA in adult rat sensory ganglia. Neurosci
Lett 250: 177-180, 1998.

144. Hellstrom B, Hammel HT. Some characteristics of temperature regula-
tion in the unanesthetized dog. Am J Physiol 213: 547-556, 1967.

145. Henneman E. Medical Physiology. In: Mountcastle VB, editor. Organi-
zation of the Motoneuron Pool: The Size Principle (14th ed.). St. Louis:
Mosby, 1980, pp. 718-741.

146. Hensel H, Iggo A, Witt I. A quantitative study of sensitive cutaneous
thermoreceptors with C afferent fibres. J Physiol 153: 113-126, 1960.

147. Hietakangas V, Anckar J, Blomster HA, Fujimoto M, Palvimo JJ, Nakai
A, Sistonen L. PDSM, a motif for phosphorylation-dependent SUMO
modification. Proc Natl Acad Sci U S A 103: 45-50, 2006.

148. Hightower LE, Guidon PT, Jr. Selective release from cultured mam-
malian cells of heat-shock (stress) proteins that resemble glia-axon
transfer proteins. JCell Physiol 138: 257-266, 1989.

149. Hilgarth RS, Murphy LA, O’Connor CM, Clark JA, Park-Sarge OK,
Sarge KD. Identification of Xenopus heat shock transcription factor-
2: conserved role of sumoylation in regulating deoxyribonucleic acid-
binding activity of heat shock transcription factor-2 proteins. Cell Stress
Chaperones 9: 214-220, 2004.

150. Hinz B, Brune K. Antipyretic analgesics: Nonsteroidal antiinflamma-
tory drugs, selective COX-2 inhibitors, paracetamol and pyrazolinones.
Handb Exp Pharmacol: 65-93, 2007.

151. Hirsh MI, Hashiguchi N, Chen Y, Yip L, Junger WG. Surface expres-
sion of HSP72 by LPS-stimulated neutrophils facilitates gammadeltaT
cell-mediated killing. Eur J Immunol 36: 712-721, 2006.

152. Hodgin UG, Sanford JP. Gram-negative rod bacteremia. An analysis of
100 patients. Am J Med 39: 952-960, 1965.

153. Hoefs JC, Canawati HN, Sapico FL, Hopkins RR, Weiner J, Mont-
gomerie JZ. Spontaneous bacterial peritonitis. Hepatology 2: 399-407,
1982.

154. Holmberg CI, Hietakangas V, Mikhailov A, Rantanen JO, Kallio M,
Meinander A, Hellman J, Morrice N, MacKintosh C, Morimoto RI,
Eriksson JE, Sistonen L. Phosphorylation of serine 230 promotes
inducible transcriptional activity of heat shock factor 1. EMBO J 20:
3800-3810, 2001.

155. Holmberg CI, Leppa S, Eriksson JE, Sistonen L. The phorbol ester 12-
O-tetradecanoylphorbol 13-acetate enhances the heat-indcued stress
response. J Biol Chem 272: 6792-6798, 1997.

156. Holtzclaw BJ. Shivering in acutely ill vulnerable populations. AACN
Clin Issues 15: 267-279, 2004.

157. Hong Y, Rogers R, Matunis MJ, Mayhew CN, Goodson ML, Park-
Sarge OK, Sarge KD, Goodson M. Regulation of heat shock transcrip-
tion factor 1 by stress-induced SUMO-1 modification. J Biol Chem 276:
40263-40267, 2001.

158. Hori T, Nakashima T, Kiyohara T, Shibata M, Hori N. Effect of cal-
cium removal on thermosensitivity of preoptic neurons in hypothalamic
slices. Neurosci Lett 20: 171-175, 1980.

159. Horvath S, Spurr G, Hutt B, Hamilton L. Metabolic cost of shivering.
J Appl Physiol 8: 595-602, 1956.

160. Hu Y, Mivechi NF. HSF-1 interacts with Ral-binding protein 1 in a
stress-responsive, multiprotein complex with HSP90 in vivo. J Biol
Chem 278: 17299-17306, 2003.

161. Huang AJ, Yu KD, Li J, Fan L, Shao ZM. Polymorphism
rs4919510:C>G in mature sequence of human microRNA-608 con-
tributes to the risk of HER2-positive breast cancer but not other sub-
types. PloS One 7: e35252, 2012.

162. Huang SM, Lee H, Chung MK, Park U, Yu YY, Bradshaw HB,
Coulombe PA, Walker JM, Caterina MJ. Overexpressed transient recep-
tor potential vanilloid 3 ion channels in skin keratinocytes modulate
pain sensitivity via prostaglandin E2. J Neurosci 28: 13727-13737,
2008.

163. Hung JJ, Cheng TJ, Lai YK, Chang MD. Differential activation of
p38 mitogen-activated protein kinase and extracellular signal-regulated
protein kinases confers cadmium-induced HSP70 expression in 9L rat
brain tumor cells. J Biol Chem 273: 31924-31931, 1998.

164. Hunter-Lavin C, Davies EL, Bacelar MM, Marshall MJ, Andrew SM,
Williams JH. Hsp70 release from peripheral blood mononuclear cells.
Biochem Biophys Res Commun 324: 511-517, 2004.

165. Hwang SW, Cho H, Kwak J, Lee SY, Kang CJ, Jung J, Cho S, Min
KH, Suh YG, Kim D, Oh U. Direct activation of capsaicin receptors
by products of lipoxygenases: Endogenous capsaicin-like substances.
Proc Natl Acad Sci U S A 97: 6155-6160, 2000.

166. Iaizzo PA, Jeon YM, Sigg DC. Facial warming increases the threshold
for shivering. J Neurosurg Anesthesiol 11: 231-239, 1999.

167. Imura K, Yoshioka T, Hikita I, Tsukahara K, Hirasawa T, Higashino K,
Gahara Y, Arimura A, Sakata T. Influence of TRPV3 mutation on hair
growth cycle in mice. Biochem Biophys Res Commun 363: 479-483,
2007.

168. Inouye S, Fujimoto M, Nakamura T, Takaki E, Hayashida N, Hai T,
Nakai A. Heat shock transcription factor 1 opens chromatin structure of
interleukin-6 promoter to facilitate binding of an activator or a repressor.
J Biol Chem 282: 33210-33217, 2007.

169. Iriuchijima J, Zotterman Y. The specificity of afferent cutaneous C
fibres in mammals. Acta Physiol Scand 49: 267-278, 1960.

170. Ivanov AI, Romanovsky AA. Prostaglandin E2 as a mediator of fever:
Synthesis and catabolism. Front Biosci 9: 1977-1993, 2004.

171. Izu H, Inouye S, Fujimoto M, Shiraishi K, Naito K, Nakai A. Heat
shock transcription factor 1 is involved in quality-control mechanisms
in male germ cells. Biol Reprod 70: 18-24, 2004.

172. Jiang Q, Cross AS, Singh IS, Chem TT, Viscardi RM, Hasday JD.
Febrile core temperature is essential for optimal host defense in bacterial
peritonitis. Infect Immun 68: 1265-1270, 2000.

173. Jiang Q, DeTolla L, Kalvakolanu I, Van Roojien N, Singh IS, Fitzgerald
B, Cross AS, Hasday JD. Febrile range temperature modifies early
systemic TNFa expression in mice challenged with bacterial endotoxin.
Infect Immun 67: 1539-1546, 1999.

174. Jolly C, Konecny L, Grady DL, Kutskova YA, Cotto JJ, Morimoto RI,
Vourc’h C. In vivo binding of active heat shock transcription factor 1 to
human chromosome 9 heterochromatin during stress. J Cell Biol 156:
775-781, 2002.

175. Jolly C, Usson Y, Morimoto RI. Rapid and reversible relocalization of
heat shock factor 1 within seconds to nuclear stress granules. Proc Natl
Acad Sci U S A 96: 6769-6774, 1999.

176. Jones MR, Chua A, Chen YD, Li X, Krauss RM, Rotter JI, Legro RS,
Azziz R, Goodarzi MO. Harnessing expression data to identify novel
candidate genes in polycystic ovary syndrome. PLoS One 6: e20120,
2011.

177. Jordt SE, Tominaga M, Julius D. Acid potentiation of the capsaicin
receptor determined by a key extracellular site. Proc Natl Acad Sci U S
A 97: 8134-8139, 2000.

142 Volume 4, January 2014

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Comprehensive Physiology Fever, Immunity, and Molecular Adaptations

178. Jurivich DA, Sistonen L, Sarge KD, Morimoto RI. Arachidonate is a
potent modulator of human heat shock gene transcription. Proc Natl
Acad Sci U S A 91: 2280-2284, 1994.

179. Kakiuchi C, Ishiwata M, Nanko S, Kunugi H, Minabe Y, Nakamura K,
Mori N, Fujii K, Umekage T, Tochigi M, Kohda K, Sasaki T, Yamada
K, Yoshikawa T, Kato T. Association analysis of HSP90B1 with bipolar
disorder. J Hum Genet 52: 794-803, 2007.

180. Kanzaki M, Zhang YQ, Mashima H, Li L, Shibata H, Kojima I. Translo-
cation of a calcium-permeable cation channel induced by insulin-like
growth factor-I. Nat Cell Biol 1: 165-170, 1999.

181. Kawaguchi S, Hagiwara A, Suzuki M. Polymorphic analysis of the
heat-shock protein 70 gene (HSPA1A) in Meniere’s disease. Acta Oto-
laryngol 128: 1173-1177, 2008.

182. Kelso SR, Boulant JA. Effect of synaptic blockade on thermosensitive
neurons in hypothalamic tissue slices. Am J Physiol 243: R480-R490,
1982.

183. Kenshalo DR, Decker T, Hamilton A. Spatial summation on the fore-
head, forearm, and back produced by radiant and conducted heat.
J Comp Physiol Psychol 63: 510-515, 1967.

184. Kim D, Li GC. Proteasome inhibitors lactacystin and MG132 inhibit
the dephosphorylation of HSF1 after heat shock and suppress thermal
induction of heat shock gene expression. Biochem Biophys Res Commun
264: 352-358, 1999.

185. Kim J, Nueda A, Meng YH, Dynan WS, Mivechi NF. Analysis of the
phosphorylation of human heat shock transcription factor-1 by MAP
kinase family members. J Cell Biochem 67: 43-54, 1997.

186. Kim JJ, Mandelli L, Lim S, Lim HK, Kwon OJ, Pae CU, Serretti A,
Nimgaonkar VL, Paik IH, Jun TY. Association analysis of heat shock
protein 70 gene polymorphisms in schizophrenia. Eur Arch Psychiatry
Clin Neurosci 258: 239-244, 2008.

187. Kim SA, Yoon JH, Kim DK, Kim SG, Ahn SG. CHIP interacts with
heat shock factor 1 during heat stress. FEBS Lett 579: 6559-6563, 2005.

188. Kim SA, Yoon JH, Lee SH, Ahn SG. Polo-like kinase 1 phosphorylates
heat shock transcription factor 1 and mediates its nuclear translocation
during heat stress. J Biol Chem 280: 12653-12657, 2005.

189. Kim SH, Kim D, Jung GS, Um JH, Chung BS, Kang CD. Involvement of
c-Jun NH(2)-terminal kinase pathway in differential regulation of heat
shock proteins by anticancer drugs. Biochem Biophys Res Commun
262: 516-522, 1999.

190. Klastersky J. Etude experimentale et clinique des effets favorables et
defavorables de la fievre et de l’administration de corticoides au cours
d’infectons bacteriennes. Acta Clin Belg 26: 1-84, 1971.

191. Kline MP, Morimoto RI. Repression of the heat shock factor 1 transcrip-
tional activation domain is modulated by constitutive phosphorylation.
Mol Cell Biol 17: 2107-2115, 1997.

192. Kluger M. Fever: Role of pyrogens and cryogens. Physiol Rev 71:
93-127, 1991.

193. Kluger MJ, Kozac W, Conn CA, Leon LR, Soszynski D. The adaptive
value of fever. In: Mackowiak PA, editor. Fever: Basic Mechanisms and
Management (2nd ed.). New York: Raven Press, 1996, pp. 255-266.

194. Knauf U, Newton EM, Kyriakis J, Kingston RE. Repression of human
heat shock factor 1 activity at control temperature by phosphorylation.
Genes Dev 10: 2782-2793, 1996.

195. Kobayashi A, Osaka T. Involvement of the parabrachial nucleus in
thermogenesis induced by environmental cooling in the rat. Pflugers
Arch 446: 760-765, 2003.

196. Kotsiopriftis M, Tanner JE, Alfieri C. Heat shock protein 90 expres-
sion in Epstein-Barr virus-infected B cells promotes gammadelta T-cell
proliferation in vitro. J Virol 79: 7255-7261, 2005.

197. Kuhn LR. Effect of elevated body temperature on cryptococcus in mice.
Proc Soc Exp Biol Med 71: 341-343, 1949.

198. Kultz D. Molecular and evolutionary basis of the cellular stress
response. Annu Rev Physiol 67: 225-257, 2005.

199. Kurosawa S, Kobune F, Okuyama K. Effects of antipyretics in rinder-
pest virus infection in rabbits. J Infect Dis 155: 991-997, 1987.

200. Kwan KY, Allchorne AJ, Vollrath MA, Christensen AP, Zhang DS,
Woolf CJ, Corey DP. TRPA1 contributes to cold, mechanical, and
chemical nociception but is not essential for hair-cell transduction.
Neuron 50: 277-289, 2006.

201. Lasky-Su J, Anney RJ, Neale BM, Franke B, Zhou K, Maller JB,
Vasquez AA, Chen W, Asherson P, Buitelaar J, Banaschewski T,
Ebstein R, Gill M, Miranda A, Mulas F, Oades RD, Roeyers H, Rothen-
berger A, Sergeant J, Sonuga-Barke E, Steinhausen HC, Taylor E, Daly
M, Laird N, Lange C, Faraone SV. Genome-wide association scan of
the time to onset of attention deficit hyperactivity disorder. Am J Med
Genet B Neuropsychiatr Genet 147B: 1355-1358, 2008.

202. Laszlo A, Moros EG, Davidson T, Bradbury M, Straube W, Roti Roti
J. The heat-shock factor is not activated in mammalian cells exposed
to cellular phone frequency microwaves. Radiat Res 164: 163-172,
2005.

203. Lazarus M, Yoshida K, Coppari R, Bass CE, Mochizuki T, Lowell BB,
Saper CB. EP3 prostaglandin receptors in the median preoptic nucleus
are critical for fever responses. Nat Neurosci 10: 1131-1133, 2007.

204. Lee H, Iida T, Mizuno A, Suzuki M, Caterina MJ. Altered thermal
selection behavior in mice lacking transient receptor potential vanilloid
4. J Neurosci 25: 1304-1310, 2005.

205. Lee YJ, Lee HJ, Lee JS, Jeoung D, Kang CM, Bae S, Lee SJ, Kwon
SH, Kang D, Lee YS. A novel function for HSF1-induced mitotic exit
failure and genomic instability through direct interaction between HSF1
and Cdc20. Oncogene 27: 2999-3009, 2008.

206. Li J, Niu W, Qi Y, Mayila W, Zhu P, Muhuyati, Cheng Z, Qiu C.
Interactive association of heat shock protein 70 genes variants with
natural longevity in Xinjiang Hetian Uygur ethnicity. Transl Res 154:
257-264, 2009.

207. Li JX, Tang BP, Sun HP, Feng M, Cheng ZH, Niu WQ. Interacting
contribution of the five polymorphisms in three genes of Hsp70 family
to essential hypertension in Uygur ethnicity. Cell Stress Chaperones
14: 355-362, 2009.

208. Li QL, Ju ZH, Huang JM, Li JB, Li RL, Hou MH, Wang CF, Zhong JF.
Two novel SNPs in HSF1 gene are associated with thermal tolerance
traits in Chinese holstein cattle. DNA Cell Biol 30: 247-254, 2011.

209. Li X, Qin J. Modulation of Toll-interleukin 1 receptor mediated signal-
ing. J Mol Med 83: 258-266, 2005.

210. Liedtke W, Choe Y, Marti-Renom MA, Bell AM, Denis CS, Sali A,
Hudspeth AJ, Friedman JM, Heller S. Vanilloid receptor-related osmot-
ically activated channel (VR-OAC), a candidate vertebrate osmorecep-
tor. Cell 103: 525-535, 2000.

211. Liedtke W, Friedman JM. Abnormal osmotic regulation in trpv4-/-
mice. Proc Natl Acad Sci U S A 100: 13698-13703, 2003.

212. Lindquist S. The heat-shock response. Annu Rev Biochem 55: 1151-
1191, 1986.

213. Link TM, Park U, Vonakis BM, Raben DM, Soloski MJ, Caterina
MJ. TRPV2 has a pivotal role in macrophage particle binding and
phagocytosis. Nat Immunol 11: 232-239, 2010.

214. Lipke AB, Matute-Bello G, Herrero R, Kurahashi K, Wong VA,
Mongovin SM, Martin TR. Febrile-range hyperthermia augments
lipopolysaccharide-induced lung injury by a mechanism of enhanced
alveolar epithelial apoptosis. J Immunol 184: 3801-3813, 2010.

215. Lipke AB, Matute-Bello G, Herrero R, Wong VA, Mongovin SM,
Martin TR. Death receptors mediate the adverse effects of febrile-
range hyperthermia on the outcome of lipopolysaccharide-induced
lung injury. Am J Physiol Lung Cell Mol Physiol 301: L60-L70,
2011.

216. Lomax P, Malveaux E, Smith RE. Brain temperatures in the rat during
exposure to low environmental temperatures. Am J Physiol 207: 736-
739, 1964.

217. Lund SG, Ruberte MR, Hofmann GE. Turning up the heat: The effects
of thermal acclimation on the kinetics of hsp70 gene expression in the
eurythermal goby, Gillichthys mirabilis. Comp Biochem Physiol A Mol
Integr Physiol 143: 435-446, 2006.

218. Mackowiak PA, Boulant JA. Fever’s glass ceiling. Clin Infect Dis 22:
525-536, 1996.

219. Mackowiak PA, Browne RH, Southern PM, Jr., Smith JW. Polymicro-
bial sepsis: An analysis of 184 cases using log linear models. Am J Med
Sci 280: 73-80, 1980.

220. Madden CJ, Morrison SF. Excitatory amino acid receptor activation in
the raphe pallidus area mediates prostaglandin-evoked thermogenesis.
Neuroscience 122: 5-15, 2003.

221. Madden CJ, Morrison SF. Excitatory amino acid receptors in the dor-
somedial hypothalamus mediate prostaglandin-evoked thermogenesis
in brown adipose tissue. Am J Physiol Regul Integr Comp Physiol 286:
R320-R325, 2004.

222. Magoun HW, Harrison F, Brobeck JR, Ranson SW. Activation of heat
loss mechanisms by local heating of the brain. J Neurophysiol 1: 101-
114, 1938.

223. Maity TK, Henry MM, Tulapurkar ME, Shah NG, Hasday JD, Singh
IS. Distinct, gene-specific effect of heat shock on heat shock factor-1
recruitment and gene expression of CXC chemokine genes. Cytokine
54: 61-67, 2011.

224. Mambula SS, Calderwood SK. Heat induced release of Hsp70 from
prostate carcinoma cells involves both active secretion and passive
release from necrotic cells. Int J Hyperthermia 22: 575-585, 2006.

225. Mambula SS, Calderwood SK. Heat shock protein 70 is secreted from
tumor cells by a nonclassical pathway involving lysosomal endosomes.
J Immunol 177: 7849-7857, 2006.

226. Mambula SS, Stevenson MA, Ogawa K, Calderwood SK. Mechanisms
for Hsp70 secretion: Crossing membranes without a leader. Methods
43: 168-175, 2007.

227. Manalo DJ Liu AY. Resolution, detection, and characterization of redox
conformers of human HSF1. J Biol Chem 276: 23554-23561, 2001.

228. Mandadi S, Sokabe T, Shibasaki K, Katanosaka K, Mizuno A, Moqrich
A, Patapoutian A, Fukumi-Tominaga T, Mizumura K, Tominaga M.
TRPV3 in keratinocytes transmits temperature information to sensory
neurons via ATP. Pflugers Arch 458: 1093-1102, 2009.

229. Manthous C, Hall J, Olson D, Singh M, Chatila W, Pohlman A, Kushner
R, Schmidt G, Wood L. Effect of cooling on oxygen consumption in

Volume 4, January 2014 143

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fever, Immunity, and Molecular Adaptations Comprehensive Physiology

febrile critically ill patients. Am J Respir Crit Care Med 151: 10-14,
1995.

230. Martinez J, Perez Serrano J, Bernadina WE, Rodriguez-Caabeiro F.
Influence of parasitization by Trichinella spiralis on the levels of heat
shock proteins in rat liver and muscle. Parasitology 118(Pt 2): 201-209,
1999a.

231. Martinez J, Perez-Serrano J, Bernadina WE, Rodriguez-Caabeiro F.
Shock response induced in rat brain and spleen during primary infection
with Trichinella spiralis larvae. Parasitology 118(Pt 6): 605-613, 1999b.

232. Mason PB, Jr., Lis JT. Cooperative and competitive protein interactions
at the hsp70 promoter. J Biol Chem 272: 33227-33233, 1997.

233. Matsuura H, Sokabe T, Kohno K, Tominaga M, Kadowaki T. Evolu-
tionary conservation and changes in insect TRP channels. BMC Evol
Biol 9: 228, 2009.

234. Maulik N, Engelman RM, Wei Z, Lu D, Rousou JA, Das DK.
Interleukin-1 alpha preconditioning reduces myocardial ischemia reper-
fusion injury. Circulation 88: II387-II394, 1993.

235. McClung JP, Hasday JD, He JR, Montain SJ, Cheuvront SN, Sawka
MN, Singh IS. Exercise-heat acclimation in humans alters baseline
levels and ex vivo heat inducibility of HSP72 and HSP90 in peripheral
blood mononuclear cells. Am J Physiol Regul Integr Comp Physiol,
292:R185-191, 2007.

236. McGrath LB, Locke M, Cane M, Chen C, Ianuzzo CD. Heat shock
protein (HSP 72) expression in patients undergoing cardiac operations.
J Thorac Cardiovasc Surg 109: 370-376, 1995.

237. McKemy DD, Neuhausser WM, Julius D. Identification of a cold recep-
tor reveals a general role for TRP channels in thermosensation. Nature
416: 52-58, 2002.

238. McMillan DR, Xiao X, Shao L, Graves K, Benjamin IJ. Targeted dis-
ruption of heat shock transcription factor 1 abolishes thermotolerance
and protection against heat-inducible apoptosis. J Biol Chem 273: 7523-
7528, 1998.

239. Melcher A, Murphy S, Vile R. Heat shock protein expression in target
cells infected with low levels of replication-competent virus contributes
to the immunogenicity of adenoviral vectors. Hum Gene Ther 10: 1431-
1442, 1999.

240. Mendillo ML, Santagata S, Koeva M, Bell GW, Hu R, Tamimi RM,
Fraenkel E, Ince TA, Whitesell L, Lindquist S. HSF1 drives a transcrip-
tional program distinct from heat shock to support highly malignant
human cancers. Cell 150: 549-562, 2012.

241. Meng L, Gabai VL, Sherman MY. Heat-shock transcription factor
HSF1 has a critical role in human epidermal growth factor receptor-
2-induced cellular transformation and tumorigenesis. Oncogene 29:
5204-5213, 2010.

242. Mercier PA, Winegarden NA, Westwood JT. Human heat shock factor
1 is predominantly a nuclear protein before and after heat stress. J Cell
Sci 112(Pt 16): 2765-2774, 1999.

243. Mir KA, Pugazhendhi S, Paul MJ, Nair A, Ramakrishna BS. Heat-
shock protein 70 gene polymorphism is associated with the severity of
diabetic foot ulcer and the outcome of surgical treatment. Br J Surg 96:
1205-1209, 2009.

244. Mishra SK, Tripp J, Winkelhaus S, Tschiersch B, Theres K, Nover L,
Scharf KD. In the complex family of heat stress transcription factors,
HsfA1 has a unique role as master regulator of thermotolerance in
tomato. Genes Dev 16: 1555-1567, 2002.

245. Mivechi NF, Giaccia AJ. Mitogen-activated protein kinase acts as a
negative regulator of the heat shock response in NIH3T3 cells. Cancer
Res 55: 5512-5519, 1995.

246. Mivechi NF, Murai T, Hahn GM. Inhibitors of tyrosine and Ser/Thr
phosphatases modulate the heat shock response. J Cell Biochem 54:
186-197, 1994.

247. Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian
clocks in mammals. Annu Rev Neurosci 35: 445-462, 2012.

248. Moqrich A, Hwang SW, Earley TJ, Petrus MJ, Murray AN, Spencer
KS, Andahazy M, Story GM, Patapoutian A. Impaired thermosensation
in mice lacking TRPV3, a heat and camphor sensor in the skin. Science
307: 1468-1472, 2005.

249. Morange M. HSFs in development. Handb Exp Pharmacol: 153-169,
2006.

250. Morange M, Dubois MF, Bensaude O, Lebon P. Interferon pretreatment
lowers the threshold for maximal heat-shock response in mouse cells.
J Cell Physiol 127: 417-422, 1986.

251. Morimoto RI, Kline MP, Bimston DN, Cotto JJ. The heat-shock
response: Regulation and function of heat-shock proteins and molecular
chaperones. Essays Biochem 32: 17-29, 1997.

252. Morrison SF, Nakamura K. Central neural pathways for thermoregula-
tion. Front Biosci 16: 74-104, 2011.

253. Mosser DD, Duchaine J, Massie B. The DNA-binding activity of the
human heat shock transcription factor is regulated in vivo by hsp70.
Mol Cell Biol 13: 5427-5438, 1993.

254. Murray JI, Whitfield ML, Trinklein ND, Myers RM, Brown PO, Bot-
stein D. Diverse and specific gene expression responses to stresses in
cultured human cells. Mol Biol Cell 15: 2361-2374, 2004.

255. Nagarsekar A, Greenberg RS, Shah NG, Singh IS, Hasday JD. Febrile-
range hyperthermia accelerates caspase-dependent apoptosis in human
neutrophils. J Immunol 181: 2636-2643, 2008.

256. Nagarsekar A, Hasday J, Singh I. CXC chemokines: A new family of
heat-shock proteins? Immunol Invest 34: 381-398, 2005.

257. Nagarsekar A, Tulapurkar ME, Singh IS, Atamas SP, Shah NG, Hasday
JD. Hyperthermia promotes and prevents respiratory epithelial apop-
tosis through distinct mechanisms. Am J Respir Cell Mol Biol 47:
824-833, 2012.

258. Nakai A. New aspects in the vertebrate heat shock factor system: Hsf3
and Hsf4. Cell Stress Chaperones 4: 86-93, 1999.

259. Nakai A, Morimoto RI. Characterization of a novel chicken heat shock
transcription factor, heat shock factor 3, suggests a new regulatory
pathway. Mol Cell Biol 13: 1983-1997, 1993.

260. Nakai A, Tanabe M, Kawazoe Y, Inazawa J, Morimoto RI, Nagata K.
HSF4, a new member of the human heat shock factor family which
lacks properties of a transcriptional activator. Mol Cell Biol 17: 468-
481, 1997.

261. Nakamura K. Central circuitries for body temperature regulation and
fever. Am J Physiol Regul Integr Comp Physiol 301: R1207-R1228,
2011.

262. Nakamura K, Kaneko T, Yamashita Y, Hasegawa H, Katoh H, Ichikawa
A, Negishi M. Immunocytochemical localization of prostaglandin EP3
receptor in the rat hypothalamus. Neurosci Lett 260: 117-120, 1999.

263. Nakamura K, Matsumura K, Hubschle T, Nakamura Y, Hioki H,
Fujiyama F, Boldogkoi Z, Konig M, Thiel HJ, Gerstberger R, Kobayashi
S, Kaneko T. Identification of sympathetic premotor neurons in
medullary raphe regions mediating fever and other thermoregulatory
functions. J Neurosci 24: 5370-5380, 2004.

264. Nakamura K, Matsumura K, Kaneko T, Kobayashi S, Katoh H, Negishi
M. The rostral raphe pallidus nucleus mediates pyrogenic transmission
from the preoptic area. J Neurosci 22: 4600-4610, 2002.

265. Nakamura K, Morrison SF. Central efferent pathways mediating skin
cooling-evoked sympathetic thermogenesis in brown adipose tissue.
Am J Physiol Regul Integr Comp Physiol 292: R127-R136, 2007.

266. Nakamura K, Morrison SF. Preoptic mechanism for cold-defensive
responses to skin cooling. J Physiol 586: 2611-2620, 2008.

267. Nakamura K, Morrison SF. A thermosensory pathway that controls
body temperature. Nat Neurosci 11: 62-71, 2008.

268. Nakamura K, Morrison SF. A thermosensory pathway mediating heat-
defense responses. Proc Natl Acad Sci U S A 107: 8848-8853, 2010.

269. Nakamura K, Morrison SF. Central efferent pathways for cold-
defensive and febrile shivering. J Physiol 589: 3641-3658, 2011.

270. Nakamura Y, Nakamura K, Matsumura K, Kobayashi S, Kaneko T,
Morrison SF. Direct pyrogenic input from prostaglandin EP3 receptor-
expressing preoptic neurons to the dorsomedial hypothalamus. Eur J
Neurosci 22: 3137-3146, 2005.

271. Nakamura Y, Nakamura K, Morrison SF. Different populations of
prostaglandin EP3 receptor-expressing preoptic neurons project to two
fever-mediating sympathoexcitatory brain regions. Neuroscience 161:
614-620, 2009.

272. Nakayama T, Eisenman JS, Hardy JD. Single unit activity of anterior
hypothalamus during local heating. Science 134: 560-561, 1961.

273. Nakayma T, Hammel HT, Hardy JD, Eisenman JS. Thermal stimulation
of electrical activity of single units of the preoptic region. Am J Physiol
204: 1122-1126, 1963.

274. Narumiya S, Sugimoto Y, Ushikubi F. Prostanoid receptors: Structures,
properties, and functions. Physiol Rev 79: 1193-1226, 1999.

275. Nason MW, Jr., Mason P. Modulation of sympathetic and somatomotor
function by the ventromedial medulla. J Neurophysiol 92: 510-522,
2004.

276. Neeper MP, Liu Y, Hutchinson TL, Wang Y, Flores CM, Qin N. Activa-
tion properties of heterologously expressed mammalian TRPV2: Evi-
dence for species dependence. J Biol Chem 282: 15894-15902, 2007.

277. Newton EM, Knauf U, Green M, Kingston RE. The regulatory domain
of human heat shock factor 1 is sufficient to sense heat stress. Mol Cell
Biol 16: 839-846, 1996.

278. Nilsberth C, Elander L, Hamzic N, Norell M, Lonn J, Engstrom L,
Blomqvist A. The role of interleukin-6 in lipopolysaccharide-induced
fever by mechanisms independent of prostaglandin E2. Endocrinology
150: 1850-1860, 2009.

279. Njemini R, Bautmans I, Lambert M, Demanet C, Mets T. Heat shock
proteins and chemokine/cytokine secretion profile in ageing and inflam-
mation. Mech Ageing Dev 128: 450-454, 2007.

280. Njemini R, Demanet C, Mets T. Inflammatory status as an impor-
tant determinant of heat shock protein 70 serum concentrations during
aging. Biogerontology 5: 31-38, 2004.

281. Njemini R, Lambert M, Demanet C, Mets T. Elevated serum heat-shock
protein 70 levels in patients with acute infection: Use of an optimized
enzyme-linked immunosorbent assay. Scand J Immunol 58: 664-669,
2003.

282. Nunes SL, Calderwood SK. Heat shock factor-1 and the heat shock
cognate 70 protein associate in high molecular weight complexes in the

144 Volume 4, January 2014

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Comprehensive Physiology Fever, Immunity, and Molecular Adaptations

cytoplasm of NIH-3T3 cells. Biochem Biophys Res Commun 213: 1-6,
1995.

283. O’Reilly DA, Roberts JR, Cartmell MT, Demaine AG, Kingsnorth
AN. Heat shock factor-1 and nuclear factor-kappaB are systemically
activated in human acute pancreatitis. Jop 7: 174-184, 2006.

284. Ofenstein JP, Heidemann S, Juett-Wilstermann A, Sarnaik A. Expres-
sion of stress proteins HSP 72 & HSP 32 in response to endotoxemia.
Ann Clin Lab Sci 30: 92-98, 2000.

285. Ohashi K, Burkart V, Flohe S, Kolb H. Cutting edge: Heat shock protein
60 is a putative endogenous ligand of the toll-like receptor-4 complex.
J Immunol 164: 558-561, 2000.

286. Oka T, Oka K, Kobayashi T, Sugimoto Y, Ichikawa A, Ushikubi F,
Narumiya S, Saper CB. Characteristics of thermoregulatory and febrile
responses in mice deficient in prostaglandin EP1 and EP3 receptors.
J Physiol 551: 945-954, 2003.

287. Oka T, Oka K, Scammell TE, Lee C, Kelly JF, Nantel F, Elmquist
JK, Saper CB. Relationship of EP(1-4) prostaglandin receptors with
rat hypothalamic cell groups involved in lipopolysaccharide fever
responses. J Comp Neurol 428: 20-32, 2000.

288. Ootsuka Y, Blessing WW, Steiner AA, Romanovsky AA. Fever
response to intravenous prostaglandin E2 is mediated by the brain but
does not require afferent vagal signaling. Am J Physiol Regul Integr
Comp Physiol 294: R1294-R1303, 2008.

289. Orosz A, Wisniewski J, Wu C. Regulation of Drosophila heat shock
factor trimerization: Global sequence requirements and independence
of nuclear localization. Mol Cell Biol 16: 7018-7030, 1996.

290. Osaka T. Cold-induced thermogenesis mediated by GABA in the pre-
optic area of anesthetized rats. Am J Physiol Regul Integr Comp Physiol
287: R306-R313, 2004.

291. Ostberg JR, Kaplan KC, Repasky EA. Induction of stress proteins in a
panel of mouse tissues by fever-range whole body hyperthermia. Int J
Hyperthermia 18: 552-562, 2002.

292. Ostberg JR, Taylor SL, Baumann H, Repasky EA. Regulatory effects
of fever-range whole-body hyperthermia on the LPS-induced acute
inflammatory response. J Leukoc Biol 68: 815-820, 2000.

293. Ozaki M, Deshpande SS, Angkeow P, Suzuki S, Irani K. Rac1 regulates
stress-induced, redox-dependent heat shock factor activation. J Biol
Chem 275: 35377-35383, 2000.

294. Pae CU, Drago A, Kim JJ, Mandelli L, De Ronchi D, Serretti A. The
impact of heat shock protein 70 gene variations on clinical presentation
and outcome in schizophrenic inpatients. Neuropsychobiology 59: 135-
141, 2009.

295. Pan Z, Yang H, Reinach PS. Transient receptor potential (TRP) gene
superfamily encoding cation channels. Hum Genomics 5: 108-116,
2011.

296. Park J, Liu AY. JNK phosphorylates the HSF1 transcriptional activation
domain: Role of JNK in the regulation of the heat shock response. J Cell
Biochem 82: 326-338, 2001.

297. Park U, Vastani N, Guan Y, Raja SN, Koltzenburg M, Caterina MJ.
TRP vanilloid 2 knock-out mice are susceptible to perinatal lethality
but display normal thermal and mechanical nociception. J Neurosci 31:
11425-11436, 2011.

298. Pastukhov I, Ekimova IV, Guzhova IV. Major stress protein has pyro-
genic action. Dokl Biol Sci 388: 41-44, 2003.

299. Pearl LH, Prodromou C. Structure and mechanism of the Hsp90 molec-
ular chaperone machinery. Annu Rev Biochem 75: 271-294, 2006.

300. Peier AM, Reeve AJ, Andersson DA, Moqrich A, Earley TJ, Hergarden
AC, Story GM, Colley S, Hogenesch JB, McIntyre P, Bevan S, Pat-
apoutian A. A heat-sensitive TRP channel expressed in keratinocytes.
Science 296: 2046-2049, 2002.

301. Perisic O, Xiao H, Lis JT. Stable binding of drospophila heat shock fac-
tor to head-to-head and tail-tail repeats of a conserved 5 bp recognition
unit. Cell 59: 797-806, 1989.

302. Peteranderl R, Nelson HC. Trimerization of the heat shock transcription
factor by a triple-stranded alpha-helical coiled-coil. Biochemistry 31:
12272-12276, 1992.

303. Pirkkala L, Alastalo TP, Zuo X, Benjamin IJ, Sistonen L. Disruption of
heat shock factor 1 reveals an essential role in the ubiquitin proteolytic
pathway. Mol Cell Biol 20: 2670-2675, 2000.

304. Pirkkala L, Nykanen P, Sistonen L. Roles of the heat shock transcription
factors in regulation of the heat shock response and beyond. Faseb J
15: 1118-1131, 2001.

305. Pittet JF, Lee H, Morabito D, Howard MB, Welch WJ, Mackersie RC.
Serum levels of Hsp 72 measured early after trauma correlate with
survival. J Trauma 52: 611-617; discussion 617, 2002.

306. Qi Y, Niu WQ, Zhu TC, Liu JL, Dong WY, Xu Y, Ding SQ, Cui CB,
Pan YJ, Yu GS, Zhou WY, Qiu CC. Genetic interaction of Hsp70 fam-
ily genes polymorphisms with high-altitude pulmonary edema among
Chinese railway constructors at altitudes exceeding 4000 meters. Clin
Chim Acta 405: 17-22, 2009.

307. Qian SB, McDonough H, Boellmann F, Cyr DM, Patterson C. CHIP-
mediated stress recovery by sequential ubiquitination of substrates and
Hsp70. Nature 440: 551-555, 2006.

308. Rabindran SK, Giorgi G, Clos J, Wu C. Molecular cloning and expres-
sion of a human heat shock factor, HSF1. Proc Natl Acad Sci U S A 88:
6906-6910, 1991.

309. Rabindran SK, Haroun RI, Clos J, WSisniewski J, Wu C. Regulation of
heat shock factor trimer formation: Role of a conserved leucine zipper.
Sci 259: 230-234, 1993.

310. Rabindran SK, Wisniewski J, Li L, Li GC, Wu C. Interaction between
heat shock factor and hsp70 is insufficient to suppress induction of
DNA-binding activity in vivo. Mol Cell Biol 14: 6552-6560, 1994.

311. Rahim RA, Boyd PA, Ainslie Patrick WJ, Burdon RH. Human heat
shock protein gene polymorphisms and sudden infant death syndrome.
Arch Dis Child 75: 451-452, 1996.

312. Ramaglia V, Harapa GM, White N, Buck LT. Bacterial infection and
tissue-specific Hsp72, -73 and -90 expression in western painted turtles.
Comp Biochem Physiol C Toxicol Pharmacol 138: 139-148, 2004.

313. Ranels HJ, Griffin JD. The effects of prostaglandin E2 on the firing
rate activity of thermosensitive and temperature insensitive neurons in
the ventromedial preoptic area of the rat hypothalamus. Brain Res 964:
42-50, 2003.

314. Ranels HJ, Griffin JD. Effects of prostaglandin E2 on the electrical
properties of thermally classified neurons in the ventromedial preoptic
area of the rat hypothalamus. BMC Neurosci 6: 14, 2005.

315. Ratcliffe PJ, Bell JI, Collins KJ, Frackowiak RS, Rudge P. Late onset
post-traumatic hypothalamic hypothermia. J Neurol Neurosurg Psychi-
atry 46: 72-74, 1983.

316. Rathner JA, Madden CJ, Morrison SF. Central pathway for spontaneous
and prostaglandin E2-evoked cutaneous vasoconstriction. Am J Physiol
Regul Integr Comp Physiol 295: R343-R354, 2008.

317. Rautenberg W, Necker R, May B. Thermoregulatory responses of the
pigeon to changes of the brain and the spinal cord temperatures. Pflugers
Arch 338: 31-42, 1972.

318. Rawson RO, Quick KP. Localization of intra-abdominal thermorecep-
tors in the ewe. J Physiol 222: 665-667, 1972.

319. Reinauer C, Censarek P, Kaber G, Weber AA, Steger G, Klamp T,
Schror K. Expression and translation of the COX-1b gene in human
cells - no evidence for generation of COX-1b protein. Biol Chem,
294:753-760, 2013.

320. Reynolds WW. Fever and antipyresis in the bluegill sunfish, Lepomis
macrochirus. Comp Biochem Physiol C 57: 165-167, 1977.

321. Rice P, Martin E, He J-R, Frank M, DeTolla L, Hester L, O’Neill T,
Manka C, Singh I, Hasday J. Febrile-range hyperthermia augments neu-
trophil accumulation and enhances lung injury in experimental gram-
negative bacterial pneumonia. J Immunol 174: 3676-3685, 2005.

322. Rich AR, McKee CM. The mechanism of a hitherto unexplained form
of native immunity the type III pneumococcus. Bull Johns Hopkins
Hosp 59: 171-207, 1936.

323. Ridder DA, Lang MF, Salinin S, Roderer JP, Struss M, Maser-Gluth
C, Schwaninger M. TAK1 in brain endothelial cells mediates fever and
lethargy. J Exp Med 208: 2615-2623, 2011.

324. Riedel W. Warm receptors in the dorsal abdominal wall of the rabbit.
Pflugers Arch 361: 205-206, 1976.

325. Rodbard D, Wachslight-Rodbard H, Rodbard S. Temperature: A crit-
ical factor determining localization and natural history of infectious,
metabolis, and immunological diseases. Perspect Biol Med 23: 439-
474, 1980.

326. Romanovsky AA. Thermoregulatory manifestations of systemic
inflammation: Lessons from vagotomy. Auton Neurosci 85: 39-48,
2000.

327. Romanovsky AA, Kulchitsky VA, Akulich NV, Koulchitsky SV,
Simons CT, Sessler DI, Gourine VN. First and second phases of bipha-
sic fever: Two sequential stages of the sickness syndrome? Am J Physiol
271: R244-R253, 1996.

328. Rossi A, Coccia M, Trotta E, Angelini M, Santoro MG. Regulation
of cyclooxygenase-2 expression by heat: A novel aspect of heat shock
factor 1 function in human cells. PloS One 7: e31304, 2012.

329. Rossi A, Trotta E, Brandi R, Arisi I, Coccia M, Santoro MG. AIRAP,
a new human heat shock gene regulated by heat shock factor 1. J Biol
Chem 285: 13607-13615, 2010.

330. Roth J, Rummel C, Barth SW, Gerstberger R, Hubschle T. Molecular
aspects of fever and hyperthermia. Neurol Clin 24: 421-439, 2006.

331. Roth J, Rummel C, Barth SW, Gerstberger R, Hubschle T. Molecular
aspects of fever and hyperthermia. Immunol Allergy Clin North Am 29:
229-245, 2009.

332. Rusai K, Banki NF, Prokai A, Podracka L, Szebeni B, Tulassay T,
Reusz GS, Sallay P, Kormendy R, Szabo AJ, Fekete A. Heat shock
protein polymorphism predisposes to urinary tract malformations and
renal transplantation in children. Transplant Proc 42: 2309-2311, 2010.

333. Santos SD, Saraiva MJ. Enlarged ventricles, astrogliosis and neurode-
generation in heat shock factor 1 null mouse brain. Neuroscience 126:
657-663, 2004.

334. Saper C, Breder C. Seminars in medicine of the beth israel hospital,
Boston: The neurologic basis of fever. N Engl J Med 330: 1880-1886,
1994.

Volume 4, January 2014 145

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fever, Immunity, and Molecular Adaptations Comprehensive Physiology

335. Sareh H, Tulapurkar ME, Shah NG, Singh IS, Hasday JD. Response of
mice to continuous 5-day passive hyperthermia resembles human heat
acclimation. Cell Stress Chaperones 16: 297-307, 2011.

336. Sarge KD. Regulation of HSF1 activation and Hsp expression in mouse
tissues under physiological stress conditions. Ann N Y Acad Sci 851:
112-116, 1998.

337. Sarge KD, Murphy SP, Morimoto RI. Activation of heat shock gene
transcription by heat shock factor 1 involves oligomerization, acquisi-
tion of DNA-binding activity, and nuclear localization and can occur
in the absence of stress [published errata appear in Mol Cell Biol
1993 May;13(5):3122-3 and 1993 Jun;13(6):3838-9]. Mol Cell Biol
13: 1392-1407, 1993.

338. Sarge KD, Zimarino V, Holm K, Wu C, Morimoto RI. Cloning and
characterization of two mouse heat shock factors with distinct inducible
and constitutive DNA-binding ability. Genes Dev 5: 1902-1911, 1991.

339. Satinoff E, Rutstein J. Behavioral thermoregulation in rats with anterior
hypothalamic lesions. J Comp Physiol Psychol 71: 77-82, 1970.

340. Sato K. The physiology, pharmacology, and biochemistry of the eccrine
sweat gland. Rev Physiol Biochem Pharmacol 79: 51-131, 1977.

341. Satyal SH, Chen D, Fox SG, Kramer JM, Morimoto RI. Negative regu-
lation of the heat shock transcriptional response by HSBP1. Genes Dev
12: 1962-1974, 1998.

342. Scammell TE, Elmquist JK, Griffin JD, Saper CB. Ventromedial pre-
optic prostaglandin E2 activates fever-producing autonomic pathways.
J Neurosci 16: 6246-6254, 1996.

343. Schlesinger MJ, Ryan C. An ATP- and hsc70-dependent oligomeriza-
tion of nascent heat-shock factor (HSF) polypeptide suggests that HSF
itself could be a “sensor” for the cellular stress response. Protein Sci 2:
1356-1360, 1993.

344. Schmelz M. Neuronal sensitivity of the skin. Eur J Dermatol 21(Suppl
2): 43-47, 2011.

345. Schmid A, Thierauch KH, Schleuning WD, Dinter H. Splice variants
of the human EP3 receptor for prostaglandin E2. Eur J Biochem/FEBS
228: 23-30, 1995.

346. Schmidt JR, Rasmussen AF, Jr. The influence of environmental temper-
ature on the course of experimental herpes simplex infection. J Infect
Dis 107: 356-360, 1960.

347. Schonung W, Jessen C, Wagner H, Simon E. Regional blood flow
antagonism induced by central thermal stimulation in the conscious
dog. Experientia 27: 1291-1292, 1971.

348. Schortgen F, Clabault K, Katsahian S, Devaquet J, Mercat A, Deye N,
Dellamonica J, Bouadma L, Cook F, Beji O, Brun-Buisson C, Lemaire
F, Brochard L. Fever control using external cooling in septic shock:
A randomized controlled trial. Am J Respir Crit Care Med 185: 1088-
1095, 2012.

349. Schuetz TJ, Gallo GJ, Sheldon L, Tempst P, Kingston RE. Isolation of a
cDNA for HSF2: Evidence for two heat shock factor genes in humans.
Proc Natl Acad Sci U S A 88: 6911-6915, 1991.

350. Schulze G, Tetzner M, Topolinski H. Operant thermoregulation of rats
with anterior hypothalamic lesions. Naunyn Schmiedebergs Arch Phar-
macol 318: 43-48, 1981.

351. Schumacker P, Rowland J, Saltz S, Nelson D, Wood L. Effects of
hyperthermia and hypothermia on oxygen extraction by tissues during
hypovolemia. J Appl Physiol 63: 1246-1252, 1987.

352. Sessler DI. Thermoregulatory defense mechanisms. Crit Care Med 37:
S203-S210, 2009.

353. Shah NG, Hasday JD. Does temperature make a difference? It depends
on how hot (or cold), for how long, and in what clinical context. Crit
Care Med 40: 326-327, 2012.

354. Shah NG, Tulapurkar ME, Damarla M, Singh IS, Goldblum SE,
Shapiro P, Hasday JD. Febrile-range hyperthermia augments reversible
TNF-alpha-induced hyperpermeability in human microvascular lung
endothelial cells. Int J Hyperthermia 28: 627-635, 2012.

355. Shamovsky I, Gershon D. Novel regulatory factors of HSF-1 activation:
Facts and perspectives regarding their involvement in the age-associated
attenuation of the heat shock response. Mech Ageing Dev 125: 767-775,
2004.

356. Shamovsky I, Ivannikov M, Kandel ES, Gershon D, Nudler E. RNA-
mediated response to heat shock in mammalian cells. Nature 440: 556-
560, 2006.

357. Shi Y, Mosser DD, Morimoto RI. Molecular chaperones as HSF1-
specific transcriptional repressors. Genes Dev 12: 654-666, 1998.

358. Simmons SO, Fan CY, Ramabhadran R. Cellular stress response path-
way system as a sentinel ensemble in toxicological screening. Toxicol
Sci 111: 202-225, 2009.

359. Simons CT, Kulchitsky VA, Sugimoto N, Homer LD, Szekely M,
Romanovsky AA. Signaling the brain in systemic inflammation: Which
vagal branch is involved in fever genesis? Am J Physiol 275: R63-R68,
1998.

360. Singh I, Hasday J. Fever, hyperthermia, and the heat shock response.
Int J Hyperthermia, 5:423-435, 2013.

361. Singh I, He J-R, Calderwood S, Hasday J. A high affinity HSF-1 binding
site in the 5′-untranslated region of the murine tumor necrosis factor -

a gene is a transcriptional repressor. J Biol Chem 277: 4981-4988,
2002.

362. Singh I, He J-R, Hester L, Fenton M, Hasday J. Bacterial endotoxin
modifies heat shock factor-1 activity in RAW 264.7 cells: Implications
for TNF_ regulation during exposure to febrile range temperatures.
J Endotoxin Res 10: 175-184, 2004.

363. Singh IS, Calderwood S, Kalvakolanu I, Viscardi R, Hasday JD. Inhi-
bition of tumor necrosis factor-a transcription in macrophages exposed
to febrile range temperature: A possible role for heat shock factor-1.
J Biol Chem 275: 9841-9848, 2000.

364. Singh IS, Gupta A, Nagarsekar A, Cooper Z, Manka C, Hester L,
Benjamin IJ, He J-E, Hasday JD. Heat shock co-activates interleukin-8
transcription. Am J Respir Cell Molec Biol 39: 235-242, 2008.

365. Singh IS, Shah NG, Almutairy EA, Hasday JD. Role of HSF1 in
infectious disease. In: Pockley AG, Santoro MG, Calderwood SK, edi-
tors. Prokaryotic and Eukaryotic Heat Shock Proteins in Infectious
Disease. Dordrecht, Heidelberg, London, New York: Springer, 2009,
pp. 1-32.

366. Singh R, Kolvraa S, Bross P, Christensen K, Bathum L, Gregersen
N, Tan Q, Rattan SI. Anti-inflammatory heat shock protein 70 genes
are positively associated with human survival. Curr Pharm Des 16:
796-801, 2010.

367. Singh U, Bongcam-Rudloff E, Westermark B. A DNA sequence
directed mutual transcription regulation of HSF1 and NFIX involves
novel heat sensitive protein interactions. PLoS One 4: e5050, 2009.

368. Singh V, Aballay A. Heat-shock transcription factor (HSF)-1 pathway
required for Caenorhabditis elegans immunity. Proc Natl Acad Sci U S
A 103: 13092-13097, 2006.

369. Singhal SS, Yadav S, Drake K, Singhal J, Awasthi S. Hsf-1 and POB1
induce drug sensitivity and apoptosis by inhibiting Ralbp1. J Biol Chem
283: 19714-19729, 2008.

370. Singleton KD, Serkova N, Beckey VE, Wischmeyer PE. Glutamine
attenuates lung injury and improves survival after sepsis: Role of
enhanced heat shock protein expression. Crit Care Med 33: 1206-1213,
2005.

371. Skaggs HS, Xing H, Wilkerson DC, Murphy LA, Hong Y, Mayhew CN,
Sarge KD. HSF1-TPR interaction facilitates export of stress-induced
HSP70 mRNA. J Biol Chem 282: 33902-33907, 2007.

372. Soncin F, Zhang X, Chu B, Wang X, Asea A, Ann Stevenson M,
Sacks DB, Calderwood SK. Transcriptional activity and DNA binding
of heat shock factor-1 involve phosphorylation on threonine 142 by
CK2. Biochem Biophys Res Commun 303: 700-706, 2003.

373. Sonna LA, Gaffin SL, Pratt RE, Cullivan ML, Angel KC, Lilly CM.
Effect of acute heat shock on gene expression by human peripheral
blood mononuclear cells. J Appl Physiol 92: 2208-2220, 2002.

374. Sorger PK, Nelson HC. Trimerization of a yeast transcriptional activator
via a coiled-coil motif. Cell 59: 807-813, 1989.

375. Spagnolo P, Sato H, Marshall SE, Antoniou KM, Ahmad T, Wells
AU, Ahad MA, Lightman S, du Bois RM, Welsh KI. Association
between heat shock protein 70/Hom genetic polymorphisms and uveitis
in patients with sarcoidosis. Invest Ophthalmol Vis Sci 48: 3019-3025,
2007.

376. Starks PT, Blackie CA, Seeley TD. Fever in honeybee colonies. Natur-
wissenschaften 87: 229-231, 2000.

377. Steenland HW, Ko SW, Wu LJ, Zhuo M. Hot receptors in the brain.
Mol Pain 2: 34, 2006.

378. Steiner AA, Antunes-Rodrigues J, Branco LG. Role of preoptic second
messenger systems (cAMP and cGMP) in the febrile response. Brain
Res 944: 135-145, 2002.

379. Steiner AA, Ivanov AI, Serrats J, Hosokawa H, Phayre AN, Robbins JR,
Roberts JL, Kobayashi S, Matsumura K, Sawchenko PE, Romanovsky
AA. Cellular and molecular bases of the initiation of fever. PLoS Biol
4: e284, 2006.

380. Steiner AA, Rudaya AY, Robbins JR, Dragic AS, Langenbach R,
Romanovsky AA. Expanding the febrigenic role of cyclooxygenase-
2 to the previously overlooked responses. Am J Physiol Regul Integr
Comp Physiol 289: R1253-R1257, 2005.

381. Stephanou A, Isenberg DA, Nakajima K, Latchman DS. Signal trans-
ducer and activator of transcription-1 and heat shock factor-1 interact
and activate the transcription of the Hsp-70 and Hsp- 90beta gene pro-
moters. J Biol Chem 274: 1723-1728, 1999.

382. Stevens JC, Marks LE, Simonson DC. Regional sensitivity and spatial
summation in the warmth sense. Physiol Behav 13: 825-836, 1974.

383. Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR, Ear-
ley TJ, Hergarden AC, Andersson DA, Hwang SW, McIntyre P, Jegla
T, Bevan S, Patapoutian A. ANKTM1, a TRP-like channel expressed
in nociceptive neurons, is activated by cold temperatures. Cell 112:
819-829, 2003.

384. Strotmann R, Harteneck C, Nunnenmacher K, Schultz G, Plant TD.
OTRPC4, a nonselective cation channel that confers sensitivity to extra-
cellular osmolarity. Nat Cell Biol 2: 695-702, 2000.

385. Stulik J, Hernychova L, Macela A, Krocova Z, Kroca M. Production
of stress-inducible form of heat-shock protein 70 in mouse peritoneal

146 Volume 4, January 2014

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Comprehensive Physiology Fever, Immunity, and Molecular Adaptations

adherent cells after in vivo infection by Francisella tularensis. Folia
Microbiol (Praha) 44: 306-310, 1999.

386. Stump DG, Landsberger N, Wolffe AP. The cDNA encoding Xenopus
laevis heat-shock factor 1 (XHSF1): nucleotide and deduced amino-acid
sequences, and properties of the encoded protein. Gene 160: 207-211,
1995.

387. Sugenoya J, Iwase S, Mano T, Ogawa T. Identification of sudomotor
activity in cutaneous sympathetic nerves using sweat expulsion as the
effector response. Eur J Appl Physiol Occup Physiol 61: 302-308, 1990.

388. Sugenoya J, Iwase S, Mano T, Sugiyama Y, Ogawa T, Nishiyama T,
Nishimura N, Kimura T. Vasodilator component in sympathetic nerve
activity destined for the skin of the dorsal foot of mildly heated humans.
J Physiol 507 (Pt 2): 603-610, 1998.

389. Swanson DM, Dubin AE, Shah C, Nasser N, Chang L, Dax SL,
Jetter M, Breitenbucher JG, Liu C, Mazur C, Lord B, Gonzales L,
Hoey K, Rizzolio M, Bogenstaetter M, Codd EE, Lee DH, Zhang
SP, Chaplan SR, Carruthers NI. Identification and biological evalua-
tion of 4-(3-trifluoromethylpyridin-2-yl)piperazine-1-carboxylic acid
(5-trifluoromethylpyridin-2-yl)amide, a high affinity TRPV1 (VR1)
vanilloid receptor antagonist. J Med Chem 48: 1857-1872, 2005.

390. Sweney MT, Sigg DC, Tahvildari S, Iaizzo PA. Shiver suppression using
focal hand warming in unanesthetized normal subjects. Anesthesiology
95: 1089-1095, 2001.

391. Szekely M. The vagus nerve in thermoregulation and energy
metabolism. Auton Neurosci 85: 26-38, 2000.

392. Szymusiak R, Satinoff E. Acute thermoregulatory effects of unilateral
electrolytic lesions of the medial and lateral preoptic area in rats. Physiol
Behav 28: 161-170, 1982.

393. Tachikawa M, Ozeki G, Higuchi T, Akanuma S, Tsuji K, Hosoya K.
Role of the blood-cerebrospinal fluid barrier transporter as a cerebral
clearance system for prostaglandin E(2) produced in the brain. J Neu-
rochem 123: 750-760, 2012.

394. Taggart DP, Bakkenist CJ, Biddolph SC, Graham AK, McGee JO.
Induction of myocardial heat shock protein 70 during cardiac surgery.
J Pathol 182: 362-366, 1997.

395. Tajino K, Matsumura K, Kosada K, Shibakusa T, Inoue K, Fushiki T,
Hosokawa H, Kobayashi S. Application of menthol to the skin of whole
trunk in mice induces autonomic and behavioral heat-gain responses.
Am J Physiol Regul Integr Comp Physiol 293: R2128-R2135, 2007.

396. Takaki E, Fujimoto M, Nakahari T, Yonemura S, Miyata Y, Hayashida
N, Yamamoto K, Vallee RB, Mikuriya T, Sugahara K, Yamashita H,
Inouye S, Nakai A. Heat shock transcription factor 1 is required for
maintenance of ciliary beating in mice. J Biol Chem 282: 37285-37292,
2007.

397. Takaki E, Fujimoto M, Sugahara K, Nakahari T, Yonemura S, Tanaka
Y, Hayashida N, Inouye S, Takemoto T, Yamashita H, Nakai A. Main-
tenance of olfactory neurogenesis requires HSF1, a major heat shock
transcription factor in mice. J Biol Chem 281: 4931-4937, 2006.

398. Tanabe M, Nakai A, Kawaoe Y, Nagata K. Different thresholds in the
responses of two heat shock transcription factors, HSF1 and HSF3.
J Biol Chem 272: 15389-15395, 1997.

399. Tanaka M, Ootsuka Y, McKinley MJ, McAllen RM. Independent vaso-
motor control of rat tail and proximal hairy skin. J Physiol 582: 421-433,
2007.

400. Tanaka M, Owens NC, Nagashima K, Kanosue K, McAllen RM. Reflex
activation of rat fusimotor neurons by body surface cooling, and its
dependence on the medullary raphe. J Physiol 572: 569-583, 2006.

401. Tomanek L, Somero GN. Interspecific- and acclimation-induced vari-
ation in levels of heat-shock proteins 70 (hsp70) and 90 (hsp90) and
heat-shock transcription factor-1 (HSF1) in congeneric marine snails
(genus Tegula): Implications for regulation of hsp gene expression.
J Exp Biol 205: 677-685, 2002.

402. Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skin-
ner K, Raumann BE, Basbaum AI, Julius D. The cloned capsaicin
receptor integrates multiple pain-producing stimuli. Neuron 21: 531-
543, 1998.

403. Trinklein ND, Chen WC, Kingston RE, Myers RM. Transcriptional
regulation and binding of heat shock factor 1 and heat shock factor 2 to
32 human heat shock genes during thermal stress and differentiation.
Cell Stress Chaperones 9: 21-28, 2004.

404. Tsan MF, Gao B. Heat shock proteins and immune system. J Leukoc
Biol 85: 905-910, 2009.

405. Tulapurkar ME, Almutairy EA, Shah NG, He JR, Puche AC, Shapiro P,
Singh IS, Hasday JD. Febrile-range hyperthermia modifies endothelial
and neutrophilic functions to promote extravasation. Am J Respir Cell
Mol Biol 46: 807-814, 2012.

406. Tulapurkar ME, Asiegbu BE, Singh IS, Hasday JD. Hyperthermia in
the febrile range induces HSP72 expression proportional to exposure
temperature but not to HSF-1 DNA-binding activity in human lung
epithelial A549 cells. Cell Stress Chaperones 14: 499-508, 2009.

407. Tulapurkar ME, Hasday JD, Singh IS. Prolonged exposure to hyper-
thermic stress augments neutrophil recruitment to lung during the post-
exposure recovery period. Int J Hyperthermia 27: 717-725, 2011.

408. Ucisik-Akkaya E, Davis CF, Gorodezky C, Alaez C, Dorak MT. HLA
complex-linked heat shock protein genes and childhood acute lym-
phoblastic leukemia susceptibility. Cell Stress Chaperones 15: 475-485,
2010.

409. Uno H. Sympathetic innervation of the sweat glands and piloarrector
muscles of macaques and human beings. J Invest Dermatol 69: 112-120,
1977.

410. Unoshima M, Nishizono A, Takita-Sonoda Y, Iwasaka H, Noguchi T.
Effects of zinc acetate on splenocytes of endotoxemic mice: Enhanced
immune response, reduced apoptosis, and increased expression of heat
shock protein 70. J Lab Clin Med 137: 28-37, 2001.

411. Unoshima M, Nishizono A, Takita-Sonoda Y, Iwasaka H, Noguchi T.
Effects of zinc acetate on splenocytes of endotoxemic mice: Enhanced
immune response, reduced apoptosis, and increased expression of heat
shock protein 70. J Lab Clin Med 137: 28-37, 2001.

412. Ushikubi F, Segi E, Sugimoto Y, Murata T, Matsuoka T, Kobayashi
T, Hizaki H, Tuboi K, Katsuyama M, Ichikawa A, Tanaka T,
Yoshida N, Narumiya S. Impaired febrile response in mice lacking
the prostaglandin E receptor subtype EP3. Nature 395: 281-284, 1998.

413. Vabulas RM, Ahmad-Nejad P, Ghose S, Kirschning CJ, Issels RD,
Wagner H. HSP70 as endogenous stimulus of the Toll/interleukin-1
receptor signal pathway. J Biol Chem 277: 15107-15112, 2002.

414. Van Miert ASJPAM, Van Duin CT, Busser FJM. The effect of fluripro-
fen, a potent non-steroidal anti-inflammatory agent, upon Trypanosoma
vivax infection in goats. J Vet Pharmacol Ther 1: 69-76, 1978.

415. Vardam TD, Zhou L, Appenheimer MM, Chen Q, Wang WC, Bau-
mann H, Evans SS. Regulation of a lymphocyte-endothelial-IL-6 trans-
signaling axis by fever-range thermal stress: Hot spot of immune
surveillance. Cytokine 39: 84-96, 2007.

416. Vaughn LK, Bernheim HA, Kluger MJ. Fever in the lizard Dipsosaurus
dorsalis. Nature 252: 473-474, 1974.

417. Vaughn LK, Veale WL, Cooper KE. Antipyresis: Its effect on mortality
rate of bacterially infected rabbits. Brain Res Bull 5: 69-73, 1980.

418. Vega VL, Rodriguez-Silva M, Frey T, Gehrmann M, Diaz JC, Steinem
C, Multhoff G, Arispe N, De Maio A. Hsp70 translocates into the plasma
membrane after stress and is released into the extracellular environment
in a membrane-associated form that activates macrophages. J Immunol
180: 4299-4307, 2008.

419. Voellmy R. On mechanisms that control heat shock transcription fac-
tor activity in metazoan cells. Cell Stress Chaperones 9: 122-133,
2004.

420. Vriens J, Watanabe H, Janssens A, Droogmans G, Voets T, Nilius B.
Cell swelling, heat, and chemical agonists use distinct pathways for the
activation of the cation channel TRPV4. Proc Natl Acad Sci U S A 101:
396-401, 2004.

421. Vuister GW, Kim SJ, Orosz A, Marquardt J, Wu C, Bax A. Solution
structure of the DNA-binding domain of Drosophila heat shock tran-
scription factor. Nat Struct Biol 1: 605-614, 1994.

422. Vuister GW, Kim SJ, Wu C, Bax A. NMR evidence for similarities
between the DNA-binding regions of Drosophila melanogaster heat
shock factor and the helix-turn-helix and HNF-3/forkhead families of
transcription factors. Biochemistry 33: 10-16, 1994.

423. Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signaling.
Cell Death Differ 10: 45-65, 2003.

424. Wang J, He H, Yu L, Xia HH, Lin MC, Gu Q, Li M, Zou B, An X,
Jiang B, Kung HF, Wong BC. HSF1 down-regulates XAF1 through
transcriptional regulation. J Biol Chem 281: 2451-2459, 2006.

425. Wang KS, Liu XF, Aragam N. A genome-wide meta-analysis identifies
novel loci associated with schizophrenia and bipolar disorder. Schizophr
Res 124: 192-199, 2010.

426. Wang R, Kovalchin JT, Muhlenkamp P, Chandawarkar RY. Exoge-
nous heat shock protein 70 binds macrophage lipid raft microdomain
and stimulates phagocytosis, processing, and MHC-II presentation of
antigens. Blood 107: 1636-1642, 2006.

427. Wang WC, Goldman LM, Schleider DM, Appenheimer MM, Subjeck
JR, Repasky EA, Evans SS. Fever-range hyperthermia enhances L-
selectin-dependent adhesion of lymphocytes to vascular endothelium.
J Immunol 160: 961-969, 1998.

428. Wang X, Asea A, Xie Y, Kabingu E, Stevenson MA, Calderwood
SK. RSK2 represses HSF1 activation during heat shock. Cell Stress
Chaperones 5: 432-437, 2000.

429. Wang X, Khaleque MA, Zhao MJ, Zhong R, Gaestel M, Calderwood
SK. Phosphorylation of HSF1 by MAPK-activated protein kinase 2
on serine 121, inhibits transcriptional activity and promotes HSP90
binding. J Biol Chem 281: 782-791, 2006.

430. Watanabe N, Tsuji N, Akiyama S, Sasaki H, Okamoto T, Kobayashi D,
Sato T, Hagino T, Yamauchi N, Niitsu Y, Nakai A, Nagata K. Induction
of heat shock protein 72 synthesis by endogenous tumor necrosis factor
via enhancement of the heat shock element-binding activity of heat
shock factor 1. Eur J Immunol 27: 2830-2834, 1997.

431. Watanabe N, Tsuji N, Kobayashi D, Yamauchi N, Akiyama S, Sasaki H,
Sato T, Okamoto T, Niitsu Y. Endogenous tumor necrosis factor func-
tions as a resistant factor against hyperthermic cytotoxicity in pancreatic

Volume 4, January 2014 147

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fever, Immunity, and Molecular Adaptations Comprehensive Physiology

carcinoma cells via enhancement of the heart shock element-binding
activity of heat shock factor 1. Chemotherapy 43: 406-414, 1997.

432. Weinstein MP, Iannini PB, Stratton CW, Eickhoff TC. Spontaneous
bacterial peritonitis. A review of 28 cases with emphasis on improved
survival and factors influencing prognosis. Am J Med 64: 592-598,
1978.

433. Weiss YG, Bouwman A, Gehan B, Schears G, Raj N, Deutschman
CS. Cecal ligation and double puncture impairs heat shock protein 70
(HSP-70) expression in the lungs of rats. Shock 13: 19-23, 2000.

434. Westwood JT, Clos J, Wu C. Stress-induced oligomerization and chro-
mosomal relocalization of heat- shock factor. Nature 353: 822-827,
1991.

435. Westwood JT, Wu C. Activation of Drosophila heat shock factor: Con-
formational change associated with a monomer-to-trimer transition.
Mol Cell Biol 13: 3481-3486, 1993.

436. Wheeler DS, Fisher LE, Jr., Catravas JD, Jacobs BR, Carcillo JA, Wong
HR. Extracellular hsp70 levels in children with septic shock. Pediatr
Crit Care Med 6: 308-311, 2005.

437. Whyte J, Filion DT, Rose TR. Defective thermoregulation after trau-
matic brain injury. A single subject evaluation. Am J Phys Med Rehabil
72: 281-285, 1993.

438. Wigmore SJ, Sangster K, McNally SJ, Harrison EM, Ross JA, Fearon
KC, Garden OJ. De-repression of heat shock transcription factor-1 in
interleukin-6- treated hepatocytes is mediated by downregulation of
glycogen synthase kinase 3beta and MAPK/ERK-1. Int J Mol Med 19:
413-420, 2007.

439. Wisniewski J, Orosz A, Allada R, Wu C. The C-terminal region of
Drosophila heat shock factor (HSF) contains a constitutively functional
transactivation domain. Nucleic Acids Res 24: 367-374, 1996.

440. Wright CL, Burgoon PW, Bishop GA, Boulant JA. Cyclic GMP
alters the firing rate and thermosensitivity of hypothalamic neu-
rons. Am J Physiol Regul Integr Comp Physiol 294: R1704-R1715,
2008.

441. Wu LJ, Sweet TB, Clapham DE. International Union of Basic and
Clinical Pharmacology. LXXVI. Current progress in the mammalian
TRP ion channel family. Pharmacol Rev 62: 381-404, 2010.

442. Xavier IJ, Mercier PA, McLoughlin CM, Ali A, Woodgett JR, Ovsenek
N. Glycogen synthase kinase 3beta negatively regulates both DNA-
binding and transcriptional activities of heat shock factor 1. J Biol
Chem 275: 29147-29152, 2000.

443. Xia W, Guo Y, Vilaboa N, Zuo J, Voellmy R. Transcriptional activation
of heat shock factor HSF1 probed by phosphopeptide analysis of factor
32P-labeled in vivo. J Biol Chem 273: 8749-8755, 1998.

444. Xiao X, Zuo X, Davis AA, McMillan DR, Curry BB, Richardson JA,
Benjamin IJ. HSF1 is required for extra-embryonic development, post-
natal growth and protection during inflammatory responses in mice.
EMBO J 18: 5943-5952, 1999.

445. Xie Y, Chen C, Stevenson MA, Auron PE, Calderwood SK. Heat
shock factor-1 (HSF1) represses transcription of the interleukin 1 beta
(IL-1 beta) gene through physical interaction with nuclear factor of
interleukin-6 (NF-IL6). J Biol Chem 277: 11802-11810, 2002.

446. Xie Y, Chen C, Stevenson MA, Hume DA, Auron PE, Calderwood SK.
NF-IL6 and HSF1 have mutually antagonistic effects on transcription
in monocytic cells. Biochem Biophys Res Commun 291: 1071-1080,
2002.

447. Xie Y, Zhong R, Chen C, Calderwood SK. Heat shock factor 1 contains
two functional domains that mediate transcriptional repression of the
c-fos and c-fms genes. J Biol Chem 278: 4687-4698, 2003.

448. Xu H, Delling M, Jun JC, Clapham DE. Oregano, thyme and clove-
derived flavors and skin sensitizers activate specific TRP channels. Nat
Neurosci 9: 628-635, 2006.

449. Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D, Ge
P, Lilly J, Silos-Santiago I, Xie Y, DiStefano PS, Curtis R, Clapham DE.
TRPV3 is a calcium-permeable temperature-sensitive cation channel.
Nature 418: 181-186, 2002.

450. Yamada PM, Amorim FT, Mosley PL, Robergs RR, Schneider SM.
Effect of heat acclimation on heat shock protein 72 and interleukin-10
in humans. J Appl Physiol, 103:1196-1204, 2007.

451. Yuan CX, Gurley WB. Potential targets for HSF1 within the preinitia-
tion complex. Cell Stress Chaperones 5: 229-242, 2000.

452. Zaretsky DV, Hunt JL, Zaretskaia MV, DiMicco JA. Microinjection
of prostaglandin E2 and muscimol into the preoptic area in conscious
rats: Comparison of effects on plasma adrenocorticotrophic hormone
(ACTH), body temperature, locomotor activity, and cardiovascular
function. Neurosci Lett 397: 291-296, 2006.

453. Zhang H, Zhang L, Yu F, Liu Y, Liang Q, Deng G, Chen G, Liu M,
Xiao X. HSF1 is a transcriptional activator of IL-10 gene expression in
RAW264.7 macrophages. Inflammation 35: 1558-1566, 2012.

454. Zhao M, Isami K, Nakamura S, Shirakawa H, Nakagawa T, Kaneko S.
Acute cold hypersensitivity characteristically induced by oxaliplatin is
caused by the enhanced responsiveness of TRPA1 in mice. Mol Pain 8:
55, 2012.

455. Zheng H, Nagaraja GM, Kaur P, Asea EE, Asea A. Chaperokine func-
tion of recombinant Hsp72 produced in insect cells using a baculovirus
expression system is retained. J Biol Chem 285: 349-356, 2010.

456. Zheng L, He M, Long M, Blomgran R, Stendahl O. Pathogen-induced
apoptotic neutrophils express heat shock proteins and elicit activation
of human macrophages. J Immunol 173: 6319-6326, 2004.

457. Zhong M, Kim SJ, Wu C. Sensitivity of Drosophila heat shock tran-
scription factor to low pH. J Biol Chem 274: 3135-3140, 1999.

458. Zhong M, Orosz A, Wu C. Direct sensing of heat and oxidation by
Drosophila heat shock transcription factor. Mol Cell 2: 101-108, 1998.

459. Zou J, Guo Y, Guettouche T, Smith DF, Voellmy R. Repression of
heat shock transcription factor HSF1 activation by HSP90 (HSP90
complex) that forms a stress-sensitive complex with HSF1. Cell 94:
471-480, 1998.

460. Zuo J, Baler R, Dahl G, Voellmy R. Activation of the DNA-binding
ability of human heat shock transcription factor 1 may involve the
transition from an intramolecular to an intermolecular triple-stranded
coiled-coil structure. Mol Cell Biol 14: 7557-7568, 1994.

461. Zuo J, Rungger D, Voellmy R. Multiple layers of regulation of human
heat shock transcription factor 1. Mol Cell Biol 15: 4319-4330, 1995.

Further Reading
Nakamura K, Morrison SF. Central efferent pathways for cold-defensive
and febrile shivering. J Physiol 589: 3641, 2011.
Morrison SF, Nakamura K. Central neural pathways for thermoregula-
tion. Front Biosci 16: 74, 2011.
Akerfelt M, Morimoto RI, Sistonen L. Heat shock factors: Integrators
of cell stress, development and lifespan. Nat Rev Mol Cell Biol 11: 545,
2010.
Tsan MF, Gao B. Heat shock proteins and immune system. J Leukoc Biol
85: 905, 2009.
Fisher DT, Vardam TD, Muhitch JB, Evans SS. Fine-tuning immune
surveillance by fever-range thermal stress. Immunol Res 46: 177, 2010.
Hasday JD, Shah N, Mackowiack PA, Tulapurkar M, Nagarsekar A, Singh
I. Fever, hyperthermia, and the lung: It’s all about context and timing.
Trans Am Clin Climatol Assoc 122: 34, 2011.

148 Volume 4, January 2014

 10.1002/cphy.c130019, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c130019 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


