
INTRODUCTION
High-mobility group box 1 protein

(HMGB1) is a DNA-binding protein that
is abundant in the cell nucleus of most
mammalian cells. By binding transiently
to chromatin, it exerts structural and tran-
scriptional activities (1). HMGB1 can be
passively released by injured or necrotic
cells or actively secreted; in this way, it
serves as a danger-associated molecular
pattern molecule protein (DAMP) (2). Be-
sides its essential roles in the nucleus,
HMGB1 gains increasing attention as a se-
creted protein capable of inducing cy-
tokine release, regulating the activity of
leucocytes, lymphocytes, epithelial cells,
glial cells and neurons. HMGB1 mediates
its action via several receptors, including
Toll-like receptor (TLR)-2, TLR4 and the

receptor for advanced glycation end prod-
ucts (RAGE) (3–5) and additional recep-
tors. HMGB1 has not only been identified
as a late mediator of infectious inflamma-
tion such as sepsis (6), but has also been
implicated as a putative signal involved
in the pathogenesis of a variety of nonin-
fectious conditions, including arthritis, co-
litis, cancer, ischemia, epilepsy and
chronic pain (3,7). Here, we describe re-
cent insight into the role of HMGB1 in the
induction and maintenance of hypersensi-
tivity in experimental models of pain and
discuss the therapeutic potential of target-
ing HMGB in conditions of chronic pain.

ACUTE AND PERSISTENT PAIN
Acute pain results from the activation

of pain pathways by peripheral stimuli

of intensities that threaten or lead to tis-
sue damage. As such, the transmission of
painful stimuli is an important warning
system and activator of learning and
memory formation; it helps to prevent
injury by evoking a reflex withdrawal
from the stimuli and induces complex
behavioral strategies to avoid further or
repeated contact with such stimuli. Pri-
mary sensory neurons that are responsi-
ble for the detection and transduction of
painful stimuli (for example, cold, heat,
mechanical and chemical) are called no-
ciceptors. Persistent nociceptive signal-
ing after tissue damage results in
 activity-dependent plasticity or a pro-
gressive increase in the response of the
system to subsequent stimulation, such
that mildly noxious (painful) stimuli are
perceived as more painful, and non-
painful stimuli may now elicit pain (8,9).
This pain hypersensitivity assists in heal-
ing of the injured body part by creating a
situation that discourages physical con-
tact and movement. Activation of the im-
mune system by tissue injury or infection
is a common driver of pain hypersensi-
tivity and is therefore often called “in-
flammatory pain.” Persistent or reoccur-
ring pain, even when it may still serve as
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a protective function, can have a detri-
mental impact on quality of life and
needs to be reduced (for example, in pa-
tients with ongoing inflammation or in
cases of severe or extensive injury). Fur-
thermore, under some circumstances,
pain outlasts its physiological role, and
this pain is out of proportion to the ini-
tial injury or occurs without any appar-
ent cause. Neuropathic pain is an exam-
ple of such maladaptive pain, which
neither protects the organism nor sup-
ports tissue repair (10,11). Neuropathic
pain can be induced by direct trauma to
a peripheral nerve, disease states such as
diabetes mellitus and viral infections and
treatments including antiretroviral drugs
and chemotherapy agents.

Facilitation of neuronal activation in
the peripheral nervous system (periph-
eral sensitization) and the central nervous
system (central sensitization) are com-
mon features of persistent pain. Both pe-
ripheral and central sensitization are in-
duced and maintained by transcriptional,
translational and posttranslational regu-
lation (12). In peripheral sensitization,
both a reduction in the threshold for acti-
vation and an increased responsiveness
of the peripheral ends of the nociceptors
can be seen. It is driven by a number of
inflammatory mediators, for example,
prostaglandins, bradykinin, ATP (adeno-
sine 5 -triphosphate), protons, nerve
growth factor and cytokines, released
from non-neuronal cells such as fibrob-
lasts, mast cells, neutrophils and
macrophages (13). After nerve damage,
these mediators can also be released from
Schwann cells and damaged axons. The
development of central sensitization in
persistent pain is characterized by en-
hancement of excitatory and decreased
inhibitory synaptic transmission in the
dorsal horn of the spinal cord in a way in
which normal inputs begin to produce
exaggerated and/or abnormal responses
(14,15). These processes involve the phos-
phorylation of a number of different re-
ceptors, including N-methyl D-aspartate
(NMDA), α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor
(AMPA) and/or kainate receptors, which

increases synaptic activity, for example,
by altering channel opening time and
promoting trafficking of receptors to the
synaptic membrane (16). Emerging pre-
clinical data implicate three types of glial
cells in the development and mainte-
nance of chronic pain: satellite glial cells
in the dorsal root and trigeminal ganglia
(17–19) and microglia and astrocytes in
the central nervous system (13,20,21).
Many of the proinflammatory factors that
drive peripheral sensitization can be re-
leased from local glia cells and neurons in
the central nervous system and con-
tribute to central sensitization (22).

HMGB1
HMGB1 (previously also called HMG1,

amphoterin and p30) is a nonhistone
DNA binding protein that is abundant in
the cell nucleus. Nuclear HMGB1 acts as
a DNA chaperone with DNA binding and
bending activities and regulates a num-
ber of key DNA events such as DNA
replication, repair, recombination, tran-
scription and genomic stability (1).
HMGB1 is a 25-kDa protein containing
two positively charged DNA-binding do-
mains (HMG box A and B) and a nega-
tively charged C-terminus. The amino se-
quence of HMGB1 is 99% identical in
mammals. Although predominantly lo-
cated in the nucleus in most cells at base-
line, biologically active HMGB1 can be
transported to the cytosol, plasma mem-
brane and extracellular space. HMGB1 re-
lease occurs either passively or actively
during pathogen invasion and tissue in-
jury. These two major pathways of re-
lease differ in terms of inducing event,
molecular mechanisms, release kinetics
and downstream signaling responses.
The passive release of HMGB1 by dead,
dying or injured cells is rapid and associ-
ated with increased cell permeability
(23,24), whereas active secretion initiated
by membrane receptor interaction with
extracellular products and intracellular
signal transduction occurs more slowly
(6,25). Active secretion of HMGB1 can be
induced in monocytes, macrophages, nat-
ural killer cells, dendritic cells, endothe-
lial cells, neurons, astrocytes and mi-

croglia (26) after exposure to pathogen-
associated molecular patterns (PAMPs)
such as lipopolysaccharide (LPS) (6) or
stimuli such as interleukin (IL)-1, tumor
necrosis factor (TNF) (6), interferons
(27–29) and neuropeptide Y (30).

Dissecting the mechanisms of HMGB1
translocation and its compartment-
 specific roles is critical to advance the
understanding of HMGB1 in physiology
and pathophysiology. Whereas the DNA
binding domains contain two nuclear lo-
calization signals and two nonclassical
nuclear export signals (31), HMGB1 lacks
a secretory signal peptide and therefore
cannot be actively secreted through clas-
sical endoplasmic reticulum–Golgi path-
ways (6). In activated monocytes and
macrophages, HMGB1 is acetylated and
accumulates in cytoplasmic vesicles, and
exocytosis of HMGB1 via nonclassical
vesicle-mediated secretory pathways has
been demonstrated (25). HMGB1 release
is also regulated by other posttransla-
tional modifications including methyla-
tion (32) and phosphorylation by
 calcium/calmodulin-dependent protein
kinase and protein kinase C (PKC)
(33–35). Recent studies show that during
pyroptosis, Janus kinase/signal trans-
ducer and activator of transcription
(JAK/STAT1)-mediated acetylation is
critical in the initial nucleus to cytosol
shuttling, and the subsequent extracellu-
lar release is controlled by NLRP3 in-
flammasome and dsRNA- activated pro-
tein kinase R (PKR) (28,36). Still,
although it is clear that immune cells ac-
tively release HMGB1 into the extracellu-
lar space and the details surrounding
this is starting to emerge, the mechanism
of how other cells, including sensory
neurons and spinal glial cells, regulate
HMGB1 release in response to different
signals remains largely unknown.

Once outside the cells, HMGB1 has a
broad repertoire of immunological activi-
ties that include the induction of cy-
tokine production, chemotaxis, angiogen-
esis, cell proliferation and cell
differentiation (2). In addition to effects
on immune cells, HMGB1 can modulate
the activities of hematopoietic, epithelial
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and neuronal cells (26). With regards to
neuronal activity, it has been shown that
HMGB1 increases the excitability of pri-
mary afferent neurons (37,38), potenti-
ates NMDA-induced hippocampal neu-
ronal activity (39,40) and amplifies
neuron-astrocyte reciprocal signaling
(37,40–42). HMGB1 mediates its activities
by serving as a ligand for several differ-
ent receptors, including TLR2, TLR4,
TLR9, RAGE, CD24–Siglec-10 pathway
(Siglec-G in mice) and macrophage 
antigen-1 (complement receptor consist-
ing of Cd11b and CD18) (4,42–45).
HMGB1 signaling through RAGE medi-
ates chemotaxis, proliferation and differ-
entiation of immune cells and other cells
as well as upregulation of cell-surface re-
ceptors, including TLR4 and RAGE (2).
In contrast, HMGB1-mediated TLR4 sig-
naling is a strong inducer of cytokine
production, in a fashion strictly depen-
dent on the redox state of HMGB1 (see
below). In addition to direct receptor in-
teractions, HMGB1 can form complexes
with selected ligands (for example, LPS,
IL-1, bacterial DNA, nucleosomes,
CXCL12 and viral RNA) and enhance the
responses dramatically when compared
with induction by the ligand alone
(46–48). The exact mechanism underly-
ing this synergy is not known, although
dependence on partner ligand receptor
and the independence of TLR2, TLR4 or
RAGE has been demonstrated (48).

Recent work has revealed that the ex-
tracellular activities of HMGB1 depend
on the redox state of three cysteines at
positions 23, 45 and 106 within the pro-
tein (49,50). When these three cysteines
are all reduced (HMGB1C23hC45hC106h, all-
thiol HMGB1), HMGB1 acts as a RAGE
ligand (51) and potentiates chemotactic
activity via CXCR4 by forming a hetero-
complex with the CXCL12 chemokine
(49). As the cytosol is generally a reduc-
ing environment, HMGB1 is thought to
be in the all-thiol state intracellularly and
most likely also initially upon release.
The extracellular milieu, however, tends
to be more oxidizing than the nuclear
and cytoplasmic compartment, allowing
the formation of disulfide bridges. When

C23 and C45 are engaged in a disulfide
bridge and the cysteine in position 
C106 is in the reduced thiol form
(HMGB1C23-C45C106h, disulfide HMGB1),
HMGB1 is stabilized in a conformation in
which it functions as a cytokine-inducing
TLR4 ligand (50). When HMGB1 is termi-
nally oxidized to contain sulfonyl groups
on all cysteines (HMGB1C23soC45soC106so,
sulfonyl HMGB1), it is thought to be
nonactive, since this form has not yet
been associated with an in vivo function.
Notably, it has been shown in models of
hepatic inflammation and muscle injury
that released HMGB1 changes its redox
state from a reduced to first a partially
and then a fully oxidized form (49,50).
This result implies that the changes in
the cellular redox environment regulate
the temporal function of HMGB1 so that
the different HMGB1 redox forms inter-
act with different receptors, at different
phases of the pathophysiological process.
Thus, when dissecting the actions of
HMGB1, it is critical to consider the
redox form of HMGB1. An example of
the importance of this is the controversy
around the cytokine-inducing activity of
HMGB1, potentially introduced by dif-
ferences in protein preparation and the
redox state of the cysteine residues.
Commercially available recombinant
HMGB1 preparations can contain the re-
ducing agent dithiothreitol, which dis-
rupts the crucial disulfide bond and ren-
ders HMGB1 in the all-thiol form (50).
These preparations are unable to stimu-
late cytokine production, and their use in
experiments has led to conflicting reports
regarding the capacity of HMGB1 to in-
duce inflammation.

BEHAVIORAL EVIDENCE OF
NOCICEPTIVE PROPERTIES OF HMGB1

Immune and glial cells express RAGE
and TLRs and are located in the close
vicinity of nociceptors. It is well estab-
lished that these cells, both in the periph-
eral and central nervous system, can be
activated and release factors that in turn
can directly drive or facilitate pain sig-
naling (22,52). However, as TLR4 (53–55)
and RAGE (38,56) are also expressed in

peptidergic and glutamatergic dorsal
root ganglia (DRG) sensory neurons, the
machinery allowing HMGB1 to act as a
direct modulator of neuronal activity is
in place. Mounting evidence indicates
that TLRs and RAGE and their associ-
ated signaling components contribute to
nociceptive signaling, and the blockade
of TLRs and RAGE has been shown to
reduce hypersensitivity in experimental
models of pain (38,57). Furthermore,
since HMGB1 forms complexes with
other factors and enhances the effect of
its partner molecules (for example, IL-1
and LPS) (46–48), one unexplored possi-
bility is that HMGB1 facilitates neuronal
activity (directly or indirectly) also by
potentiating the actions of such recep-
tors. Thus, there are several direct and
indirect ways in which HMGB1 can have
an impact on pain signaling.

Peripheral Local Injection/Application
of HMGB1

The first study indicating that HMGB1
has pronociceptive properties was per-
formed more than 10 years ago. Chacur
et al. (58) applied HMGB1 to the sciatic
nerve via a pre-implanted indwelling
peri-sciatic catheter and found that this
induced a dose-dependent reduction in
mechanical thresholds against von Frey
filament stimulation in rats. Later, a simi-
lar observation was made after applica-
tion of HMGB1 to the sciatic nerve fol-
lowing a blunt dissection to expose the
nerve (56). Importantly, HMGB1 also in-
duces pain-like behavior without prior
surgery. Subcutaneous injection of
HMGB1 to the plantar side of the paw
(59) and intraarticular injection of disul-
fide-HMGB1 to the ankle joint of mice
drives mechanical hypersensitivity (Fig-
ure 1). There is still limited information
on whether HMGB1 induces cold hyper-
sensitivity, but HMGB1 increases sensi-
tivity to heat after intraplantar injection
of HMGB1 to the paw (59) and after peri-
sciatic injection, together with a midthigh
incision (56), but not when injected via a
peri-sciatic catheter (58). Of note, unilat-
eral peri-sciatic injection of high-dose
HMGB1 induced bilateral mechanical
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hypersensitivity (58), a phenomenon
called “mirror pain” (60). Intraperitoneal
injection of HMGB1 does not evoke pain-
like behavior (61), which suggests that
HMGB1-induced mirror pain is not
caused by systemic redistribution but
rather arises from altered processing of
incoming sensory information in the cen-
tral nervous system.

Extracellular HMGB1 is found in joints
from animals with adjuvant arthritis and
in synovial tissue and fluid from patients
with rheumatoid arthritis (62). HMGB1
can induce joint inflammation on its
own, as evidenced by the influx of in-
flammatory cells, thickening of the syn-
ovial lining and cytokine production
after intraarticular injection of HMGB1
(63). Many of the cytokines that are re-
leased after joint inflammation drive no-
ciceptive signaling (22). Thus, pain-like

behavior induced by intraarticular injec-
tion of HMGB1, as well as injection of
HMGB1 elsewhere, could be mediated
by direct actions on neurons, or indi-
rectly via the activation of immune cells.

While in vivo studies provide impor-
tant information about the pronociceptive
properties of HMGB1, in vitro studies are
crucial in determining whether HMGB1
acts directly on nociceptors. Intriguing
studies in primary DRG neuronal cul-
tures using radiometric calcium imaging
and patch-clamp electrophysiology
showed that HMGB1 drives calcium mo-
bilization and increases the excitability of
primary afferent neurons (37). The major-
ity of cells in which HMGB1 induced cal-
cium mobilization also responded to cap-
saicin; such a response is indicative of the
fact that the cells are nociceptive neurons.
Furthermore, the ability of disulfide

HMGB1 and all-thiol HMGB1 to activate
sensory neurons in DRG cultures has
been investigated. Allette et al. (38) found
that all-thiol HMGB1 and disulfide
HGMB1 evoke calcium transients in 14%
and 8% of primary DRG neurons, respec-
tively. In addition, patch-clamp record-
ings showed that all-thiol HMGB1 in-
duced a significant increase in neuronal
excitability, which was reduced in the
presence of a RAGE antibody (11E6), but
not by small molecule antagonists to
TLR2 or TLR4 (38). Thus, current data
suggest that both disulfide and all-thiol
HMGB1 have a direct effect on neuronal
excitability. Although experiments exam-
ining whether disulfide HMGB1-
 mediated actions on neurons are medi-
ated via TLR4 still need to be performed,
all-thiol HMGB1 responses in primary
neurons appear to be mediated by RAGE.

Intrathecal Injection of HMGB1
The first evidence of a role of HMGB1

in spinal nociceptive signaling was estab-
lished in 2003 when HMGB1 was in-
jected intrathecally (into the spinal fluid)
in rats, and it was revealed that this
caused a pronounced lowering of the re-
sponse threshold to calibrated touch/
pressure stimuli in male rats (64). Subse-
quent studies demonstrated comparable
effects after intrathecal injection of
HGMB1 to female and male mice (65). In
the later study, it was also shown that
the spinal pronociceptive property of
HMGB1 depends on its redox state. In
the naive animal, spinal injection of
HMGB1 induces mechanical hypersensi-
tivity only when it is in the disulfide
TLR4-activating, but not the all-thiol or
sulfonyl non-TLR4 binding, forms
(HMGB1). Moreover, intrathecal injection
of disulfide HMGB1, but not all-thiol
HMGB1, induced increased levels of
mRNA of glial fibrillary acidic protein
(Gfap), Cd11b, Tnf, Il1β and monocyte
chemoattractant protein (Mcp)1, typically
found during microglia and astrocyte ac-
tivation. The nociceptive, cytokine and
glial cell activating effect of disulfide
HMGB1 was abolished in TLR4-, but not
TLR2- or RAGE-deficient, mice, indicat-

5 7 2 |  A G A L A V E  A N D  S V E N S S O N |  M O L  M E D  2 0 : 5 6 9 - 5 7 8 ,  2 0 1 4

H M G B 1  A S  A  M E D I A T O R  O F  P A I N

Figure 1. HMGB1 induces pain-like behavior in rodents. (A) Injection of recombinant HMGB1
to the paw, ankle joint, sciatic nerve or intrathecal space evokes pain-like behavior in ro-
dents. (B) The structure of HMGB1 with the two DNA binding domains (the A and B boxes),
the acidic C-terminal tail and nuclear location signals (NLSs) outlined. The three cysteine
residues that are important for functional activity of HMGB1 are highlighted. (C) Graph
shows that intraarticular (i.a.) injection of 1 μg disulfide HMGB1, but not saline, induces me-
chanical hypersensitivity in male Balb/c mice 6 h after injection. Mechanical sensitivity is as-
sessed by von Frey filaments, and data are presented as threshold (g) with 50% probability
of response. Data represents mean ± standard error of the mean. n = 5/group. **p < 0.001.



ing that disulfide HMGB1 mediates
processes associated with spinal sensiti-
zation via TLR4. Intracellular, HMGB1
predominantly exists in the reduced, all-
thiol state (66), which implies that, to
gain spinal nociceptive properties, all-
thiol HMGB1 has to be converted to
disulfide HMGB1.

ROLE OF ENDOGENOUS HMGB1 IN
NOCICEPTIVE SIGNALING

It has not been possible to assess the
role of HMGB1 in nociception by genetic
depletion, because HMGB1 knockout
mice die within 24 h of birth because of
severe hypoglycemia, attributed to im-
paired glucose metabolism (67). In con-
trast, HMGB1-deficient cells grow nor-
mally, and specific HMGB1 depletion in
pancreatic or myeloid cells generate viable
mice, indicating that HMGB1 is not criti-
cal for the baseline function of these cells
(68,69). Animals with cell lineage–specific
depletion of HMGB1 have not yet been
used for pain studies. Instead, agents that
inhibit the activity of HMGB1, such as
neutralizing anti-HMGB1 antibodies
(70,72); the truncated HMGB1A box 
domain, which antagonizes HMGB1 ac-
tivities in a yet-unresolved mode (71,72);
glycyrrhizin, a natural antiinflammatory
and antiviral triterpene in clinical use
(73); and thrombomodulin, an endothelial

anticoagulant known to sequester
HMGB1 and promote its degradation
(74), have been used in different experi-
mental models of pain.

Blocking the Action of Peripheral
HMGB1

Neuropathic pain is a frequent prob-
lem after different types of trauma to a
nerve. Because HMGB1 is released from
injured cells, the hypothesis that HMGB1
is a key player in neuropathic pain is in-
triguing, and an increasing number of re-
ports support such a relationship. The in-
duction of mechanical hypersensitivity
after spinal nerve ligation (ligation of the
L4 and L5 spinal nerves) (56), tibial
nerve injury (ligation of the tibial nerve)
(37,38), partial sciatic nerve ligation (one-
third of the sciatic nerve ligated) (75) and
application of disc nucleus pulposus on
to nerve roots (model of disc herniation)
(76) are attenuated by systemic or local
administration of HMGB1-neutralizing
antibody (56,75,76) or glycyrrhizin (37)
(Table 1). Thus, regardless of the exact lo-
cation and nature of the nerve injury,
blocking the actions of peripheral
HMGB1 reduces pain-like behavior in
experimental models of neuropathic
pain, suggesting that HMGB1 has an im-
portant role in pain transmission after
nerve injury.

The antihyperalgesic effect of HMGB1-
neutralizing antibodies, which presum-
ably exert their activity extracellularly,
supports the notion that HMGB1 is re-
leased in response to nerve injury. Al-
though release of HMGB1 after nerve in-
jury has not yet been demonstrated in
vivo, increased levels of Hmgb1 mRNA in
DRG after spinal nerve ligation (56) and
HMGB1 protein in whole-cell DRG ex-
tracts after tibial nerve injury (37) have
been reported. In addition, immunohis-
tochemical studies showed that HMGB1
levels are upregulated in neurons (37,56)
and satellite cells (56) in the DRG after
nerve ligation-induced injury and are
present in macrophages infiltrating the
DRG after application of nucleus pulpo-
sus to the nerve (76) (Table 2). The ele-
vated levels of HMGB1 may be an indi-
cation that HMGB1 is released from
neurons, satellite and/or immune cells
after nerve injury and exerts its actions
in an autocrine/paracrine effect on neu-
rons or immune cells.

While there are several reports describ-
ing a role for peripheral HMGB1 in
nerve injury–induced hypersensitivity,
only a few studies have focused on the
involvement of peripheral HMGB1 in
pain conditions of other origins. How-
ever, based on two recent studies, in
which skin and visceral (bladder) hyper-
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Table 1. Inhibition of HMGB1 in experimental models of pain. 

Route of drug Refer-
Pain model Nociceptive assessment HMGB1 inhibition administration Species ence

Nerve injury pain
SNL Mechanical (VF); thermal (hotplate) HMGB1 Ab Peri-sciatic Rat 56
Nucleus pulposus Mechanical (VF) HMGB1 Ab Intraperitoneal Rat 76
TNI Mechanical (VF) Glycyrrhizin Intraperitoneal Rat 37
Diabetes Mechanical (VF) HMGB1 Ab Intrathecal Mouse 80
PSNL Mechanical (VF) HMGB1 Ab Intravenous Rat 75

Inflammatory pain
LPS paw Mechanical (VF); thermal (thermal HMGB1 Ab Intraplantar Rat 59

analgesia meter) HMGB1 Ab Intraplantar Rat 59
Arthritis Mechanical (VF) HMGB1 Ab; Abox Intrathecal Mouse 65

Other pain
Bone cancer Mechanical (VF) HMGB1 Ab Intrathecal Rat 79
Cyclophosphamide-induced Mechanical (VF) Thrombomodulin; HMGB1 Ab Intraperitoneal Mouse 61
bladder pain

SNL, spinal nerve ligation; VF, von Frey filaments; Ab, antibody; TNI, tibial nerve injury;PSNL, partial sciatic nerve ligation; CCI, chronic
constriction induced.



sensitivity was induced by intraplantar
injection of LPS to the paw and intraperi-
toneal injection of cyclophosphamide, re-
spectively, there are reasons to consider
HMGB1 as a contributor to nociception
also in conditions of more inflammatory
character. Intraplantar injection of LPS to
the paw evokes both mechanical and
thermal hypersensitivity in rats. This hy-
persensitivity was reduced in rats pre-
treated with systemic thrombomodulin.
Furthermore, coinjection of LPS with a
neutralizing HMGB1 antibody prevented
the onset of LPS-induced hypersensitiv-
ity (59), which suggests that either LPS
drives the release of HMGB1 or HMGB1
forms a complex with LPS and enhances
the nociceptive potency of LPS in the
same way as the ability of HMGB1 to po-
tentiate the immunostimulatory property
of LPS in cultured cells (77,78). Tanaka et
al. (61) noted that intraperitoneal injec-

tion of cyclophosphamide led to in-
creased levels of Hmgb1 mRNA in DRG
and that systemic injection of either
thrombomodulin or neutralizing HMGB1
antibodies attenuate cyclophosphamide-
induced bladder pain–like behavior,
noted as a reduced licking and biting of
the skin of the lower abdomen and hy-
persensitivity in the area of the anus and
the urethral opening of mice.

Blocking the Action of Spinal HMGB1
The first site of synaptic integration in

the pain pathway is located in the dorsal
horn of the spinal cord. Changes in the
excitability of spinal neurons or in the
strength of their synaptic coupling pro-
vide the cellular basis for many forms of
pathological pain. There are accumulat-
ing evidence for spinal glial cells con-
tributing to neuronal excitability in ex-
perimental models of pain. Notably, in

addition to the ability of HMGB1 to di-
rectly or indirectly increase the respon-
siveness of peripheral primary nocicep-
tors, three recent studies (65,79,80)
suggest that HMGB1 also contribute to
exaggerated nociceptive signaling by ac-
tions at the spinal level.

Bone cancer pain is the most common
source of pain in patients with bone sar-
comas and metastasis that have spread to
the bone. In animals, inoculation of carci-
noma cells in the tibia is associated with
increased protein expression of HMGB1
in the spinal cord, spinal glial cell activa-
tion and cytokine production and pain-
like behavior. Injection of anti-HMGB1
antibody into the cerebrospinal spinal
fluid (intrathecal injection) reversed bone
cancer–induced hypersensitivity in a
dose-dependent fashion. In addition,
blocking the action of HMGB1 reduced
cancer-induced IL-1β protein expression
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Table 2. Expression of HMGB1 in DRG and spinal cord.

Refer-
Pain model Species Tissue Method HMGB1 expression Antibody ence

Nerve injury pain

SNL Rat DRG IHC Naive: IR in satellite cells, neurons, Schwann cells Rabbit, SHINO-test 56
SNL: ↑ in most neurons

Spinal nerve IHC Naive and SNL: IR cells

Nucleus pulposus Rat DRG WB Total homogenate: NC Rabbit, Shino-Test 76

TNI Rat DRG IHC Naive: nuclear IR in satellite cells, neurons Rabbit, Sigma-Aldrich 37
TNI: ↑ in cytoplasm (in neurons)

WB Total homogenate: NC, extranuclear fraction: ↑

Diabetes Mouse Spinal cord WB Total homogenate: ↑ Rabbit, BD Pharmingen 80

PSNL Rat Spinal cord IHC Naive: IR in microglia, astrocytes, neurons Mouse private 75
PSNL: ↑ in neurons

WB Total homogenate: ↑

CCI Rat Spinal cord WB Total homogenate (dorsal horn): ↑ Rabbit, BD Pharmingen 99

CCI Rat Spinal cord WB Total homogenate: ↑ Rabbit, Abcam 100

Inflammatory pain

LPS paw Rat DRG WB Total homogenate: NC Rabbit, SHINO-test 61

Arthritis Mouse Spinal cord WB Total homogenate: NC Rabbit, Abcam 65
WB Extranuclear fraction: ↑
IHC Naive: IR in microglia, astrocytes, neurons

Other pain conditions

Bone cancer Rat Spinal cord WB Total homogenate (dorsal horn): ↑ Rabbit, BD Pharmingen 79

SNL, spinal nerve ligation; IHC, immunohistochemistry; IR, HMGB1 immunoreactivity; ↑, increase; WB, Western blot; NC, no change; TNI, tibial
nerve injury; PSNL, partial sciatic nerve ligation; CCI, chronic constriction induced.



in the spinal cord (79). The db/db mice
are used as a model of type 2 diabetes,
and these mice develop mechanical hy-
persensitivity, thought to mimic the
painful peripheral neuropathy that is a
common complication of type 2 diabetes.
Intrathecal injection of neutralizing
HMGB1 antibodies reversed not only the
mechanical hypersensitivity in the db/db
mice, but also upregulation of mRNA of
inflammatory mediators such as Tnf, Il1β,
Il6 and Mcp1. On the basis of GFAP pro-
tein expression, glial cell reactivity was
also reduced in the db/db mice after
spinal HMGB1 blockage (80). Lastly, in a
mouse model of rheumatoid arthritis in-
duced by the systemic injection of colla-
gen type 2 antibodies, it was found that
arthritis-induced mechanical hypersensi-
tivity was attenuated by either intrathecal
injection of neutralizing HMGB1 anti-
body or the A box (65). Of note, the colla-
gen antibody-induced arthritis (CAIA)
model has two phases of pain-like behav-
ior: one that occurs with the development
of joint inflammation and one that per-
sists for weeks after resolution of the ini-
tial flare of inflammation. The later phase
is thought to be mediated at least in part
via mechanisms that are similar to those
maintaining nerve  injury–induced hyper-
sensitivity (81,82). Blocking the spinal ac-
tion of HMGB1 reversed both phases of
CAIA-induced mechanical hypersensitiv-
ity (65). The fact that the prevention of
HGMB1-mediated actions in the spinal
cord had a beneficial effect in animal
models representing very different dis-
eases suggests a wide-ranging involve-
ment of spinal HMGB1 in pathological
pain.

In parallel with the notion that effects
of neutralizing HMGB1 antibodies after
systemic injection point to the presence of
HMGB1 in the extracellular space in the
periphery, a reduction of pain-like behav-
ior after intrathecal injection of HMGB1
antibodies reveals the extracellular ac-
tions of HMGB1 in the spinal cord and
suggests that peripheral pathologies may
drive spinal HMGB1 release. Indeed, ele-
vated levels of HMGB1 in the spinal cord
have been detected in several experimen-

tal models of pain. Measuring HMGB1 in
whole-cell protein extracts showed ele-
vated levels of HMGB1 protein in the
spinal cord after the induction of nerve
ligation (75), diabetic neuropathy (80)
and bone cancer (79) (Table 2). Primary
sensory neurons have their central termi-
nals in the spinal cord; thus, it is possible
that HMGB1 is released spinally by in-
jured and/or activated noninjured primary
sensory nociceptors. In support of this
notion, it has been shown that F11 cells, a
DRG neuron/neuroblastoma hybrid cell
line, release HMGB1 upon stimulation
with potassium chloride (37), indicating
that neuronal HMGB1 release may occur
in an activity-dependent manner.
HMGB1 was detected in the cell culture
media and cytosol of BV2 cells, a mi-
croglia cell line, in response to LPS stimu-
lation (83–85) and in human astrocytes in
response to IL-1β (86). As the activation
of spinal glial cells has been implicated in
many experimental models of both in-
flammation and nerve injury–induced
pain, microglia and astrocytes are other
potential sources for extracellular
HMGB1. Furthermore, extracellular
HMGB1, independent of the cellular
source, may contribute to the activation
of non-neuronal cells in the spinal cord
and the release of other factors that po-
tentiate spinal nociceptive signal trans-
mission, thereby indirectly contributing
to pain hypersensitivity. Both microglia
and astrocytes express TLRs and RAGE,
and HMGB1 stimulation of primary mi-
croglia cell cultures induces increased
mRNA levels of Tnf, Il1β and cyclooxy-
genase (Cox) (87) and the release of IL-6
(88). Furthermore, cultured astrocytes ex-
posed to HMGB-1 produce inflammatory
molecules such as COX-2, chemokines
and matrix metallopeptidase 9 (MMP-9)
(89,90), each promoting nociceptive hy-
persensitivity. In addition, in gliosomes,
glial organelle preparation is suggested to
represent a viable system for studies of
transmitter release in adult astrocytes;
HMGB1 induces glutamate release in a
glutamate transporter–dependent fashion
(91). Although the exact details of the cel-
lular source of spinal HMGB1 and the

cell(s) responsible for driving nociceptive
actions of spinal HMGB1 remain to be
elucidated, these studies mentioned
above consistently point in the same di-
rection, indicating HMGB1 as a proin-
flammatory factor that regulates spinal
pain processing.

INTERPRETING CHANGES OF HMGB1
EXPRESSION IN ASSOCIATION WITH
PAIN INDUCTION

Nuclear HMGB1 immunoreactivity is
detected in most cells, including neu-
rons, satellite cells, Schwann cells, mi-
croglia and astrocytes from naive mice
and rats (37,56,65,75) (Table 2). Increased
levels of HMGB1 mRNA and protein
have been measured in several pain
studies and have been interpreted to in-
dicate HMGB1 release and involvement
in nociception. However, it is important
to note that pain-like behavior has also
been reported in the absence of changes
in HMGB1 protein levels. For example,
total HMGB1 protein expression did not
change in DRG after the application of
autologous nucleus pulposus onto nerve
roots (76), in the DRG after intraplantar
injection of LPS to the paw (59) or in the
spinal cord after the induction of CAIA
(65) (Table 2). Because HMGB1 is abun-
dant in the nucleus of most cells, a small
increase in HMGB1 protein expression
may be difficult to detect when analyz-
ing whole cell–protein extracts. Focusing
on the extracellular activities of HMGB1,
the extent of HMGB1 translocation from
the nucleus to the cytoplasm and extra-
cellular space is a more relevant indica-
tor of release. Accordingly, in several
studies, subcellular fractionation examin-
ing the presence of HMGB1 in the ex-
tranuclear fraction and immunohisto-
chemistry have been used to determine
whether there is increased translocation
out of the nucleus. After tibial nerve in-
jury and spinal nerve ligation, immuno-
histochemistry showed that the increased
levels of HMGB1 found in DRG whole-
cell homogenates were associated with
translocation from the nucleus to the cy-
toplasm (37,56). Notably, in the arthritis
model, where no change in HMGB1 pro-
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tein levels were found in spinal cord
whole-cell homogenate, the HMGB1 lev-
els were found to be elevated during on-
going joint inflammation when the ex-
tranuclear fraction was analyzed (65)
(Table 2). Thus, the later study indicates
that increased translocation of HMGB1
from the nucleus to the cytoplasm can
take place even in the absence of signs of
increased production of HMGB1 protein
based on analysis of whole-cell ho-
mogenates. Another important aspect of
HMGB1 analysis is that most methods
used for detection are  antibody-based
(Western blotting,  enzyme-linked im-
munosorbent assay,  enzyme-linked im-
munospot (ELISPOT) and immunohisto-
chemistry), and these do not distinguish
between the different redox forms of
HMGB1, or whether HMGB1 has been
subjected to other posttranslational mod-
ifications, or if HMGB1 is in complex
with other factors. Future studies using
alternative methodology that enables
such characterization, for example, liquid
chromatography–tandem mass spec-
trometry analysis (92), promises to ad-
vance our understanding of the nature of
HMGB1 involvement and receptor de-
pendence in pathological pain.

HMGB1 AS A POTENTIAL THERAPEUTIC
TARGET FOR CHRONIC PAIN

Accumulating data support the role of
HMGB1 as an important inflammatory
pronociceptive mediator, which can act
alone or in complex with several other
molecules. Much knowledge has already
been accrued by in vitro and in vivo stud-
ies, deciphering the pathways, receptors
and posttranslational modifications that
determine the consequences of HMGB1
release. As shown in Table 1, these in-
sights have been used in preclinical stud-
ies in which different agents that prevent
the actions of HMGB1 have proven to re-
duce hypersensitivity in animal models
of pathology-induced pain. Of course, to
use these agents as a pain-relieving drug
in humans, more studies need to be per-
formed. It is noteworthy, however, that
some drugs that are already in clinical
use have been attributed to a HMGB1

blocking effect. As mentioned earlier in
this review, glycyrrhizin and thrombo-
modulin are used as antiviral and antico-
agulant agents, respectively, and also at-
tenuate pain-like behavior in preclinical
studies. In addition, gold salts were one
of the first widely used therapies for
rheumatoid arthritis and are shown to in-
hibit HMGB1 translocation from the nu-
cleus to the cytoplasm in macrophages
(93). Toxicity, however, has limited the
use of gold salts, but it has been pro-
posed that gold nanoparticles use the
same mechanism as gold salts (94). Oxali-
platin is another compound that retains
HMGB1 in the nucleus and demonstrates
beneficial effects in experimental arthritis
(95). This agent is in use as an anticancer
drug, but unfortunately also induces
signs of neuropathic pain in animals
(96,97). Moreover, metformin, a known
antidiabetic drug, reduces LPS-induced
HMGB1 release from macrophages and
hyperglycemia-induced HMGB1 produc-
tion in cardiomyocytes. Of note, met-
formin also reduces nerve injury–induced
hypersensitivity (98).

Although it is promising that the
blockade of HMGB1 effects is part of the
pharmacological profile of the drugs
mentioned above, they are also assigned
other mechanisms of action that could be
the dominating reason for their clinical
effect and also contribute to their side ef-
fects. A more direct approach would be
to block the actions of HMGB1 by using
neutralizing antibodies or other agents
that specifically interfere with HMGB1,
or perhaps preferentially, specific
HMGB1 isoforms. The studies described
in this review provide proof of concept
that antibody-directed HMGB1 blockade
reduces pathological pain in preclinical
settings. Hopefully, it will be possible in
the future to translate the progress made
in animal studies into pain-relieving
therapeutics for clinical trials in humans.
Although not as specific, another ap-
proach would be to use antagonists
against the different HMGB1 receptors.
For this, as well as for a general under-
standing of the role of HMGB1 in pain, it
will be important to delineate which re-

ceptors and which cells are stimulated by
HMGB1 released in conjunction with the
induction of a painful condition. More-
over, answering questions that address
the specific contributions of the respec-
tive HMGB1 receptors and HMGB1
redox forms in different states of persis-
tent pain, and whether there are changes
over time, will provide important clues
into how to target HMGB1 as a treatment
for debilitating and refractory pain.

CONCLUSIONS
HMGB1 is a key factor in the patho-

genesis of a wide variety of inflamma-
tory conditions and has also been identi-
fied as a mediator of neuroinflammation.
Experimental studies suggest that
HMGB1 is released both peripherally
and spinally in models of pathological
pain and that it can drive nociceptive
signaling via actions on sensory neuronal
and/or glia and immune cells. Of impor-
tance, systemic and intrathecal adminis-
tration of HMGB1 blocking agents re-
verse pain-like behavior, indicating that
HMGB1 has pronociceptive properties
both in the peripheral and central nerv-
ous system. Emerging evidence indicates
that TLR- and RAGE- induced signaling
contribute to pain hypersensitivity. Be-
cause HMGB1 is an endogenous multire-
ceptor ligand for these receptors and
plays a pivotal role in chronic pain, it
serves as a critical link between sterile in-
flammation, pattern- recognition recep-
tors and activation of the sensory nerv-
ous system. As such, HMGB1 presents a
new target of therapy for pain in inflam-
matory and neuropathic pain conditions.
Future studies are warranted to define
the pathways for HMGB1 release and ac-
tions in pain conditions and to elucidate
the most effective strategies for blocking
the effect of this mediator.
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