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1 |  INTRODUCTION

Musculoskeletal disorders are a global disease burden in 
our aging population.1,2 Adult musculoskeletal tissues do 
not regenerate due to minimal turnover rates of tendon and 
cartilage.3,4 Therefore, the majority of musculoskeletal dis-
eases in adults, including tendinopathy and arthritides (eg, 

rheumatoid arthritis (RA) and osteoarthritis (OA), rotator 
cuff tears), have the tendency to develop into chronic dis-
ease.5-7 Chronic pain and immobility can lead to reduced 
quality of life and physical inactivity, predisposing to met-
abolic and cardiovascular disease.8,9 Over the past few de-
cades, there has been increasing evidence implicating the 
involvement of underlying inflammatory mechanisms in 
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Abstract
There is increasing evidence for the involvement of high mobility group box 1 
(HMGB1) in inflammation, angiogenesis, and tumorigenesis. However, no studies 
have reviewed the role of HMGB1 in musculoskeletal disease. This systematic re-
view aimed to evaluate the literature regarding the potential roles of HMGB1 in 
musculoskeletal disease (joint, tendon, ligament, intervertebral disk, and bone). After 
searching PubMed, MEDLINE, and EMBASE databases up to 01-01-2020, 66 ar-
ticles that measured HMGB1 expression in musculoskeletal disease were included. 
Immune and tissue-resident stromal cells expressed HMGB1, and both diseased 
human tissues and animal disease models showed increased HMGB1 expression 
relative to controls. Administration of recombinant HMGB1 to diseased musculo-
skeletal tissues induced inflammation, whereas blocking HMGB1 ameliorated histo-
pathologic and clinical severity of disease. HMGB1 redox status was investigated in 
only 3% of the articles: Fully reduced HMGB1 promoted chemotaxis of leukocytes 
and tissue repair, whereas disulfide HMGB1 acted as a pro-inflammatory mediator. 
Our review highlights that while HMGB1 is an important mediator in musculoskel-
etal disease, its redox status remains understudied. Identification of HMGB1 redox 
status in musculoskeletal tissues is critical to advance understanding of the diverse 
biological functions of HMGB1 in musculoskeletal disease. Importantly, this will 
inform future therapeutic strategies to target HMGB1.
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musculoskeletal diseases such as tendinopathy and arthri-
tis.7,10 More recently, it has been shown that damaged cells 
release intracellular proteins called alarmins or damage- 
associated molecular patterns (DAMPs), which can activate 
and mobilize the immune system via pattern recognition 
receptors.10-12 The most extensively investigated DAMP, 
high mobility group box 1 (HMGB1), has been shown to 
exhibit diverse cellular functions regulating tissue health 
and disease.13-15

1.1 | HMGB1 as a DAMP

HMGB1 is a ubiquitous protein that is highly conserved 
within mammals.13-17 It usually resides within the nucleus, 
where it supports the chromatin structure of DNA and regu-
lates gene expression.16,17 In cases of severe cellular stress, 
HMGB1 is released from the cell, regulating the balance be-
tween the maintenance and resolution of inflammation as a 
DAMP by switching between different redox states.13-15,18,19 
The redox status of HMGB1 depends on the oxidation of 
three cysteines (cysteines 23, 45, and 106).13,14,20-22 From 
work in other diseases such as cancer, we know that the 
function of extracellular HMGB1 depends on its redox sta-
tus.13,14,20-22 Fully reduced HMGB1, with all cysteine resi-
dues having intact thiol groups, forms a heterocomplex with 
CXCL12 and activates the CXCR4 receptor, initiating chem-
otaxis of leukocytes and other immune cells. In its intermedi-
ate state, a disulfide bridge is formed between cysteine 23 
and 45, which activates immune cells via the MD2-TLR4 
receptor to produce more HMGB1, chemokines, cytokines, 
and reactive oxygen species. Finally, fully oxidized HMGB1, 
in which all three thiol groups have been oxidized to sulfonyl 
groups, has no inflammatory activity (nor any other known 
functions).13,14,20-22

1.2 | HMGB1 in musculoskeletal disease

Recently, there has been increasing evidence document-
ing the involvement of HMGB1 in musculoskeletal dis-
ease.23-27 These studies suggest diverse biological functions 
of HMGB1, including the involvement in both promotion 
of inflammation and tissue repair.15,23,24,27 To our knowl-
edge, no reviews have compared the role of HMGB1 in 
different musculoskeletal diseases. The overarching aim of 
this review was to establish the potential roles of HMGB1 
in musculoskeletal diseases. Our objectives were to inves-
tigate the biological role of HMGB1 in human musculo-
skeletal disease, investigate the role of HMGB1 in animal 
models of musculoskeletal disease, and determine whether 
redox status influenced the biological activity of HMGB1 
in musculoskeletal disease.

2 |  METHODOLOGY

This review was conducted following the published guide-
lines by the International Committee of Medical Journal 
Editors (ICMJE) and the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA).28,29 The 
review protocol was registered at PROSPERO (registration 
number: CRD42018091796).30

2.1 | Information sources and 
search strategy

PubMed, MEDLINE, and EMBASE databases were searched 
up to 01-01-2020. There were no date restrictions. The search 
strategy was composed by two researchers (HG and MB) and 
can be found in Appendix S1.

2.2 | Study selection and eligibility criteria

Abstract screening and study selection were managed 
through an online tool (Covidence, Cochrane).31 The ab-
stracts of the articles were individually screened for eligibil-
ity by two researchers (HG and JM). All articles reporting 
on HMGB1 in musculoskeletal disease were assessed for 
eligibility. Musculoskeletal disease was defined as diseases 
of tendon, ligament, synovium, cartilage, joint capsule, in-
tervertebral disk (IVD), and bone. Systemic diseases were 
included if there was a significant musculoskeletal focus 
(eg, systemic lupus erythematosus [SLE]). Articles were ex-
cluded if there was no measurement of HMGB1 expression, 
or if the effect of adding/blocking HMGB1 on diseased mus-
culoskeletal tissue was not investigated. Other exclusion cri-
teria were diseases without a primary musculoskeletal focus, 
inappropriate study designs for this review (conference ab-
stracts, meta-analyses, systematic reviews, and letters to the 
editor), studies without an appropriate comparator group, 
and the effects of exogenous substances on HMGB1. We 
also excluded publications in other languages than Dutch, 
German, or English, and articles that have not been reported 
in a peer-reviewed journal. Full-text articles were screened 
to confirm that HMGB1 was studied in musculoskeletal dis-
eased tissue and that an appropriate control group was used. 
Disagreements were solved by means of consensus or a third 
reviewer (MB).

2.3 | Data extraction and synthesis of results

One researcher (HG) extracted the data from the in-
cluded articles using a standardized data-extraction sheet 
in Microsoft Excel. The study results were tabulated and 
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summarized qualitatively in the Results section. The sec-
ond researcher checked the tables for accuracy (JM). 
Results are divided into paragraphs based on the disease 
type: musculoskeletal soft tissue disease (tendinopathy, 
muscle injury, frozen shoulder), bone disease (fractures, 
IVD disease), and arthritis (OA, RA, juvenile idiopathic 
arthritis (JIA), SLE, (pseudo)gout).

3 |  RESULTS

A total of 4376 abstracts were screened, and 168 articles 
were selected for full-text article screening (Figure  1). 
After full-text article screening, 66 articles were included 
in the systematic review as they fulfilled all selection cri-
teria.13,15,23-27,32-91 Although most studies focused on ei-
ther human musculoskeletal disease (n  =  31) or animal 
models of musculoskeletal disease (n = 31), four studies 
investigated HMGB1 in both human and animal models of 
musculoskeletal disease (Tables 1 and 2).45,56,60,71 In the 
past two decades, there has been an increase in publica-
tion frequency of articles on HMGB1 in musculoskeletal 
disease (Figure 2).15,27 However, only 2 of 66 of the in-
cluded studies looked into the redox status of HMGB1 in 
musculoskeletal disease.15,27 All included studies used es-
tablished laboratory methods.13,15,23-27,32-91 The results of 
HMGB1 expression in musculoskeletal diseased tissues of 

both human and animal studies are summarized in Table 3. 
The effects of local administration and/or inhibition of 
HMGB1 in vitro and in vivo are summarized in Table 4.

3.1 | HMGB1 in human 
musculoskeletal disease

There were 35 studies that investigated HMGB1 in human 
musculoskeletal diseased tissue, including arthritis (27), 
fractures (1), IVD degeneration (4), tendinopathy (2), and 
frozen shoulder (1) (Table  1).23-26,32,33,36,38,39,41-43,45,46,56-

58,60,62,64,66,68,69,71,75-77,80-82,85,88-91 Most studies that inves-
tigated HMGB1 expression (26/28) showed that HMGB1 
expression is increased in human musculoskeletal dis-
eased tissues compared to control tissues (Table  3).24-

26,32,33,36,38,39,41-43,45,46,56-58,60,62,64,66,68,69,71,75-77,80-82,85,88,89,91 
The redox status of HMGB1 was not investigated in these 
studies of human musculoskeletal disease.

3.1.1 | HMGB1 expression in human soft 
tissue joint disease

Three studies investigated the role of HMGB1 in tendinopa-
thy and frozen shoulder.23-25 In tendinopathy, Akbar et al24 
showed increased gene and protein expression of HMGB1 

F I G U R E  1  Flow diagram
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in tendinopathic tissues compared to asymptomatic controls. 
Conversely, Mosca et al23 showed an increase in HMGB1 
protein expression in post-treatment pain-free tendons com-
pared to tendinopathic and healthy tendons, with no differ-
ences between tendinopathic and healthy tendons. In frozen 
shoulder, HMGB1 protein expression was increased com-
pared to control tissue.25 In both diseases, HMGB1 was 
expressed by tissue-resident stromal cells and was mostly 
localized in the nuclear and perinuclear regions.23-25

3.1.2 | HMGB1 expression in human 
bone disease

Five studies investigated the role of HMGB1 in human bone 
disease, including IVD degeneration and fractures.36,38,43,58,66 
In both diseases, HMGB1 expression was increased in dis-
eased tissues compared to control tissues, and was mainly 
localized intracellularly.36,38,43,66 In IVD degeneration, 
HMGB1 was expressed by cells in the outer annulus (not 
specified), whereas in fracture hematoma, it was expressed 
by macrophages.43,66 Lastly, Klawitter et al58 investigated the 
administration of exogenous HMGB1 to cultured cells de-
rived from degenerated IVDs and showed inhibition of IL-6 
expression and no effect on IL-8 expression.

3.1.3 | HMGB1 expression in 
human arthritis

Twenty-seven studies investigated the role of HMGB1 in 
human arthritis, including (post-traumatic) OA, RA, JIA, 
SLE, and (pseudo)gout.26,32,33,39,41,42,45,46,56-58,60,62,64,68,69,71,75-

77,80-82,85,88-91 In 20 of 21 studies, HMGB1 expression was 
increased in diseased tissues compared to control tissues 
(Table  3).26,32,39,41,42,45,56,60,64,68,69,71,76,77,80-82,88,89,91 The re-
maining study90 found no difference between HMGB1 pro-
tein expression in fibroblast-like synovial cells derived from 

OA compared to RA patients. HMGB1 was mainly localized 
in nuclear and perinuclear regions, whereas three studies also 
showed extracellular HMGB1 expression in tissues from OA 
and RA patients.32,42,71 Several cells expressed HMGB1, 
including chondrocytes, synovial fibroblasts, tenocytes, 
(vascular) endothelial cells, macrophages, and infiltrating in-
flammatory cells. Local administration of exogenous HMGB1 
in arthritic tissues resulted in a pro-inflammatory environment 
in 11 of 11 studies (Table 4).32,33,42,46,57,62,71,75,80,81,85

3.2 | HMGB1 in animal models of 
musculoskeletal disease

Thirty-five studies investigated HMGB1 in animal mod-
els of musculoskeletal disease, including arthritis (26), 
fractures (5), muscle injury (3), and tendinopathy (2) 
(Table  2).13,15,27,34,35,37,40,44,45,47-56,59-61,63,65,67,70-74,78,83,84,86,87 
Lee et al (2018) investigated the role of HMGB1 in both animal 
models of fracture and muscle injury.27 HMGB1 expression 
was increased in animal models of musculoskeletal disease in 22 
of 23 studies (Table 3).13,37,40,44,45,47-52,54-56,60,61,63,67,70,83,84,87

3.2.1 | HMGB1 expression in animal 
models of soft tissue joint disease

Five studies investigated HMGB1 expression in animal 
models of muscle injury and tendinopathy.13,15,27,48,83 
Thankam et al83 showed that HMGB1 protein expression 
was higher in early tendinopathic tissues compared to late 
tendinopathic and control tendons. Zhao et al48 found that 
HMGB1 protein expression was increased in tendinopathic 
tissues compared to control tissue. Interestingly, tendino-
pathic tissues showed extracellular HMGB1 expression 
compared to control tissues where it was mainly localized 
in the nuclei of tenocytes.48 In an animal model of mus-
cle injury,13 HMGB1 protein expression was increased in 

F I G U R E  2  Number of publications 
on HMGB1 in musculoskeletal disease. 
Number of publications on HMGB1 in 
musculoskeletal disease throughout the 
years. There is an increase in publication 
frequency of articles on HMGB1 in 
musculoskeletal disease over the past 
two decades. Yet, only two articles 
investigated the redox status of HMGB1 in 
musculoskeletal disease
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injured tissue compared to control tissue. The effects of 
addition of exogenous HMGB115,27 depended on the redox 
status of HMGB1: fully reduced HMGB1 resulted in ac-
celerated muscle repair, whereas disulfide HMGB1 did not 
(Table 4). Interestingly, a dose-response has also been dem-
onstrated; a non-oxidizable mutant form of fully reduced 
HMGB1 (3S-HMGB1) does not promote inflammation, but 
does promote muscle repair more efficiently than fully re-
duced HMGB1 (as it does not need CXCL12 to bind to the 
CXCR4 receptor).15,27

3.2.2 | HMGB1 expression in animal 
models of bone disease

Five studies investigated the role of HMGB1 in animal 
models of fractures.27,53-55,86 Two animal fracture model 
studies showed that HMGB1 expression was higher in 
early fracture hematoma compared to late fracture hema-
toma.54,55 In addition, Horst et al54 showed that HMGB1 
protein expression was higher in fracture hematoma com-
pared to sham animals. The localization of HMGB1 within 
the cell was not investigated.54,55 The addition of exog-
enous HMGB1 on fracture sites increased the expression 
of osteogenesis-related genes and promoted osteogenic 
differentiation (Table 4).27,53,86 In accordance, Lee et al27 
showed that treatment with glycyrrhizin (a known HMGB1 
inhibitor) resulted in delayed fracture healing. Lastly, just 

as in muscle injury, fully reduced HMGB1 (and the non-
oxidizable mutant 3S-HMGB1 even more so) promoted 
fracture repair.27 Other redox states of HMGB1 were not 
investigated.

3.2.3 | HMGB1 expression in animal 
arthritis models

Twenty-six studies investigated the role of HMGB1 in animal 
models of arthritis, including OA and RA.13,15,27,34,35,37,40,44,45,47-

56,59-61,63,65,67,70-74,78,83,84,86,87 In all 18 studies, HMGB1 
expression was increased in diseased tissues compared to 
control tissues.35,37,40,44,45,47,49-52,56,60,61,63,67,70,84,87 In control 
tissues, HMGB1 was mainly localized in the nuclei, whereas 
arthritic tissues showed more cytoplasmic and extracel-
lular HMGB1 expression as the severity increased. Both 
stromal cells and infiltrating inflammatory cells expressed 
HMGB1, including chondrocytes, synovial cells, endothelial 
cells, osteoclasts, and fibroblast- and macrophage-like cells 
(Figure  3). Local administration of exogenous HMGB1 in 
arthritic tissues resulted in a pro-inflammatory environment 
in 6 of 6 studies, including worsening of clinical and his-
topathologic arthritis, increase in synovial angiogenesis, and 
enhancement of chemotaxis (Table 4).34,65,72-74,78 Finally, 5 
of 6 studies found that directly blocking HMGB1 in arthritic 
tissues (with anti-HMGB1 antibodies or BoxA) ameliorates 
arthritis by improving clinical arthritis scores, reducing 

F I G U R E  3  HMGB1 and its redox status in musculoskeletal disease. Schematic highlighting the diverse roles of HMGB1 as a driver of 
inflammation and mediator of tissue repair in musculoskeletal disease. Upon tissue injury, tissue-resident stromal cells (and later infiltrative 
immune cells, not shown) release HMGB1 into the extracellular environment. We hypothesize that depending on the redox state, HMGB1 will act 
on several receptors promoting either chemotaxis, tissue repair, or inflammation. Fully reduced HMGB1 will form a heterocomplex with CXCL12 
after which it acts on the CXCR4 receptor to promote chemotaxis and tissue repair. Disulfide HMGB1 will act on the MD2-TLR4 receptor (and 
other receptors which are not shown here), which will promote pro-inflammatory cytokine release. Receptors for fully oxidized HMGB1 have not 
yet been identified, and therefore, its potential immunomodulatory function is unknown
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inflammatory infiltrate, reducing number of synovial vessels, 
and preserving joint morphology.34,45,59,70,71 The remaining 
study78 found that treatment with glycyrrhizin reduced the 
number of migrating cells (ie, chemotaxis) on injured ex-
plants. The redox states of HMGB1 were not investigated.

4 |  DISCUSSION

Since the beginning of this century, studies on HMGB1 
in musculoskeletal disease have emerged. The growing 
number of publications in this field demonstrates a rising 
interest of HMGB1 in musculoskeletal disease. However, 
to date no studies have curated these data and compared 
the role of HMGB1 in a variety of musculoskeletal dis-
eases (Figure 2). Therefore, the overall aim of this study 
was to perform a systematic review to compare the roles 
of HMGB1 across multiple common musculoskeletal 
diseases.

In general, HMGB1 expression is increased in tis-
sues of both human and animal models of musculo-
skeletal disease compared to control tissues, as well as 
in early (acute) disease compared to late (chronic) dis-
ease.13,24-26,32,33,35-52,54-58,60-64,66-71,75-77,80-85,87-89,91 HMGB1 is 
expressed by both tissue-resident stromal cells and infiltrat-
ing immune cells.24-26,32,33,42-48,50-52,56-58,60-64,66,67,69-71,75,76,80-

82,85,88 Local administration of HMGB1 to (cultured cells 
derived from) arthritic tissues worsened both clinical and his-
topathologic arthritis, increased synovial angiogenesis, and 
enhanced chemotaxis.32-34,42,46,57,62,65,71-75,78,81,85,92 In contrast, 
addition of HMGB1 to cultured cells derived from human de-
generate IVDs reduced IL-6 expression and did not affect IL-8 
expression.58 Therefore, one could conclude that HMGB1 
might have a protective effect in IVDs, whereas it has a pro-in-
flammatory effect in arthritic tissues. Another explanation is 
that these divergent biological functions may be attributed to 
differential HMGB1 redox states as a consequence of an extra-
cellular environment.14,93-97 However, the HMGB1 redox sta-
tus remains understudied in human musculoskeletal disease.

4.1 | Cellular localization of HMGB1

In healthy control tissues, HMGB1 was mainly localized 
in the nucleus, while in diseased tissues, HMGB1 was lo-
calized mainly in the cytoplasm. Although a few articles 
showed extracellular expression of HMGB1 in arthritic 
human and animal tendinopathic tissues, the majority of 
histologic studies did not reveal extracellular expression 
of HMGB1. Since extracellular HMGB1 has a relatively 
short half-life, it might have degraded before the tissue 
is used for experiments.98 Interestingly, several histo-
logic studies showed there was an increase in cytoplasmic 

HMGB1 expression (number of immunopositive cells or 
area of positive immunostaining). Several studies have 
shown that cytoplasmic translocation of HMGB1 promotes 
autophagy, limits the apoptotic pathway, and does not only 
enable the release but also actively promotes its own secre-
tion.99,100 So far, literature has shown that HMGB1 con-
tains nuclear localization sequences, which contain lysine 
and serine residues that are susceptible to modification 
(eg, acetylation, methylation, phosphorylation).18,19,101 
Once modified, HMGB1 is actively secreted out of the 
nucleus and consecutively out of the cell via secretory 
lysosomes.19 Interestingly, necrotic cells passively leak 
non-modified HMGB1, still able to initiate/sustain inflam-
mation, whereas cells undergoing apoptosis do not leak 
any HMGB1.102 It is hypothesized that in apoptotic cells, 
HMGB1 inextricably binds to chromatin, making it un-
able to promote inflammation. However, these processes 
are not yet fully understood. Therefore, future studies 
should not only investigate the extracellular functions of 
HMGB1, but also, the intracellular functions of HMGB1 
during inflammation should be studied.

4.2 | Extracellular HMGB1: redox states

Extracellular HMGB1 has the ability to initiate and/or sustain 
an inflammatory microenvironment by switching between 
different redox states. Although the redox status is crucial 
feature of HMGB1 as this determines its biological role, few 
articles discussed these redox states in musculoskeletal dis-
ease and only 2 of 66 of the included articles investigated 
the redox status of HMGB1 in musculoskeletal diseased tis-
sues.15,27 These studies identified that fully reduced HMGB1 
promotes not only chemotaxis, but can also promote tis-
sue repair by acting on the CXCR4 receptor after forming 
a heterocomplex with CXCL12, whereas disulfide HMGB1 
cannot.15 In addition, pre-treatment with (fully reduced) 
HMGB1 2 weeks before the fracture accelerated fracture re-
pair.27 Lee et al27 found that this is due to resident stem cells 
being primed (ie, GAlert phase) by fully reduced HMGB1, 
so that they can re-enter the cell cycle quicker upon new 
injuries. Moreover, a non-oxidizable mutant form of fully 
reduced HMGB1 (3S-HMGB1) promoted muscle and frac-
ture repair even more effectively by binding directly to the 
CXCR4 receptor on resident stem cells without needing the 
chemokine CXCL12.15,27 Fully oxidized HMGB1 was not in-
vestigated, and whether it has a function remains unknown. 
Although not in musculoskeletal diseased tissues, Venereau 
et al (2012), Lee et al (2018), and Tirone et al (2018) inves-
tigated the effects of different HMGB1 redox states in cell 
lines, which were in line with research on HMGB1 in other 
areas.13-15,20-22,27,93,95,96 Therefore, it is likely that these redox 
states have the same function in musculoskeletal disease 

 25738488, 2020, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tsm

2.175 by U
niversity O

f L
eiden, W

iley O
nline L

ibrary on [02/01/2023]. 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



560 |   GACAFERI Et Al.

(Figure  3). Thus, these findings are in line with literature 
in other inflammatory diseases and support the idea that the 
localization and the diverse biological functions of HMGB1 
depend on its post-translational modifications and its redox 
status.13,14,20-22,93,95,96

4.3 | Challenges in identifying the redox 
status of HMGB1 in musculoskeletal disease

Studying the redox states of HMGB1 is challenging as few 
techniques can distinguish between different redox states of 
HMGB1 in human tissue. Since there are no specific antibod-
ies available for each HMGB1 redox state, researchers are 
urged to be creative with other existing methods. One of the 
most successful techniques has been liquid chromatography-
tandem mass spectrometry, which has been successfully used 
to identify the redox states of HMGB1 in liquid samples such 
as serum or cerebrospinal fluid, although it remains techni-
cally challenging in tissue samples.103-106 Furthermore, mass 
spectrometry requires tissue preparation and protein extrac-
tion steps before analysis with the mass spectrometer, which 
raises the question whether alterations in redox state occur 
before the samples can be analyzed due to the short half-
life of HMGB1. Although variations in half-life have been 
found in different extracellular environments, fully reduced 
HMGB1 has been shown to have a half-life of approximately 
17 minutes in serum and saliva.98 However, the half-life of 
HMGB1 in musculoskeletal tissues is unknown.98 The dif-
ficulties of identifying the different redox states of HMGB1 
in musculoskeletal disease are thus partially inherent to the 
complexity of HMGB1, and partially because current meth-
odologies have yet to be optimized or developed.

4.4 | Limitations

The heterogeneity of the included study populations and 
measurement methods of HMGB1 can both be considered a 
limitation and a strength of this study. Although all included 
studies are covered by the term musculoskeletal disease, 
these diseases differ in pathogenesis. However, this heteroge-
neity is also a strength since this is the first study to compare 
the different roles of HMGB1 across a variety of musculo-
skeletal diseases, thereby exploring whether the observed 
effects of HMGB1 can be applied to all musculoskeletal tis-
sues and diseases. The small number of studies published 
on HMGB1 in musculoskeletal disease reflects that this is 
still a small but growing field. Although recently more stud-
ies have looked at HMGB1 in musculoskeletal disease, they 
often lack a (healthy) control or do not make use of human 
tissues or cells. A risk with the small number of studies on 
relatively large number of different conditions in this review 

is that results might be generalized, especially as the only re-
sults from studies that could be included is the concentration 
of HMGB1 in diseased tissue compared to a healthy control. 
However, most studies that have been included in this review 
have come to similar findings. Finally, a quality assessment 
was not included in this review due to the lack of validated 
quality assessments available for the type of in vitro and in 
vivo studies included. New quality assessment tools should 
be validated for these types of studies.

4.5 | Therapies targeting HMGB1 in 
musculoskeletal diseases

The results from the studies included in this article suggest 
that the addition or direct blocking of HMGB1 could be fur-
ther investigated as a potential treatment for a variety of mus-
culoskeletal diseases. In human and animal arthritic tissue, the 
addition of exogenous HMGB1 exacerbated disease, while di-
rectly blocking HMGB1 reduced disease severity by ameliorat-
ing inflammation. As there are currently no disease-modifying 
treatments available for osteoarthritis and clinical remission of 
RA is still a large issue, HMGB1 inhibitors could provide a 
new treatment option. In animal models of fractures and muscle 
injuries, addition of the fully reduced redox state of HMGB1 
in tissue injury accelerated tissue repair, especially the non-ox-
idizable mutant form of fully reduced HMGB1 (3S-HMGB1), 
which was even more efficient than the native fully reduced 
HMGB1.15,27 Therefore, administering 3S-HMGB1 should be 
investigated as a potential therapeutic agent that can acceler-
ate tissue repair after trauma. Interestingly, pre-treatment with 
(fully reduced) HMGB1 2 weeks before the fracture also ac-
celerated fracture repair in an animal model.27 Therefore, this 
could be further investigated as a treatment for patients with an 
increased fracture risk (eg, elderly patients with osteoporosis 
and patients undergoing elective surgery). Future therapeutic 
strategies targeting HMGB1 could also be aimed at prevent-
ing HMGB1 from leaving the cell and therefore making it un-
able to initiate and/or sustain an inflammatory environment. 
However, as a few articles in our review highlight, extracel-
lular (fully reduced) HMGB1 also plays an important role in 
tissue repair.15,27 Therefore, preventing the release of HMGB1 
might prevent ongoing inflammation, but it also might prevent 
tissue repair. Improved understanding of the complexities of 
the intra- and extracellular roles of HMGB1 is required before 
(human) clinical trials can address the effectiveness of targeting 
HMGB1 in musculoskeletal disease.

4.6 | Conclusion

This systematic review highlights that HMGB1 is an impor-
tant mediator in musculoskeletal disease and its biological 
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function is dependent on the redox status and target tissue. 
The redox status of HMGB1 is understudied in musculo-
skeletal disease. Musculoskeletal tissues from diseased 
patients and animal models show increased HMGB1 ex-
pression relative to control tissues. Specifically, HMGB1 
was expressed by tissue-resident stromal cells and infiltrat-
ing immune cells. Our systematic review suggests that the 
effects of local administration of recombinant HMGB1 to 
diseased musculoskeletal tissues were diverse. These ef-
fects ranged from inducing inflammation by adding re-
combinant HMGB1 (unspecified redox status or disulfide 
HMGB1), to promoting chemotaxis and accelerating tissue 
repair (fully reduced HMGB1). Future studies should aim 
to identify the redox status of HMGB1, including its half-
life, in musculoskeletal tissues to advance understanding of 
the diverse biological functions of this mediator. Second, 
we must further identify the distinct redox status of recom-
binant HMGB1, which is given to either induce injury or 
promote tissue repair. Collectively, these efforts will in-
form therapeutic strategies targeting HMGB1 in musculo-
skeletal disease.
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