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Abstract

Background and aims The purpose of the review was to synthesize the current literature regarding tetracyclines in the treat-
ment of osteoarthritis.

Methods Using multiple databases, a systematic review was performed with customized search terms crafted to identify
studies examining doxycycline or minocycline in the treatment of osteoarthritis. Results were classified into basic science
mechanistic studies, in vivo animal studies, and human clinical trials. A total of 1446 potentially relevant studies were
reviewed, and after exclusion criteria were applied, 23 investigations were included in the final analysis.

Results From 12 basic science mechanistic studies, we report on three main mechanisms by which tetracyclines may exert
benefit in osteoarthritis progression: matrix metalloproteinase inhibition, immunomodulation, and nitric oxide synthase
inhibition. Seven animal studies showed generally encouraging results. Four articles reported human clinical studies, show-
ing mixed results in the treatment of osteoarthritis, potentially related to the choice of patient population, primary outcomes,
and timing of treatment.

Conclusion Tetracyclines have the potential to benefit osteoarthritis patients via multiple mechanisms. Further study is war-

ranted to examine the optimal dose and timing of tetracycline treatment in osteoarthritis.

Keywords Osteoarthritis - Doxycycline - Minocycline - Disease-modifying osteoarthritis drugs - Dmoads

Introduction

Idiopathic osteoarthritis is traditionally considered a disease
of mechanical cartilage degradation [1]. Research now char-
acterizes osteoarthritis as a complex disease process involv-
ing both mechanical factors and inflammatory contributors
[2]. This perspective shift is supported by recent research
which has further elucidated the mechanisms by which the
immune system perpetuates joint damage.

Multiple studies implicate activated macrophages, neutro-
phils, and T-cells in the progression of osteoarthritis [3-9].
Inflammatory factors such as cytokines, chemokines, and
matrix metalloproteinases (MMPs) produced by joint tis-
sues in response to acute or chronic injury have been found
to lead to cartilage and meniscus breakdown [2]. MMPs, in
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particular MMP-3 and MMP-13, degrade type II collagen
leading to progression of osteoarthritis [10, 11]. Posttrau-
matic arthritis, also traditionally thought of as mechanical in
nature, is tied to similar mechanisms of inflammation lead-
ing to MMP upregulation. For example, ACL remnants were
found to induce MMP-13 expression in the acute phase of
an injury, which may explain why posttraumatic arthritis
frequently develops despite surgical reconstruction [12].
The advancements in the knowledge of the pathogenesis of
osteoarthritis truly characterizes osteoarthritis as a disease
of the joint as an organ [13].

Given the complex and interrelated pathways involved in
the pathogenesis of osteoarthritis, the potential for a reliable
disease-modifying osteoarthritis drug (DMOAD) that targets
multiple pathways has been of great interest for decades.
While specific MMP inhibitors have been investigated for
the treatment or prevention of diseases in multiple clini-
cal trials, their success was limited by nonspecific inhibi-
tion, pharmacokinetics, toxicity, instability in vivo, and low
oral availability [14]. Nonspecific MMP inhibitors devel-
oped as anti-arthritic drugs has led to serious side effects,
such as musculoskeletal syndrome, leading to the cessation
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of clinical trials [14]. However, there has recently been a
renewed call to investigate MMP inhibitors as tools to miti-
gate disease progression [14].

Due to renewed interest in MMP inhibition as a mecha-
nism of inflammatory disease treatment, we decided to re-
investigate tetracyclines as MMP inhibitors. Initially dis-
covered as a product or actinomyces bacteria, derivatives
of tetracycline have been used for decades for multiple
infectious indications [15]. Doxycycline and minocycline
are tetracyclines that are well studied for their efficacious-
ness in inhibiting inflammatory mediators that could con-
tribute to the progression of arthritis. Recent reviews have
found minocycline to be a promising drug in the treatment of
chronic pain [16]. Doxycycline has been investigated in mul-
tiple trials for the treatment of osteoarthritis [17] and both
doxycycline and minocycline have shown some clinical ben-
efit for rheumatoid arthritis patients [18]. The purpose of this
study is to review and synthesize the utility of tetracyclines
as anti-inflammatory mediators in the treatment of osteoar-
thritis in pre-clinical and clinical studies. We hypothesized
that tetracyclines have the potential to not only decrease
symptoms of osteoarthritis but also inhibit the progression
of osteoarthritis via multiple anti-inflammatory pathways.

Methods

A systematic review of the available literature was per-
formed with the use of PRISMA (Preferred Reporting Items
for Systematic Review and Meta-Analyses) guidelines and
checklist (Fig. 1). The search was completed on April 18,
2020, using an explicit search shown in Table S-1 within
PubMed and OVID MEDLINE databases. The search terms
were selected to identify any study examining tetracyclines
in relation to osteoarthritis. The primary outcome measure
of interest was doxycycline or minocycline use in treating
osteoarthritis with objective measures of efficacy.

English-language peer-reviewed studies were eligible for
inclusion. Basic science, preclinical and clinical trials were
included. Exclusion criteria were: Non-English-language
studies, non-osteoarthritis-related studies, post-infectious
arthritis studies, studies using implantable devices as the
method of tetracycline administration, letters to the editor,
conference abstracts/proceedings, studies which did not
investigate doxycycline or minocycline, and other systematic
reviews or meta-analyses. After exporting the citations from
the databases and removing duplicate articles, the remain-
ing articles were reviewed for inclusion by title followed by
abstract. Manuscripts remaining underwent full-text review
leading to the final manuscripts included in the study. Any
questions on manuscript inclusion were reviewed by all
authors before the final decision.
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Studies were grouped into the following categories:
basic science mechanistic studies, in vivo animal studies,
and human clinical studies. Studies in the basic science cat-
egory reported on the mechanisms by which tetracyclines
may inhibit osteoarthritis progression. In vivo animal studies
translated basic science findings into animal models of dis-
ease to show objective measures of benefit. Human clinical
investigations included studies evaluating the clinical ben-
efit of using doxycycline or minocycline for osteoarthritis
in humans.

Results

A total of 1446 studies were reviewed, and after exclusion
criteria were applied, 23 studies were included in the final
analysis (Fig. 1). Twelve studies reported on basic science
mechanisms [19-30] (Table 1), seven reported on out-
comes of tetracycline treatment for osteoarthritis in animals
[31-37] (Table 2), and four reported on human clinical stud-
ies [38—41] (Table 3).

Basic science mechanistic studies

Tetracyclines inhibit potential mediators of disease
progression through inhibition of matrix
metalloproteinases

The mechanisms by which doxycycline may alter osteoar-
thritis progression were identified through matrix metallo-
proteinase (MMP) inhibition. Yu et al. suggested that doxy-
cycline modifies osteoarthritis progression by showing that
degradation of human type XI collagen was inhibited in vitro
by 10-30 uM doxycycline [20]. Smith et al. expanded upon
the known capacity of doxycycline to inhibit MMP-1, 8 and
13 by characterizing the degree to which doxycycline was
able to inhibit collagen breakdown by each enzyme in an
acellular assay. At a concentration of 50 uM, doxycycline
inhibited the activity of MMP-8 and MMP-13 by 64% and
77%, respectively, compared to only 18% for MMP-1 [22].

Shlopov et al. then expanded upon the potential mecha-
nisms of MMP inhibition by doxycycline in two studies. In
the first study, isolated human knee osteoarthritic chondro-
cytes were stimulated with TNF-« in the presence of doxy-
cycline. Doxycycline inhibited collagen degradation through
a reduction in MMP-1, MMP-8, and MMP-13 expression
and translation in human chondrocytes [23]. The second
study demonstrated that in addition to inhibiting transla-
tion of MMP-1 and MMP-13, in vitro treatment of human
osteoarthritic chondrocytes with doxycycline significantly
increased expression of TGF-f while decreasing translation
of IL-1a, IL-1p, and IL-6 [24].
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A study from Smith et al. supported doxycycline’s ability
to inhibit MMPs by observing gelatinase and collagenase
activity in the femoral heads of patients undergoing a total
hip arthroplasty for osteoarthritis. Patients were either
treated with oral doxycycline for 5 days before surgery, in a
single dose 3 days before surgery, or with no doxycycline.
The femoral head samples from the patients treated with
5 days of doxycycline demonstrated significantly reduced
activities of both collagenase and gelatinase [21].

Like doxycycline, minocycline also inhibits MMPs and
may be utilized to disrupt degradative pathways. An early
trial showed significantly decreased collagenase activity
in the synovial fluid of rheumatoid arthritis patients after
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Title/Abstract Screen

v
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a 10-day treatment with oral minocycline [19]. Vandooren
et al. investigated minocycline inhibition of MMP-9 pro-
duction and activity. Minocycline was first shown to be a
weak inhibitor of MMP-9 in vitro by incubating minocy-
cline with human recombinant MMP-9 and assessing for
gelatin degradation. Secondly, minocycline was demon-
strated to inhibit the secretion of pro-MMP-9 by myelo-
monocytic (THP-1) cells. THP-1 cells, which synthesize
pro-MMP-9 upon stimulation, were incubated with and
without minocycline and stimulated with LPS. Minocy-
cline significantly reduced the secretion of pro-MMP-9
without cytotoxicity [25].
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Table 1 Basic science mechanistic studies

References Drug; concentration/ Cell type Targets Experimental strategy ~ Findings
dose
MMP-inhibition
Greenwald et al. 1987 Minocycline; 100 mg Synovial cells Collagenase Ex vivo enzymatic Inhibited collagenase
[19] bid assay of arthritic knee  activity synovial fluid
of RA patients
Yu et al. 1991 [20] Doxycycline; 10-30 uM  Chondrocytes Collagenases Cell culture Inhibited type XI col-
lagen degradation
Smith et al. 1998 [21] Doxycycline; 100- Chondrocytes Gelatinase, collagenase Ex vivo assay of Inhibited gelatinase and
200 mg qd arthritic knee collagenase activity
Smith et al. 1999 [22] Doxycycline; 30-90 uyM  — MMP-1, MMP-8, Acellular enzymatic Inhibited MMP-8 and
MMP-13 assay MMP-13 activity
against TII collagen
in vitro
Shlopov et al. 1999 Doxycycline; 1-10 pg/  Chondrocytes MMP-1, MMP-8§, Cell culture Decreased protein and
[23] mL MMP-13 mRNA levels of all
MMPs
Shlopov et al. 2001 Doxycycline; 22.5 uM  Chondrocytes MMP-1, MMP-13 Cell culture Inhibited translation of
[241° MMP-1 and 13
Vandooren et al. 2017 Minocycline; 2.2-218.6 THP-1 cells MMP-9 Cell culture Inhibited pro-MMP-9
[25] uM secretion and inhibited
MMP-9 activity
Anti-inflammatory
Kloppenburg et al. Minocycline; 109.3 uM  T-cells IFN-y Cell culture Inhibited proliferation
1993 [26] of T-cells and IFN-y
production in vitro
Kloppenburg et al. Minocycline; 3.5-109.3 T-cells IFN-y, TNF-alpha, IL-6 Cell culture Inhibited IFN-y, TNF-
1996 [27] M alpha, and IL-6 pro-
duction by stimulated
T-cells
Shlopov et al. 2001 Doxycycline; 22.5 uM  Chondrocytes MMP-1, MMP-13 Cell culture Inhibited translation of
[24]? IL-1, and IL-6
Upregulated TGF-beta
Nitric oxide pathways
Amin et al. 1996 [28] Doxycycline and mino- Chondrocytes, Nitric oxide synthase Cell culture Inhibited nitric oxide
cycline; 11.3-180 uM,  mac- production
10.9-174.9 yM rophages
Borderie et al. 2001 Doxycycline and mino- Chondrocytes Nitric oxide synthase Cell culture Inhibited production of
[29] cycline; 1-100 uyM nitrosothiols, nitrate,
nitrate, and iNOS
Steinmeyer et al. 2010 Tetracycline, doxycy- Chondrocytes Aggrecanases Cell culture Inhibited aggrecanases
[30] cline, and minocy- ADAMSTS4 and and decreased PGE2
cline; 1-100 uM ADAMSTSS and nitric oxide while

not decreasing proteo-
glycan loss

“Included in two categories

Tetracyclines have anti-inflammatory properties that may
be beneficial for osteoarthritis

Tetracyclines offer an additional mechanism to inhibit
osteoarthritis progression through broad anti-inflammatory
properties. Doxycycline decreases translation of inflam-
matory cytokines and increases the production of anti-
inflammatory cytokines [24]; however, minocycline is
more extensively studied for its anti-inflammatory action
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in arthritis. Two studies from Kloppenburg et al. dem-
onstrated minocycline’s anti-inflammatory potential. In
the first, minocycline inhibited the proliferation of cloned
synovial T-cells and IFN-y production by synovial T-cells
in vitro [26]. In tandem, minocycline inhibited the pro-
duction of IFN-y and TNF-« by activated T-cells in vitro
[27]. By limiting T-cell activation, the authors propose
that minocycline could reduce the innate immunity reac-
tion in osteoarthritis progression.
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Table 2 In vivo animal studies

References Drug; dose

Organism Primary experimental outcome

Findings

Idiopathic osteoarthritis models

Lee et al. 2013 [31] Doxycycline; 2 mg/mL in drink-  Rat

ing water

Histopathologic examination

MMP-13 deposition decreased in
rat osteoarthritic knees

Lu et al. 2013 [32] Doxycycline hyaluronic acid Rabbit Weight distribution, histopatho- ~ Weight distribution in the affected
gels; 17.5 ug logic examination leg increased. There was histo-
logically less evidence of OA
Aydin et al. 2015 [33]  Doxycycline-chondroitin sulfate ~ Rabbit Histopathologic examination, Treatment was superior radio-
microspheres; 5 mg intraarticu- radiographic assessment, and graphically and histologically to
lar injection mechanical assessment control
Posttraumatic arthritis models
Yu et al. 1992 [34] Prophylactic doxycycline; 50 mg Canine Histopathological examination Significantly less cartilage wear in
bid treatment group
Pardy et al. 2004 [35] Doxycycline; 50 mg bid Canine Histopathologic examination Subchondral bone loss decreased
and bone strain energy density
increased
Dinc et al. 2012 [36] Doxycycline; 1 mg/mL/kg of Rabbit Histopathologic examination Was inferior to atorvastatin and not
50% by volume intraarticular significantly different compared
injection to saline in preventing cartilage
wear
Pinney et al. 2012 [37] Doxycycline; 2.2 mg/kg Rabbit Histopathologic examination and Did not significantly affect the
radiographic assessment progression of osteoarthritis
Table 3 Human clinical trials
References Design No. of Level of Drug; dose Primary outcome Findings
groups evidence
Israel et al. 1998 [38] Prospective 1 v Doxycycline; 50 mg bid  Enzymatic activity in the  Trend toward decreased
T™J collagenase and gelatinase
activity in 3 women with
TM]J osteoarthritis
Brandt et al. 2005 [39]  Prospective 2 I Doxycycline; 100 mg bid Joint space narrowing Significantly decreased JSN
in obese women with uni-
lateral knee osteoarthritis
Snijders et al. 2011 [40] Prospective 2 I Doxycycline; 100 mg bid Clinical response by 31% in both the treatment
OMERACT-OARSI group and the control
criteria group met responder
criteria
Ma et al. 2015 [41] Retrospective 1 v Doxycycline; 100 mg bid Verbal descriptor scale Pain improved or resolved

of pain and functional
status

in all patients

The capacity of minocycline to inhibit destructive
immune activity as well as overactive metalloproteinase
enzymes has been supported in human rheumatoid arthri-
tis studies which demonstrate significant clinical benefit
[42-46]. For example in the Minocycline in Rheumatoid
Arthritis (MIRA) trial, a group of rheumatoid arthritis
patients who received minocycline showed significant
improvements in both subjective measures, such as joint ten-
derness and swelling, and objective measures, such as eryth-
rocyte sedimentation rate and hematocrit, over placebo [42].
Similar results were reproduced in multiple double-blinded

clinical trials of minocycline vs. placebo in rheumatoid
arthritis patients [43—46].

Tetracyclines inhibit nitric oxide pathways

Tetracyclines may also exert disease modifying effects by
limiting nitric oxide pathways in chondrocytes. Amin et al.
isolated osteoarthritic cartilage from human total knee
arthroplasty patients and assayed for the spontaneous activ-
ity of nitric oxide synthase in the presence of doxycycline
and minocycline [28]. The results showed dose-dependent
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inhibition of nitric oxide synthase (NOS) by both tetracy-
clines. Minocycline and doxycycline inhibited nitric oxide
synthesis by murine macrophages stimulated by IFN-y or
LPS in vitro [28]. Further study into the nitric oxide syn-
thase inhibition in stimulated human osteoarthritic syno-
vial cells by Borderie et al. showed that both doxycycline
and minocycline inhibited the production of nitrosothiols,
nitrate, and nitrite in addition to inhibiting the synthesis of
the inducible NOS [29].

Steinmeyer et al. used human osteoarthritic knee explants
to assess the effect of minocycline and doxycycline on
aggrecanase activity as well as the amount of nitric oxide
and prostaglandin E2 (PGE2) produced by stimulated osteo-
arthritic knee cartilage. This group also performed a direct
assessment of proteoglycan loss in explanted osteoarthritic
cartilage upon stimulation with IL-1. Although doxycy-
cline and minocycline were found to inhibit aggrecanases
ADAMTS4 and ADAMTSS as well as decrease the produc-
tion of PGE2 and nitric oxide, the amount of proteoglycan
loss was not significantly decreased by any of the drugs over
11 days of treatment in vitro [30].

In vivo animal studies

In animal studies, doxycycline has shown promise in slow-
ing the progression of osteoarthritis. Medial tibial osteo-
chondral defects were surgically created in rats, and then
rats were fed untreated water or water with 2 mg/mL doxy-
cycline for 12-weeks postoperatively [31]. At 12-weeks the
rats were euthanized and MMP-13 deposition was assessed
in the repair tissues of each group. MMP-13 deposition was
significantly lower in the group that received doxycycline. In
addition, the International Cartilage Repair Society cartilage
repair scores were significantly higher in the group treated
with doxycycline indicating a higher degree of cartilage
repair [31].

Intraarticular injections of doxycycline were also
explored in animal osteoarthritis models. A hyaluronic-acid-
doxycycline hydrogel was injected and evaluated in a rabbit
surgical knee osteoarthritis model. Rabbits were treated with
injections of normal saline, hyaluronic acid, doxycycline, or
combined hyaluronic acid-doxycycline. Those treated with
hyaluronic acid and hyaluronic acid-doxycycline groups
demonstrated decreased pain as determined by about 10%
more bodyweight being distributed on the affected leg. On
histopathological examination, osteoarthritic progression
was significantly decreased in the hyaluronic acid-doxycy-
cline group [32].

In a 2015 study, Aydin et al. used injectable micro-
spheres as the method of drug delivery into osteoarthritic
rabbit knee joints [33]. Microspheres contained either dox-
ycycline or doxycycline-chondroitin sulfate. After 8 weeks
of treatment, rabbit knees were radiographically superior
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to control in both doxycycline and doxycycline-chondroi-
tin sulfate groups. The Mankin-Ptizker histological scores
of both experimental arms were significantly better com-
pared to control at the end of treatment. The ex vivo hard-
ness scores of the osteoarthritic cartilage showed superior
values in the doxycycline-chondroitin sulfate group [33].

Four studies [34-37] evaluated the effect of doxycycline
in a posttraumatic model. While posttraumatic arthritis
represents only a fraction of osteoarthritis cases, it is a
significant cause of pain for patients and loss of function
post-injury, with rates of development suggested to be
between 21 and 48% after combined anterior cruciate liga-
ment and meniscus injury, even after surgical treatment
[47]. Furthermore, osteoarthritis can commonly result
from meniscus injuries [47], an injury that is often found
incidentally in the aging population [48]. Posttraumatic
arthritis models have shown less consistent results regard-
ing doxycycline treatment. Pinney et al. investigated doxy-
cycline treatment in a rabbit model of posttraumatic arthri-
tis [37]. Rabbits were treated with and without the addition
of doxycycline to their food for 12 weeks following ACL
transection. The rabbits underwent MRI evaluation of the
knee every four weeks until euthanasia at 12 weeks. This
study did not show conclusive evidence of doxycycline’s
efficacy in the prevention of posttraumatic arthritis [37].
In another posttraumatic arthritis rabbit model, Dinc et al.
transected rabbit ACLs and treated rabbits with either
intra-articular saline, doxycycline, or atorvastatin injec-
tions once per week for 3 weeks [36]. After 3 weeks, the
cartilage wear was scored by the Mankin histological scor-
ing system. Cartilage scores were similar in the control
and doxycycline groups, but the atorvastatin group showed
significantly less cartilage wear than the control and doxy-
cycline groups [36].

Several animal studies support the potential role of
doxycycline for treating posttraumatic osteoarthritis
development. In a canine ACL deficient posttraumatic
osteoarthritis model, dogs were treated with or without
oral doxycycline for 8 weeks immediately following ACL
transection. On histopathological examination, doxycy-
cline-treated dogs demonstrated significantly less cartilage
wear of the medial femoral condyle compared to untreated
controls [34]. In a study from Pardy et al., researchers
surgically transected the ACL and the dogs were split into
three groups. One group was treated with 24 weeks of
oral doxycycline starting 12 weeks after surgery. A second
group was treated with 36 weeks of doxycycline starting
36 weeks after surgery. The final group was not treated
with doxycycline. In the group treated with 36-weeks of
doxycycline, superficial subchondral bone loss was sig-
nificantly mitigated compared to control and bone strain
energy density was increased, though this difference was
only 0.01 mJ/mm? [35].
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Clinical trials

The human studies included in this review consisted of two
level IV and two level I studies. The level IV studies had a
high risk of bias and inaccurate conclusions due to small
sample sizes (5 patients and 17 patients), lack of blinding,
and the observational nature of the studies [38, 41]. In con-
trast, the level 1 studies included are of a particularly high
quality due to large sample sizes, meticulous blinding, and
prospective definition of outcomes of interest [39, 40].

The two observational cohort studies demonstrated bio-
chemical and patient-reported improvements in patients
treated with doxycycline in various joints. Initially, Israel
et al. showed a trend toward decreased collagenase and
gelatinase activity in osteoarthritic temporomandibular
joints of three women treated with doxycycline for three
months [38]. In another observational study, Ma et al. per-
formed a retrospective pilot study on 17 patients treated
with doxycycline for osteoarthritis of the hand [41]. Clinical
response was measured in these patients via a 1-10 verbal
descriptor scale of pain as well as a 1-6 scale of the ability
to perform tasks related to hand function. The results of
this investigation found that all 17 patients had improve-
ments in pain, with most (11/17) having their pain completed
resolved. Furthermore, most patients also reported regain-
ing normal functioning of their affected hand, however, this
study was underpowered to identify significant improve-
ments and lacked a comparison or control group [41].

The two randomized clinical trials investigated doxycy-
cline treatment for osteoarthritis of the knee with varying
results. In the DOXY trial, Brandt et al. treated 431 obese
women with primary unilateral knee osteoarthritis with
doxycycline 100 mg twice daily or placebo. Radiographic
studies were performed at 16 month and 30-month follow-
ups. The primary outcome measure was the rate of joint
space narrowing (JSN) of the medial tibiofemoral compart-
ment of the arthritic knee by measuring joint space width of
the involved knee and the uninvolved knee. Other measures
included clinical outcome measures such as the Western
Ontario and McMaster Universities Osteoarthritis Index
(WOMAC), knee pain after 50-foot walk as measured by the
visual analogue scale (VAS), and the global disease activity
on a 5-point Likert scale.

The results showed significant decreases in the rate of
JSN in the group randomized to doxycycline. While over-
all clinical outcome scores were not significantly different
between the treatment and placebo groups, the frequency
of a clinically significant increase in pain scores according
to the WOMAC and the VAS were significantly higher in
the placebo group. The rate of JSN was also found to sig-
nificantly correlate with increases in 50-foot walk pain [39].

The second large clinical trial evaluated the effectiveness
of doxycycline against placebo with the primary endpoint

being clinical pain response. Patients with knee osteoar-
thritis were treated for 24 weeks and evaluated for clinical
responsiveness via the Outcome Measures in Rheumatol-
ogy Clinical Trials-Osteoarthritis Research Society Interna-
tional (OMERACT-OARSI) criteria, which uses the scales
of WOMAC pain, WOMAC function, and VAS-PGA to
define clinical effectiveness in a binary fashion. There were
232 total participants in the study with 116 patients in each
group. Similar to Brandt et al. [39], the number of respond-
ers were similar between placebo and treatment groups
according to the OMERACT-OARSI criteria. In addition,
there was no significant difference between baseline and
week 12 or week 24 scores of WOMAC pain, WOMAC
stiffness, VAS-PGA, PCS, and MCS in either group. Inter-
estingly, significantly more patients dropped out of the doxy-
cycline group due to medication side effects, although the
adverse events were mild [sun sensitivity (30%) and diarrhea
(13%)] [40].

Discussion

The principal findings in the present study are that doxy-
cycline and minocycline limit cartilage degrading enzyme
activity in laboratory and animal studies, and the available
clinical data offer encouragement for the drugs disease-
modifying agents. The basic science studies demonstrated
a range of mechanisms by which tetracyclines stem the
progression of osteoarthritis including MMP inhibition,
anti-inflammatory properties, and nitric oxide pathway
inhibition. Such actions may be promising avenues for osteo-
arthritis treatment, as complex inflammatory pathways have
been shown to be responsible for the development of osteo-
arthritis [13]. In addition to these mechanisms, tetracyclines
have demonstrated even more disparate effects that may ben-
efit the osteoarthritic population outside the joint capsule.
Our findings overall supported our hypothesis; however, our
review identifies the need for further evaluation of the opti-
mal drug delivery method and patient population likely to
derive substantial benefit.

The in vivo animal studies consisted of varied results;
however, tetracyclines did limit osteoarthritis progression
in several studies [31, 33-35]. The difficulty in interpreting
the rabbit studies not showing doxycycline efficacy lies in
the route of administration and the time points analyzed.
These data suggest the option to target inflammation and car-
tilage degradation immediately following knee injury. Pro-
inflammatory responses are present in the knee following
both ACL and meniscus injury and lead to increases in pro-
inflammatory cytokines, chemokines and matrix-degrading
enzymes [49-51]. This pro-inflammatory environment is
persistent after injury, so treatment may be more efficacious
in altering the posttraumatic osteoarthritis disease process.
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As shown in the differing results between the two large
randomized clinical trials examining doxycycline in treat-
ing osteoarthritis, while doxycycline significantly decreased
joint space narrowing over the course of treatment [39],
it did not benefit patients with respect to symptoms [40].
While the conclusions differ, the results are not necessarily
mutually exclusive. In a 2011 editorial, Brandt argued that
cartilage is aneural; therefore, a decrease in pain would not
necessarily be expected to occur due to a decrease in carti-
lage loss [52]. It is possible that while doxycycline does not
have significant pain benefit over 24 weeks, it does act as a
chondroprotective agent, and may prevent the progression of
osteoarthritis over a longer term and have significant benefit
for patients early in the disease process.

Along the same lines, a major concern with the doxy-
cycline idiopathic osteoarthritis trial is whether the patient
population is the one most likely to benefit from inhibition
of enzymatic cartilage degradation. It is possible that a
more effective treatment would be administered earlier in
the disease, even prior to significant radiographic osteoar-
thritis development. Magnetic resonance imaging findings
of early osteoarthritis are present in both the cartilage and
the meniscus prior to radiographic changes [53-55]. Tetra-
cycline administration at this early disease timepoint may be
more beneficial due to actual disease modification.

As in the pathogenesis of osteoarthritis, secondary inflam-
mation plays a significant role in a variety of conditions.
Tetracyclines have already been used for anti-inflammatory
purposes aside from the aforementioned use of minocycline
in rtheumatoid arthritis [42—46]. For example, minocycline
has shown promise in reducing secondary inflammation in
the setting of spinal cord injury [56]. Shultz et al. compiled
a wide array of anti-inflammatory mechanisms of minocy-
cline that may be of benefit in preventing secondary injury,
including scavenging free radicals and inhibiting nitric oxide
production [56].

Such central nervous system inflammation has been sug-
gested to play a significant role in chronic osteoarthritis
pain in a rat model of osteoarthritis. Sagar et al. showed
that osteoarthritic pain behaviors were significantly corre-
lated with activation of spinal astrocytes and glial cells. In
the same study, minocycline was shown to inhibit micro-
glial and astrocyte cell activation and attenuate chronic pain
behaviors in the rat model of osteoarthritis [57]. This finding
demonstrates the potential for tetracyclines to decrease pain
even as their chondroprotective mechanism does not afford
a pain benefit [52].

Aside from being chondroprotective and having inhibi-
tory effects on potential pain pathways, tetracyclines may
have further benefits for osteoarthritis patients. The neu-
roinflammation associated with chronic osteoarthritis
pain highlighted above may also play a role in depressive
symptoms [58—60]. Depression is a common comorbidity
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of osteoarthritis and posttraumatic osteoarthritis patients.
A recent meta-analysis of four randomized clinical trials of
minocycline treatment for depression found minocycline to
be superior to placebo in cases of unipolar depression [61].

In addition, minocycline has been suggested in an in vitro
animal study to have the potential to alleviate depression
via its effects on the gut microbiome [62]. Rats bred for
high anxiety behavior were treated with minocycline. The
high-anxiety rats had an altered gut microbiome as well
as fewer microglia in their prefrontal cortex. Minocycline
increased microglia in the prefrontal cortex, reverted the gut
microbiome to a more normal environment, and reduced
anxiety-like behavior compared to escitalopram alone [62].
Therefore, the broad anti-inflammatory properties of tetra-
cyclines may benefit osteoarthritis patients in ways not yet
explored. Further, the potential mood effects may benefit
the patient’s functionality and perceived pain even while the
chondroprotective effects early in the disease process would
not mechanically show function or pain differences.

The matrix-metalloproteinase inhibition by tetracyclines
has been suggested to be of benefit for coronary artery
disease, which is a common comorbidity of osteoarthri-
tis patients. A large clinical trial demonstrated significant
benefit with reductions in infarct size, severity, and left
ventricular end-diastolic index in patients taking 1 week of
doxycycline after percutaneous intervention in the setting of
anterior ST elevation myocardial infarction [63]. An ongoing
clinical trial is investigating doxycycline’s effectiveness in
inhibiting maladaptive heart muscle remodeling following
a heart attack (NCT03508232). In the chronic timeframe,
MMPs play a role in vascular remodeling and plaque rupture
that may lead to a coronary event. Tetracyclines may clini-
cally benefit patients in preventing harmful MMP activity
in this setting as well [64].

While tetracyclines may allow for a wide variety of
benefits, the risks of tetracycline treatment must be taken
into account. As seen in both clinical trials, side effects are
relatively common and often include sun sensitivity or gas-
trointestinal side effects [39, 40]. The side effect profile of
tetracyclines, and, more generally, MMP-inhibitors, has led
to the limited translation of promising animal study results
to human trials [14]. In addition, tetracycline have been
shown to increase the prevalence of Clostridium and Bac-
teroides families, suggesting an accumulation of resistance
genes [65]. While the clinical effects of such a microbiome
disturbance are not fully understood, changes in the bacte-
rial community may be immunomodulatory, as Bacteroides
lipopolysaccharide (LPS) has been shown to neutralize host
immune response to E. coli LPS [66]. The result of such
an interaction has not been clarified in humans and may be
variable depending on the individual patient’s microbiome
[66]. For example, in high anxiety behavior mice, minocy-
cline was shown to make microbiome changes that may have
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ultimately been beneficial for decreasing anxiety symptoms
[62].

While tetracyclines offer mechanisms that may benefit
osteoarthritis patients, perhaps specific MMP inhibition may
offer a more fruitful avenue of treatment. While specific
MMP inhibitors have not yet been clinically investigated in
the context of osteoarthritis, promising results have been dis-
played in rheumatoid arthritis with the anti-MMP-9 antibody
GS-5745/andecaliximab with minimal side effects [67]. An
investigation into specific MMP inhibition in osteoarthritis,
particularly inhibition of MMP-8 and/or MMP-13, may pro-
vide a DMOAD with minimal side effects.

Our study carries common limitations of systematic
reviews. The study designs and resultant data are heter-
ogenous and limit any advanced analysis for laboratory or
clinical efficacy. While the limited number of clinical trials
permit only a critical review of those studies, we did iden-
tify potential benefit in treating the inflammatory aspect of
posttraumatic osteoarthritis. The consolidated mechanisms
of action in pre-clinical studies support a rationale for fur-
ther investigation in earlier disease intervention and poten-
tial efficacy in altering the progression of posttraumatic
osteoarthritis.

Conclusion

Doxycycline and minocycline have a broad spectrum of
potential benefits for osteoarthritis patients. Animal studies
and human trials have reported both positive and neutral
effects on osteoarthritis and posttraumatic arthritis pro-
gression. Further study is warranted to examine the ben-
efit of doxycycline early in the osteoarthritic process in
stemming progression and secondarily benefiting common
comorbidities.

Author contributions CJ, CC, and AS had the original idea for the
manuscript. BP performed the literature search and drafted the manu-
script. BP, CC, CJ, and AS critically revised the work.

References

1. Berenbaum F. Osteoarthritis as an inflammatory disease (osteoar-
thritis is not osteoarthrosis!). Osteoarthritis Cartil. 2013;21:16-21.

2. Woodell-May JE, Sommerfeld SD. Role of inflammation and the
immune system in the progression of osteoarthritis. J Orthop Res.
2020;38:253-7.

3. Kraus LF, Scheurmann N, Frenzel DF, Tasdogan A, Weiss JM.
9-cis-Retinoic acid induces a distinct regulatory dendritic cell
phenotype that modulates murine delayed-type allergy. Contact
Dermatitis. 2018;78:41-54.

4. Haraden CA, Huebner JL, Hsueh MF, Li YJ, Kraus VB. Syno-
vial fluid biomarkers associated with osteoarthritis severity

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

reflect macrophage and neutrophil related inflammation. Arthri-
tis Res Ther. 2019;21:146.

Daghestani HN, Pieper CF, Kraus VB. Soluble macrophage
biomarkers indicate inflammatory phenotypes in patients with
knee osteoarthritis. Arthritis Rheumatol. 2015;67:956-65.
Liu-Bryan R, Terkeltaub R. Chondrocyte innate immune mye-
loid differentiation factor 88-dependent signaling drives pro-
catabolic effects of the endogenous Toll-like receptor 2/Toll-like
receptor 4 ligands low molecular weight hyaluronan and high
mobility group box chromosomal protein 1 in mice. Arthritis
Rheum. 2010;62:2004—-12.

Yammani RR, Carlson CS, Bresnick AR, Loeser RF. Increase
in production of matrix metalloproteinase 13 by human articu-
lar chondrocytes due to stimulation with S100A4: role of the
receptor for advanced glycation end products. Arthritis Rheum.
2006;54:2901-11.

Zreiqat H, Belluoccio D, Smith MM, Wilson R, Rowley LA,
Jones K, et al. SI00A8 and S100A9 in experimental osteoar-
thritis. Arthritis Res Ther. 2010;12:R16.

Huang ZY, Perry E, Huebner JL, Katz B, Li YJ, Kraus VB. Bio-
markers of inflammation - LBP and TLR- predict progression
of knee osteoarthritis in the DOXY clinical trial. Osteoarthritis
Cartil. 2018;26:1658-65.

Troeberg L, Nagase H. Proteases involved in cartilage
matrix degradation in osteoarthritis. Biochim Biophys Acta.
2012;1824:133-45.

Xu L, Servais J, Polur I, Kim D, Lee PL, Chung K, et al. Atten-
uation of osteoarthritis progression by reduction of discoidin
domain receptor 2 in mice. Arthritis Rheum. 2010;62:2736-44.
Chinzei N, Brophy RH, Duan X, Cai L, Nunley RM, Sandell LJ,
et al. Molecular influence of anterior cruciate ligament tear rem-
nants on chondrocytes: a biologic connection between injury
and osteoarthritis. Osteoarthritis Cartil. 2018;26:588-99.
Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteo-
arthritis: a disease of the joint as an organ. Arthritis Rheum.
2012;64:1697-707.

Fields GB. The rebirth of matrix metalloproteinase inhibitors:
moving beyond the dogma. Cells. 2019; 8.

Nelson ML, Levy SB. The history of the tetracyclines. Ann N
Y Acad Sci. 2011;1241:17-32.

Zhou YQ, Liu DQ, Chen SP, Sun J, Wang XM, Tian YK, et al.
Minocycline as a promising therapeutic strategy for chronic
pain. Pharmacol Res. 2018;134:305-10.

da Costa BR, Nuesch E, Reichenbach S, Juni P, Rutjes AW.
Doxycycline for osteoarthritis of the knee or hip. Cochrane
Database Syst Rev 2012; 11:CD007323.

Greenwald RA. The road forward: the scientific basis for tet-
racycline treatment of arthritic disorders. Pharmacol Res.
2011;64:610-3.

Greenwald RA, Golub LM, Lavietes B, Ramamurthy NS, Gru-
ber B, Laskin RS, et al. Tetracyclines inhibit human synovial
collagenase in vivo and in vitro. J] Rheumatol. 1987;14:28-32.
Yu LP Jr, Smith GN Jr, Hasty KA, Brandt KD. Doxycy-
cline inhibits type XI collagenolytic activity of extracts from
human osteoarthritic cartilage and of gelatinase. J] Rheumatol.
1991;18:1450-2.

Smith GN Jr, Yu LP Jr, Brandt KD, Capello WN. Oral adminis-
tration of doxycycline reduces collagenase and gelatinase activi-
ties in extracts of human osteoarthritic cartilage. J Rheumatol.
1998;25:532-5.

Smith GN Jr, Mickler EA, Hasty KA, Brandt KD. Specificity
of inhibition of matrix metalloproteinase activity by doxycy-
cline: relationship to structure of the enzyme. Arthritis Rheum.
1999;42:1140-6.

Shlopov BV, Smith GN Jr, Cole AA, Hasty KA. Differential pat-
terns of response to doxycycline and transforming growth factor

@ Springer



258

B. N. Platt et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

betal in the down-regulation of collagenases in osteoarthritic and
normal human chondrocytes. Arthritis Rheum. 1999;42:719-27.
Shlopov BV, Stuart JM, Gumanovskaya ML, Hasty KA. Regu-
lation of cartilage collagenase by doxycycline. J Rheumatol.
2001;28:835-42.

Vandooren J, Knoops S, Aldinucci Buzzo JL, Boon L, Martens E,
Opdenakker G, et al. Differential inhibition of activity, activation
and gene expression of MMP-9 in THP-1 cells by azithromycin
and minocycline versus bortezomib: a comparative study. PLoS
ONE. 2017;12:e0174853.

Kloppenburg M, Breedveld FC, Miltenburg AM, Dijkmans BA.
Antibiotics as disease modifiers in arthritis. Clin Exp Rheumatol.
1993;11(Suppl 8):S113-5.

Kloppenburg M, Brinkman BM, de Rooij-Dijk HH, Miltenburg
AM, Daha MR, Breedveld FC, et al. The tetracycline deriva-
tive minocycline differentially affects cytokine production by
monocytes and T lymphocytes. Antimicrob Agents Chemother.
1996;40:934-40.

Amin AR, Attur MG, Thakker GD, Patel PD, Vyas PR, Patel
RN, et al. A novel mechanism of action of tetracyclines:
effects on nitric oxide synthases. Proc Natl Acad Sci U S A.
1996;93:14014-9.

Borderie D, Hernvann A, Hilliquin P, Lemarchal H, Kahan A,
Ekindjian OG. Tetracyclines inhibit nitrosothiol production by
cytokine-stimulated osteoarthritic synovial cells. Inflamm Res.
2001;50:409-14.

Steinmeyer J, Kordelle J, Sturz H. In vitro inhibition of aggre-
canase activity by tetracyclines and proteoglycan loss from osteo-
arthritic human articular cartilage. J Orthop Res. 2010;28:828-33.
Lee HH, O’Malley MJ, Friel NA, Chu CR. Effects of doxycycline
on mesenchymal stem cell chondrogenesis and cartilage repair.
Osteoarthritis Cartil. 2013;21:385-93.

Lu HT, Sheu MT, Lin YF, Lan J, Chin YP, Hsieh MS, et al. Inject-
able hyaluronic-acid-doxycycline hydrogel therapy in experimen-
tal rabbit osteoarthritis. BMC Vet Res. 2013;9:68.

Aydin O, Korkusuz F, Korkusuz P, Tezcaner A, Bilgic E, Yaprakci
V, et al. In vitro and in vivo evaluation of doxycycline-chondroitin
sulfate/PCLmicrospheres for intraarticular treatment of osteoar-
thritis. J Biomed Mater Res B Appl Biomater. 2015;103:1238-48.
Yu LP Jr, Smith GN Jr, Brandt KD, Myers SL, O’Connor BL,
Brandt DA. Reduction of the severity of canine osteoarthritis by
prophylactic treatment with oral doxycycline. Arthritis Rheum.
1992;35:1150-9.

Pardy CK, Matyas JR, Zernicke RF. Doxycycline effects on
mechanical and morphometrical properties of early- and late-stage
osteoarthritic bone following anterior cruciate ligament injury. J
Appl Physiol. 1985;2004(97):1254-60.

Dinc M, Bilgen MS, Kucukalp A, Bilgen OF. An assessment of
the chondroprotective effects of intra-articular application of statin
and tetracycline on early-stage experimental osteoarthritis. ISRN
Orthop. 2012;2012:182097.

Pinney JR, Taylor C, Doan R, Burghardt AJ, Li X, Kim HT, et al.
Imaging longitudinal changes in articular cartilage and bone fol-
lowing doxycycline treatment in a rabbit anterior cruciate liga-
ment transection model of osteoarthritis. Magn Reson Imaging.
2012;30:271-82.

Israel HA, Ramamurthy NS, Greenwald R, Golub L. The potential
role of doxycycline in the treatment of osteoarthritis of the tem-
poromandibular joint. Adv Dent Res. 1998;12:51-5.

Brandt KD, Mazzuca SA, Katz BP, Lane KA, Buckwalter KA,
Yocum DE, et al. Effects of doxycycline on progression of osteo-
arthritis: results of a randomized, placebo-controlled, double-
blind trial. Arthritis Rheum. 2005;52:2015-25.

Snijders GF, van den Ende CH, van Riel PL, van den Hoogen
FH, den Broeder AA, group Ns. The effects of doxycycline on

@ Springer

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

reducing symptoms in knee osteoarthritis: results from a triple-
blinded randomised controlled trial. Ann Rheum Dis 2011;
70:1191-6.

Ma J, Talukdar R, Gainers-Hasugluw V. Pilot open observations
on doxycycline treatment for erosive osteoarthritis of the hand. J
Clin Rheumatol. 2015;21:38-9.

Tilley BC, Alarcon GS, Heyse SP, Trentham DE, Neuner R,
Kaplan DA, et al. Minocycline in theumatoid arthritis. A 48-week,
double-blind, placebo-controlled trial. MIRA Trial Group. Ann
Intern Med. 1995;122:81-9.

O’Dell JR, Haire CE, Palmer W, Drymalski W, Wees S, Blakely
K, et al. Treatment of early rheumatoid arthritis with minocycline
or placebo: results of a randomized, double-blind, placebo-con-
trolled trial. Arthritis Rheum. 1997;40:842-8.

O’Dell JR, Paulsen G, Haire CE, Blakely K, Palmer W, Wees S,
et al. Treatment of early seropositive rheumatoid arthritis with
minocycline: four-year followup of a double-blind, placebo-con-
trolled trial. Arthritis Rheum. 1999;42:1691-5.

O’Dell JR, Blakely KW, Mallek JA, Eckhoff PJ, Leff RD, Wees
SJ, et al. Treatment of early seropositive rheumatoid arthritis: a
two-year, double-blind comparison of minocycline and hydroxy-
chloroquine. Arthritis Rheum. 2001;44:2235-41.

Stone M, Fortin PR, Pacheco-Tena C, Inman RD. Should tetracy-
cline treatment be used more extensively for rheumatoid arthritis?
Metaanalysis demonstrates clinical benefit with reduction in dis-
ease activity. J] Rheumatol. 2003;30:2112-22.

Thomas AC, Hubbard-Turner T, Wikstrom EA, Palmieri-Smith
RM. Epidemiology of posttraumatic osteoarthritis. J Athl Train.
2017;52:491-6.

Englund M, Guermazi A, Gale D, Hunter DJ, Aliabadi P, Clancy
M, et al. Incidental meniscal findings on knee MRI in middle-aged
and elderly persons. N Engl J Med. 2008;359:1108-15.

Jacobs CA, Hunt ER, Conley CE, Johnson DL, Stone AV, Hueb-
ner JL, et al. Dysregulated inflammatory response related to
cartilage degradation after ACL injury. Med Sci Sports Exerc.
2020;52:535-41.

Stone AV, Loeser RF, Vanderman KS, Long DL, Clark SC, Fergu-
son CM. Pro-inflammatory stimulation of meniscus cells increases
production of matrix metalloproteinases and additional catabolic
factors involved in osteoarthritis pathogenesis. Osteoarthritis Car-
til. 2014;22:264-74.

Lohmander LS, Atley LM, Pietka TA, Eyre DR. The release of
crosslinked peptides from type II collagen into human synovial
fluid is increased soon after joint injury and in osteoarthritis.
Arthritis Rheum. 2003;48:3130-9.

Brandt KD. Why should we expect a structure-modifying oste-
oarthritis drug to relieve osteoarthritis pain? Ann Rheum Dis.
2011;70:1175-7.

Neogi T, Bowes MA, Niu J, De Souza KM, Vincent GR, Gog-
gins J, et al. Magnetic resonance imaging-based three-dimen-
sional bone shape of the knee predicts onset of knee osteoar-
thritis: data from the osteoarthritis initiative. Arthritis Rheum.
2013;65:2048-58.

Chu CR, Williams AA, Coyle CH, Bowers ME. Early diagnosis
to enable early treatment of pre-osteoarthritis. Arthritis Res Ther.
2012;14:212.

Potter HG, Koff MF. MR imaging tools to assess cartilage and
joint structures. HSS J. 2012;8:29-32.

Shultz RB, Zhong Y. Minocycline targets multiple secondary
injury mechanisms in traumatic spinal cord injury. Neural Regen
Res. 2017;12:702—13.

Sagar DR, Burston JJ, Hathway GJ, Woodhams SG, Pearson RG,
Bennett AJ, et al. The contribution of spinal glial cells to chronic
pain behaviour in the monosodium iodoacetate model of osteoar-
thritic pain. Mol Pain. 2011;7:88.



Tetracycline use in treating osteoarthritis: a systematic review

259

58.

59.

60.

61.

62.

63.

Berk M, Williams LJ, Jacka FN, O’Neil A, Pasco JA, Moylan S,
et al. So depression is an inflammatory disease, but where does
the inflammation come from? BMC Med. 2013;11:200.

Dean OM, Data-Franco J, Giorlando F, Berk M. Minocycline:
therapeutic potential in psychiatry. CNS Drugs. 2012;26:391-401.
Holmes SE, Hinz R, Conen S, Gregory CJ, Matthews JC, Anton-
Rodriguez JM, et al. Elevated translocator protein in anterior cin-
gulate in major depression and a role for inflammation in suicidal
thinking: a positron emission tomography study. Biol Psychiatry.
2018;83:61-9.

Cai DB, Zheng W, Zhang QE, Ng CH, Ungvari GS, Huang X,
et al. Minocycline for depressive symptoms: a meta-analysis of
randomized, double-blinded, placebo-controlled trials. Psychiatr
Q. 2020.

Schmidtner AK, Slattery DA, Glasner J, Hiergeist A, Gryksa K,
Malik VA, et al. Minocycline alters behavior, microglia and the
gut microbiome in a trait-anxiety-dependent manner. Transl Psy-
chiatry. 2019;9:223.

Cerisano G, Buonamici P, Valenti R, Sciagra R, Raspanti S, San-
tini A, et al. Early short-term doxycycline therapy in patients with
acute myocardial infarction and left ventricular dysfunction to pre-
vent the ominous progression to adverse remodelling: the TIPTOP
trial. Eur Heart J. 2014;35:184-91.

64.

65.

66.

67.

Bench TJ, Jeremias A, Brown DL. Matrix metalloproteinase
inhibition with tetracyclines for the treatment of coronary artery
disease. Pharmacol Res. 2011;64:561-6.

Jung JY, Ahn Y, Khare S, Gokulan K, Pineiro SA, Cerniglia CE.
An in vitro study to assess the impact of tetracycline on the human
intestinal microbiome. Anaerobe. 2018;49:85-94.
Keerthisinghe TP, Wang M, Zhang Y, Dong W, Fang M. Low-
dose tetracycline exposure alters gut bacterial metabolism and
host-immune response: “personalized” effect? Environ Int.
2019;131:104989.

Gossage DL, Cieslarova B, Ap S, Zheng H, Xin Y, Lal P, et al.
Phase 1b study of the safety, pharmacokinetics, and disease-
related outcomes of the matrix metalloproteinase-9 inhibitor
andecaliximab in patients with rheumatoid arthritis. Clin Ther.
2018;40(156-165):e5.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Tetracycline use in treating osteoarthritis: a systematic review
	Abstract
	Background and aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Results
	Basic science mechanistic studies
	Tetracyclines inhibit potential mediators of disease progression through inhibition of matrix metalloproteinases
	Tetracyclines have anti-inflammatory properties that may be beneficial for osteoarthritis
	Tetracyclines inhibit nitric oxide pathways

	In vivo animal studies
	Clinical trials

	Discussion
	Conclusion
	References




