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Abstract: Rheumatoid arthritis (RA), an autoimmune disease, is characterized by the presence of
symmetric polyarthritis predominantly of the small joints that leads to severe cartilage and bone
destruction. Based on animal and human data, the pathophysiology of osteoporosis, a frequent
comorbidity in conjunction with RA, was delineated. Autoimmune inflammatory processes, which
lead to a systemic upregulation of inflammatory and osteoclastogenic cytokines, the production of
autoantibodies, and Th cell senescence with a presumed disability to control the systemic immune
system’s and osteoclastogenic status, may play important roles in the pathophysiology of osteoporosis
in RA. Consequently, osteoclast activity increases, osteoblast function decreases and bone metabolic
and mechanical properties deteriorate. Although a number of disease-modifying drugs to treat joint
inflammation are available, data on the ability of these drugs to prevent fragility fractures are limited.
Thus, specific treatment of osteoporosis should be considered in patients with RA and an associated
increased risk of fragility fractures.

Keywords: rheumatoid arthritis; osteoporosis; pathophysiology; fractures; bone mineral density;
sarcopenia

1. Introduction

Rheumatoid arthritis (RA) is a classic autoimmune disease that affects approximately
1% of the population. The disease is characterized by symmetric polyarthritis predom-
inantly of the small joints that leads to severe cartilage and bone damage [1,2]. Bone
destruction in RA can occur either in the vicinity of inflamed joints or systemically. In this
thematic context, Omata et al., described current aspects of the role of type 2 cytokines in
regulating bone metabolism in inflammatory arthritides [3]; developing on the aforemen-
tioned work, we herein reviewed the molecular pathophysiology of systemic osteoporosis
in RA.

Osteoporosis is defined as a “skeletal disorder characterized by compromised bone
strength predisposing a person to an increased risk of fracture” [4]. Fragility fractures are
associated with significant morbidity and mortality and frequently require the complex
transdisciplinary management of patients [5]. In general, osteoporosis can be differen-
tiated into primary and secondary forms. Examples of primary osteoporosis include
postmenopausal and age-related osteoporosis; secondary forms of osteoporosis are caused
by specific diseases or medications. Osteoporosis in conjunction with RA thus, in clinical
praxis, is regarded as an example of secondary osteoporosis. A meta-analysis conducted
by Jin et al., in patients with RA revealed an increased risk of fragility fractures (relative
risk: 1.61) [6]. Vertebral fractures are the most frequent type of osteoporotic fractures; a
recent meta-analysis found a 20% prevalence of vertebral fractures in RA patients, with the
Odd’s ratio (OR) as high as 3.04 (confidence interval: 1.97–4.71) [7]. Bone fragility in RA
results from both low bone mineral density (BMD) and from a severely deteriorated bone
structure [8,9].
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Osteoporosis is by far the most frequent metabolic bone disease and associated with a
significant social and economic burden; it is regarded as a gender specific heterogeneous
disorder that results from an imbalance of bone remodeling, i.e., the coupled processes of
bone formation and bone resorption (Figure 1). For a detailed description of bone biology,
bone remodeling and its regulation, the reader is referred to previous publications [10–16].
In this narrative review, we delineated the pathophysiology of osteoporosis in RA from
different perspectives. First, we collected the evidence from veterinary medicine and
animal models. In the second part, data on pathogenic factors in humans are presented.
In the final part, results from intervention studies in humans are analyzed and clinical
recommendations to optimize bone health in RA are provided. As far as possible we
include results from meta-analyses.
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Figure 1. Multinucleated bone resorbing osteoclasts (black arrows), histological section of a mouse
humerus stained with tartrate-resistant acid phosphatase (TRAP) and toluidine blue. Original
magnification: 400×.

2. Animal Studies

Rheumatoid arthritis is a very complex pathological condition similar to osteoporosis,
but osteoporosis mainly affects the axial skeleton, whereas RA is restricted to the joints of
the appendicular skeleton. So, although these two pathological entities primarily affect
bone, both also have the characteristic of systemic diseases and are associated with an
increased osteoclast activity and concomitantly elevated RANKL (receptor activator of
nuclear factor κB ligand), the master osteoclastogenic cytokine, titers. However, the extent
to which RA and osteoporosis are related to each other it is still not entirely clear. In
other words, it is interesting to clarify whether patients suffering from RA also exhibit
signs of osteoporosis, which would best be reflected in axial skeleton dysfunction. As a
consequence, rodent models of RA are also expected to show signs of such an interrelation,
if there is a connection between RA and osteoporosis, which they do [17,18]. Besides, RA is
not found in large veterinary species such as in pigs in the way it is found in humans [19],
although in dogs there exists a pathological condition very reminiscent of, but not identical
to human RA, namely, immune-mediated polyarthritis (IMPA). In the erosive form, there
is no association with gender or breed, whereas in the immune-mediated non-erosive form,
mainly juvenile, male dogs of distinct DLA-DRB1 alleles are affected. Additionally, in
the erosive form, no autoantigen is known; therefore, in summary the term RA should be
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avoided when speaking about the erosive form in dogs. As in human RA, the affected
dogs exhibit signs of synovitis, pannus formation, infiltrating lymphocytes, neutrophils,
and macrophages as well as an arteritis and glomerulonephritis on the systemic level.
The erosive form is progressive and characterized by immune complex deposition in the
ankylosing joints. Most probably due to molecular mimicry, affected dogs often possess
antibodies against the canine distemper virus, whereas the presence of rheumatoid factors is
not a reliable sign for erosive IMPA, as these are often found in dogs without any respective
clinical signs. Mild, non-regenerative anemia can be diagnosed in a subpopulation of
affected dogs and is indicative of the systemic character of the disease; however, contrary
to RA, no signs of osteoporosis have been detected in IMPA so far [20].

The established rodent models of RA reflect the pathophysiological situation satis-
factorily on the focal (including redness, joint swelling, cartilage, and bone destruction)
as well as the systemic level with upregulated proinflammatory cytokines. These are
adjuvant-induced arthritis, collagen-induced arthritis, and tumor necrosis factor-α (TNF-α)
transgenic mice.

Classically, adjuvant-induced arthritis (AIA) is induced by an intradermal injection of
heat-killed Mycobacterium tuberculosis in paraffin oil at the base of the tail [21]. Usually, first
clinical signs are observed nine days after the injection and present as hind paw swelling
and locomotory difficulties. Alternatively, mice may be immunized intradermally with
methylated BSA (mBSA) emulsified in complete Freund’s adjuvant [22]. Additionally, mice
are intraperitoneally injected with Bordetella pertussis. The acute phase of AIA lasts for one
week starting after the booster injection and is followed by a chronic phase.

In order to induce collagen-induced arthritis (CIA), mice are subjected to an intrader-
mal injection or intravenous infusion of heterologous type II collagen emulsified 1:1 with
incomplete Freund’s adjuvant [23,24]. According to other regimens, CIA is provoked by
means of intradermal immunization with collagen emulsified in complete Freund’s adju-
vant, followed by a booster dose of collagen emulsified in incomplete Freund’s adjuvant
three weeks later. As in humans, disease susceptibility is strongly linked to the MHC class
II molecule, such as the DBA/1, B10.Q, and B10.III haplotypes. Only healthy, male mice
at an age of approximately two months should be used as these develop the pathologic
phenotype earlier than females. CIA is consistently induced 16–35 days after immunization
in 90–100% of male mice and in 60–100% of females using bovine collagen.

Interestingly, AIA and CIA are mediated by distinct immunopathogenic mechanisms, as
AIA is driven mainly by TNF-α, whereas the key cytokine in CIA is interleukin (IL)-1 [23–26].
However, both models are characterized by a systemic upregulation of acute-phase proteins,
IL-1β, IL-8, CCL2, and RANKL, whereas TNF-α, IL-17, and prostaglandin E2 are elevated
exclusively in clinical AIA. Others found a higher ratio of systemic IL-17/IFN-γ in the CIA
model [27]. Neutralization of interferon-γ (IFN-γ) accelerated the course of CIA and was
associated with increased IL-17 levels in serum and joints, suggesting that the immune events
leading to joint inflammation are a consequence of a disbalance of Th1, Th2, and Th17 cytokines.

More recently, the serum transfer arthritis model was generated, which is based on
T cells expressing a single autoreactive TCR recognizing glucose-6-phosphate isomerase
(G6PI). These cells escape negative selection in mice bearing a specific MHC class II allele,
namely IAg7, and thus are responsible for a breach in B cell tolerance leading to high
levels of anti-G6PI antibodies. These are the basis for a destructive and erosive arthritis
similar to that seen in human RA. The adoptive transfer of serum from these mice results
in peripheral joint swelling in most recipient strains. FcγRII-/- mice exhibit an accelerated
arthritis, whereas FcγRIII-/- mice experience a more slowly developing arthritis. The
K/BxN serum transfer model of arthritis shows an acute phase, which is modulated by
FcγRII and FcγRIII, and a subacute phase, which results in bone erosion, even in the
absence of FcγR signaling [28]. However, a literature search for osteoporotic signs in this
model returned no positive results. On the other hand, TNF-α transgenic mice develop a
chronic inflammatory and destructive polyarthritis within six weeks after birth, which is
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accompanied by trabecular and cortical bone loss as measured in the lumbar vertebrae and
long bones [29–31].

The osteoporotic phenotype in these models is especially evident in CIA models. CIA
rats exhibit decreased BMD in lumbar vertebrae and the femur, thus reflecting human
osteoporosis to a high degree [32]. As in their human counterpart, not only the trabecular
bone is severely affected, but also the cortical bone. In-depth analysis showed that not only
did osteoclast activity increase but bone formation also decreased, which was underlined
by increased RANKL and decreased dickkopf-1 (Dkk-1) expressions in the ankle joints.
Besides CIA mice and rats, AIA models also point towards an association of RA and
osteoporosis. In both models, RANKL was shown to be the main driver of BMD loss not
only in the hook but also in the vertebrae, whereas the proinflammatory cytokines TNF-α
and IL-1, which are among the prominent factors crucial for the pathogenesis of RA, seem
not to contribute to the vertebral osteoporotic phenotype [21,24,33].

As is typical for osteoporosis, not only the vertebrae are affected in these models,
but also the near-axial appendicular skeleton, that is primarily the proximal femur. This
was demonstrated in another CIA study, that investigated the effects of the pan-JAK in-
hibitor peficitinib and the TNF-α-binding fusion protein etanercept on joint inflammation
and BMD [34]. In this setting, peficitinib ameliorated arthritis and additionally improved
BMD in the femoral metaphysis, which could not be achieved by etanercept. Additionally,
RANKL production was suppressed by peficitinib, but not by etanercept, which is in line
with the conclusions on the pathophysiology of the RA-related osteoporosis delineated from
the studies mentioned before. Besides RANKL, also IL-6 seems to contribute to the osteo-
porotic phenotype of CIA rodents, as was demonstrated by inhibiting systemic IL-6 by an
experimental antibody [35]. With this treatment, not only was BMD improved in the femur
and lumbar vertebrae, but also bone structure and bone strength improved significantly.

3. Conclusions from Animal Studies

These models allow us to reach the conclusion that osteoporosis, at least in these
experimental settings, is not primarily caused by inflammation, but mainly based upon
an osteoimmune dysregulation characterized by an imbalance between osteoclast and
osteoblast formation and activity through an up-regulation of RANKL. This conclusion is
underlined by the fact that the osteoporotic phenotype in TNF-α transgenic mice cannot
be combated with an anti-TNF-α treatment, but by sclerostin-inhibition, pointing out the
importance of the RANKL–OPG balance in the pathophysiology of these models as well as
in human osteoporosis.

4. Human Association Studies

Building upon the data from animal studies, in this part of the manuscript a concept
of the pathophysiology of osteoporosis in patients with RA is developed.

It is well established that in RA inflammatory cytokines are responsible for localized
bone alterations, e.g., bone erosions. Nevertheless, in RA several alterations in systemic cy-
tokine titers can be detected, which may influence bone remodeling and, consequently, the
risk of osteoporotic fractures. In a recently published study, Qiu et al., determined disease
activity and systemic cytokine levels in RA patients with and without osteoporosis [36].
Serum levels of TNF-α, IL-6, and IL-17 were higher and levels of IL-4 and IL-10 were lower
in RA patients when compared to those without osteoporosis. The authors also suggested
that a combination of DAS28 (a disease activity score), IL-4, IL-10, and IL-17 could predict
the incidence of osteoporosis in RA.

A study using flow cytometry to characterize peripheral blood lymphocyte subsets in
RA patients demonstrated a higher Th17:Treg ratio in patients when compared to those
without osteoporosis [37]. Interestingly, in the presence of osteoporosis the number of
peripheral blood B cells was reduced. Verbruggen et al., analyzed monocyte cytokine
production by flow cytometry in RA patients and reported a negative correlation between
lumbar spine Z scores and the production of IL-1β and IL-6 [38]. Moreover, positive
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correlations of plasma concentrations of osteocalcin, a marker of bone formation and the
production of IL1-β, IL-6, and TNF-α were observed. In line with the aforementioned study,
Abdel Meguid and coworkers found a significant negative correlation of IL-6 levels with
BMD in RA patients [39].

Caetano-Lopes et al., determined femoral bone gene expressions in patients with RA
and compared the data with subjects diagnosed with primary osteoporosis [40]. Bone
microarchitecture and mechanical bone properties in the RA patients and the patients
with osteoporosis were similar. IL-17 (but not IL-1β, IL-6, and TNF-α) expression was
significantly upregulated in RA; moreover, in RA an increased expression of Wnt10b and
the Wnt-antagonist Dkk-1 was apparent. IL-17 thus appears to play a significant role in the
bone pathophysiology of RA.

The importance of specific circulating lymphocyte subsets for systemic bone loss in
RA is further supported by studies on senescent T cells. CD28 is expressed by CD4+ cells
and is important for T cell coactivation; CD4+ cells that are negative for CD28 are regarded
as senescent. Fessler and coworkers showed that the frequency of CD4+CD28- cells is
significantly higher in RA patients with low BMD [41]. When CD4+ cells were isolated
from RA patients, it was found that senescent CD4+ cells produced higher amounts of
RANKL than CD4+CD28+ cells. This finding mechanistically links T cell senescence to
osteoclast generation and, consequently, osteoporosis. Several studies in patients with
RA reported negative correlations of (lumbar spine or hip) BMD with serum RANKL
concentrations [41–44]. IL-37 is an anti-inflammatory cytokine; unexpectedly, significantly
increased IL-37 levels were in patients with RA and osteopenia or osteoporosis [45].

The relation of disease activity to osteoporosis was investigated in a relatively high
number of studies. Although neutral data were also published [46], the vast majority of
reports found that in RA a higher disease activity is associated with bone loss and/or
osteoporosis [47–50]. Indirectly, this association underlines the important role of the
immunological disease process for systemic bone alterations in RA. Most studies on bone
turnover markers found increased markers of bone resorption and decreased markers of
bone formation; in particular, bone resorption correlated with disease activity [51,52].

Anti-citrullinated protein antibodies (ACPAs) are important autoantibodies involved
in the pathogenesis of RA. They are used, alongside from the rheumatoid factor (RF), as
diagnostic markers for RA [53]. Moreover, ACPAs are described to be relevant for progno-
sis, as they are linked to a more severe disease progression [54]. Nam et al., showed that
ACPA-positive subjects with a new onset of musculoskeletal symptoms have a relative
risk of 66.8% for developing RA [55]. Furthermore, ACPAs are assumed to mediate bone
loss, as RA patients show a low bone mass at the beginning of the disease [53]. ACPAs are
associated with systemic bone loss as they are able to bind to citrullinated vimentin on the
osteoclast surface, causing differentiation and activation of these cells [54]. Kleyer et al.,
described that ACPA-positive patients show a significantly lower BMD in comparison
to ACPA-negative subjects [56]. In a publication of Stemmler et al., similar observations
were made. Furthermore, both papers described cortical and trabecular bone changes in
ACPA-positive patients in the absence of clinical signs of arthritis [56,57]. Bugatti and
coworkers showed that ACPA-positive individuals had significantly lower Z-scores in
the lumbar spine [58]. Bruno et al., reported a connection between ACPA-positive pa-
tients and osteopenia and osteoporosis, respectively [59]. A publication of Cheng et al.,
demonstrated that RA-osteoporosis patients showed higher ACPA titers in comparison to
non-osteoporotic RA patients [37]. Apart from ACPAs and RF, anti-carbamylated protein
antibodies (anti-CarP) also appeared to be involved in enhancing bone resorption in RA
patients [54]. Hauser et al., described that auto-antibodies against osteoprotegerin (OPG)
are linked to elevated bone resorption in patients with RA [60]. Taken together, ACPAs and
perhaps also other autoantibodies are associated with systemic bone loss in RA.

The aforementioned studies very consistently demonstrate that RA patients with and
without systemic osteoporosis exhibit differences in systemic cytokine levels, peripheral
blood lymphocyte subsets, and autoantibodies. Overall, the data suggest that osteoporosis
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in RA is strongly associated with inflammation. Nevertheless, in RA general risk factors for
osteoporosis (such as sex, age, and treatment influences) may also impact bone turnover
and, consequently, fracture risk. In the following paragraphs, these factors are discussed.

It is well established that glucocorticoids have detrimental effects on bone; glucocorticoid-
induced osteoporosis generally is regarded as the most frequent secondary cause of osteoporo-
sis [61]. In contrast to other autoimmune diseases (such as systemic lupus erythematosus), there
is controversy concerning RA, concerning whether glucocorticoids (that inhibit inflammatory
processes) indeed harm bone. Blavnsfeldt and coworkers reported a neutral effect of gluco-
corticoids on BMD in patients with early and active RA in a meta-analysis [62]. On the other
hand, the meta-analysis of Wang et al., concluded that glucocorticoids in RA have unfavorable
effects on bone [63]. As also discussed in the following paragraphs, high (but not low) doses of
glucocorticoids in RA appear to increase the risk of osteoporosis.

In the pathogenesis of peripheral fragility fractures, in addition to osteoporosis, sar-
copenia is also of relevance [64]. In a recently published study, BMD and skeletal muscle
mass were assessed in 549 patients with RA and 158 control subjects. Both osteoporosis
and sarcopenia were more prevalent in the RA patients than the controls; in patients with
sarcopenia, a significantly higher incidence of osteoporosis was seen [65]. Logistic regres-
sion analyses revealed that female sex, sarcopenia, and advanced age were risk factors for
osteoporosis in RA.

With regard to the role of general risk factors of osteoporosis in RA, the literature is
quite consistent. Ölzner et al., reported that osteoporosis was significantly more frequent in
postmenopausal and male RA patients when compared to premenopausal patients [66].
In premenopausal women, low body mass index (BMI) was a risk factor of osteoporosis;
whereas in postmenopausal women, alongside low BMI, advanced age and cumulative
glucocorticoid doses were risk factors. In men with RA, low BMI and high cumulative
doses of glucocorticoids were identified as osteoporosis risk factors. These findings are
consistent with a study from Pakistan demonstrating that advanced age and lower BMI
were associated with osteoporosis in postmenopausal women with RA [67]. In a study
performed exclusively in male patients with RA, low BMI and disease activity (as assessed
by DAS28-ESR) were risk factors of osteoporosis [68].

In women with RA and an age >50 years, vitamin D deficiency was significantly
associated with new clinical and new osteoporotic fractures [69]. Hu et al., assessed risk
factors for osteoporosis in 405 patients with RA and concluded that high serum levels of
vitamin D protected against bone loss whereas advanced age, low BMI, and increased
serum uric acid levels were associated with osteoporosis [70]. Overall, this part can be
summarized such that the following general risk factors of osteoporosis are also effective in
RA: post-menopause, advanced age, low body mass index, sarcopenia, vitamin D deficiency,
and high cumulative doses of glucocorticoids.

5. Proof of Concept: Human Pharmacologic Intervention Studies

As stated above, systemic bone loss is of multifactorial origin but high levels of
inflammatory cytokines are an important pathogenic factor. In RA patients with a Simplified
Disease Activity Index (SDAI) above 3.3, fragility fracture risk is higher than in RA patients
in remission (SDAI ≤ 3.3) [71]. In recent decades, disease-modifying antirheumatic drugs
(DMARDs), especially biological/targeted synthetic DMARDs (b/tsDMARDs) directly
targeting pathological cytokines were developed. According to the German National
Database the frequency of osteoporosis decreased from 2007 (20%) until 2017 (7%) [72].
The decline in long-term glucocorticoid use and more effective disease control seem to be
responsible for this positive development.

5.1. Bone Mineral Density

Favorable effects of bDMARDs—especially anti-TNF-α therapies—on bone metabolism
and BMD have been shown (for review see [73–76]. After long-term treatment (three years),
BMD remained stable in RA patients receiving different b/tsDMARDs, whereas it decreased
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in RA patients on conventional synthetic DMARDs (csDMARDs) [77]. The BMD of pa-
tients receiving the IL-6 receptor antibody tocilizumab remained stable or even improved
slightly [78–81]. Concerning the protection of systematic bone loss, two studies point to
the superiority of the CTLA4 antagonist abatacept compared to other bDMARDs [82,83].
Rituximab, a monoclonal antibody directed against the CD20 receptor on B cells, also seems
to have a slight positive effect on bone health [84,85]. So far, only one clinical study evaluated
the impact of janus kinase inhibition on bone health. A one-year treatment with tofacitinib sta-
bilized BMD of the lumbar spine and hip region as well as volumetric BMD of the ultra-distal
forearm [86]. From a pathophysiological point of view, the inhibition of IL-17 would definitely
make sense in RA patients. However, no IL-17 inhibitors are approved for the treatment
of RA.

Denosumab, a fully humanized monoclonal antibody against RANKL—initially de-
veloped for the treatment of osteoporosis—proved effective in RA patients, positively
influencing erosions and BMD—even in patients concurrently receiving glucocorticoids—
more than 10 years ago [87]. In Japan, denosumab is approved for the treatment of patients
with RA. Two recent meta-analyses, one including 10 studies [88] and the other including
18 studies [89] showed increases in BMD of the lumbar spine (mean difference 5.12% and
4.07%, respectively) and total hip region (MD 2.82% and 2.43%, respectively). A compari-
son of TNF-α inhibitors, tocilizumab, or abatacept combined with denosumab suggested
superiority of the IL-6 receptor antibody because of a significantly higher increase in hip
BMD compared to the other regimens after 18 months [90].

Since DMARDs have a powerful anti-inflammatory activity and, thus, the potential
to achieve clinical remission, one might suspect a low fracture incidence in RA patients
on DMARDs. In the following part of the manuscript, we describe the effect of disease-
modifying treatment on fragility fracture risk.

5.2. Non-Vertebral Fracture Risk

A subgroup analysis of the Women’s Health Initiative (WHI) study on postmenopausal
women suffering from RA treated with csDMARDs detected that neither methotrexate,
sulfasalazine, nor hydroxychloroquine had a substantial effect on fracture risk [91]. We
would like to mention that methotrexate-related osteopathy (triad of pain, osteoporosis,
and atypical fractures) is rare (for review see [92]). The longitudinal registration FORWARD
showed that compared to MTX monotherapy, TNF-α inhibition and therapy with other
synthetic DMARDs was not associated with a lower risk of non-vertebral fractures [93].
After multivariable adjustment for osteoporosis and fracture-related risk factors, the risk of
non-vertebral osteoporotic fractures was not different between users of TNF-α inhibitors
(HR 1.07) and csDMARDs [94]. A pooled analysis of nine studies evaluating all fracture
types did not reveal a reduction in fracture risk in RA patients on bDMARDs (OR 1.07)
either [95]. More than 130,000 RA patients initiating or switching to a b/tsDMARD were
included in a large real-world study; it showed that the risk of non-vertebral fractures (hip,
humerus, pelvis, and the wrist region) was similar between patients on adalinumab and
those on any other TNF-α inhibitor, tocilizumab, abatacept, rituximab, or tofacitinib [96]. A
recent meta-analysis, which included 37 RCTs (randomized controlled trials) comparing
bDMARDs with placebo or csDMARDs, also did not detect a risk reduction in non-vertebral
fractures, hip fractures, or major osteoporotic fractures [97]. Subgroup analyses of different
bDMARDs did not change these findings. Not included in this meta-analysis was a recent
prospective study following more than 4000 bDMARD (infliximab, adalimumab, etanercept,
certolizumab, golimumab, abatacept, tocilizumab, rituximab, anakinra) users and matched
bDMARD-naïve patients [98]. Abtahi and coworkers showed that the usage of bDMARDs
is not associated with a difference in the occurrence of a first incident fragility fracture
(including any osteoporotic fracture, hip fracture, clinical vertebral fracture, humerus frac-
ture, forearm fracture). Similar results were obtained by a population-based cohort study,
which reported no difference in non-vertebral fracture risk between patients treated with
TNF-α inhibitors (infliximab, adalimumab, etanercept, or golimumab), the IL-6 receptor an-
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tibody tocilizumab, or the CTLA4 antagonist abatacept [99]. No data deriving from clinical
studies conducted with the anti-CD 20 monoclonal antibody rituximab or JAK inhibitors
investigating the effect on non-vertebral fracture risk exist. A retrospective analysis of RA
patients receiving denosumab showed a decrease in clinical fractures (−49.2% after a mean
of 4.6 denosumab applications) compared with the first six months of treatment as the
reference period [100].

5.3. Vertebral Fracture Risk

Despite the high risk of vertebral fractures for RA patients (OR 3.04) [7], only a
few studies evaluated the effect of different treatment regimens on vertebral fracture
risk. A population-based retrospective cohort study showed that in RA patients with
cardiovascular disease, low-dose corticosteroids (HR 0.57) as well as hydroxychloroquine
(HR 0.12) lowered the risk of vertebral fractures [101]. Another retrospective cohort study,
which followed RA patients for two years after the initiation of a TNF-α antagonist, detected
a risk reduction of clinical vertebral fractures (HR 0.71, adjusted for baseline glucocorticoid
use); the references were users of csDMARDs [102]. The extent of vertebral fracture
risk reduction was similar in a longitudinal observational study, which enrolled more
than 11.000 RA patients without prior fracture. Compared to MTX monotherapy, TNF-α
inhibition was associated with a lower risk of vertebral fractures (HR 0.72) [93]. In their
analysis of RA patients with cardiovascular disease, Hong and coauthors [101] showed
a non-significant reduction of the risk of osteoporotic vertebral fractures induced by the
application of TNF-α inhibitors. A meta-analysis revealed a reduction of vertebral fracture
risk (OR 0.71) for patients receiving bDMARDs compared with bDMARDs non-users [95].
So far, no studies evaluating the effectiveness of other b/tsDMARDs concerning vertebral
fracture risk reduction have been published.

5.4. Fracture Healing

Despite the high number of disease-modifying drugs and the relatively good control
of disease activity nowadays, fragility fractures occur in many RA patients. What about
fracture healing? Available data deriving from experimental studies conducted with mice
and rats have demonstrated that anti-TNF-α treatment does not interfere with fracture
healing [103] whereas with MTX only the low dose group did not show a difference in
bone formation compared with a control group [104]. After a hip fracture, readmission
rate and mortality seem to be similar in patients on bDMARDs and methotrexate [105].
Based on their in vitro results, which showed the promotion of bone formation, Gaber
et al., hypothesized that in case of a fracture patients do not have to stop tofacitinib
treatment [106].

5.5. Sarcopenia

In general, aiming at fracture prevention we mainly focused on bone density. Besides
this very important approach, however, we should keep rheumatoid cachexia and the risk
of falling in mind as well. The pathogenesis of sarcopenia/falls in RA is incompletely
understood; important determinants are disease activity, pain, reduced mobility, fatigue and
glucocorticoid treatment [107]. The one-year inhibition of IL-6 by tocilizumab increased
lean mass in RA patients [108] and the use of bDMARDs seems to divide the risk of
sarcopenia by half (OR 0.51) [109]. The direct effects of cytokine inhibition or indirect effects
as described before could be responsible for this effect.

6. Non-Pharmacologic Intervention Studies

As mentioned above, vitamin D deficiency in RA is detrimental for bone health. Since
vitamin D in addition to its skeletal effects also exerts immunomodulatory actions, the
possibility exists that vitamin D supplementation in RA could influence disease activity. In
fact, a meta-analysis conducted by Guan et al., reported that vitamin D improved DAS28,
erythrocyte sedimentation rate, and tender joint count [110]. In contrast, a meta-analysis
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conducted by Nguyen et al., concluded that effects of vitamin D supplementation on disease
activity in RA were limited [111]. Long term exercise interventions in RA were shown to
slow down the decline of BMD in RA [112]. A decrease in disease activity (e.g., by pharma-
cologic interventions) likely will result in improved mobility and potentially in increased
sun exposure (and consequently higher vitamin D levels) and positive effects on BMD. Thus,
there are complex interactions between pharmacologic and non-pharmacologic pathways.

7. Conclusions

In summary, we proposed the following model of the pathophysiology of osteoporosis
in RA (Figure 2). The autoimmune inflammatory processes lead to a systemic upregulation
of inflammatory and osteoclastogenic cytokines (in particular RANKL and TNF-α), the
production of autoantibodies and Th cell senescence with a presumed disability to control
the systemic immunological and osteoclastogenic status. Consequently, osteoclast activity
increases, osteoblast function decreases, and bone metabolic and mechanical properties
deteriorate. General risk factors of osteoporosis (such as advanced age or vitamin D
deficiency) may further contribute to bone fragility. Sarcopenia in RA is a cause of falls and
their potential consequence, fractures.
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Figure 2. A model of the pathophysiology of osteoporotic fractures in rheumatoid arthritis.

The high number of disease-modifying drugs increases our ability to achieve good
control of disease activity. However, the effects of these drugs on fragility fracture risk
are limited. The most promising evidence exists for TNF-α inhibitors, which proved
the reduction of vertebral fracture risk in a meta-analysis. Positive data derived from
clinical studies conducted with denosumab exist. In contrast, DMARD treatment is not
sufficient for RA patients prone to osteoporotic fractures. In these patients, a bone-specific
medication, accompanied by sufficient calcium intake and serum levels of vitamin D within
the desirable range, is necessary. Further progress in osteoimmune research will help to
develop new treatment options in RA-osteoporosis patients [113].

We thus recommend a holistic “treat to target” approach for the optimal management
of RA patients. Patient-centered care should include adequate control of disease activity,
osteoporosis prevention/treatment, and regular physical exercises aiming at increased
muscle strength and/or fall prevention depending on the patients’ needs.



Int. J. Mol. Sci. 2022, 23, 8740 10 of 14

Author Contributions: Conceptualization: P.P. and W.S.; Writing: P.P., M.B., K.K.-S., W.S.; Proof
reading: P.P., K.K.-S., W.S., M.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: Peter Pietschmann received research support and/or honoraria from Amgen
GmbH, Biomedica GmbH, Fresenius Kabi Austria, Takeda Pharma GesmbH, TAmiRNA GmbH, UCB
Biopharma Srl/UCB Pharma. Katharina Kerschan-Schindl has received research support and/or
remuneration from Amgen GmbH, Lilly GmbH, Merck, Sharp and Dohme GmbH, Stada GmbH,
Roche Austria, and Servier Austria. Maria Butylina and Wolfgang Sipos state that they have no
conflicts of interest.

References
1. McInnes, I.B.; Schett, G. Pathogenetic insights from the treatment of rheumatoid arthritis. Lancet 2017, 389, 2328–2337. [CrossRef]
2. Smolen, J.S.; Aletaha, D.; McInnes, I.B. Rheumatoid arthritis. Lancet 2016, 388, 2023–2038, Erratum in Lancet 2016, 388, 1984.

[CrossRef]
3. Omata, Y.; Frech, M.; Saito, T.; Schett, G.; Zaiss, M.M.; Tanaka, S. Inflammatory Arthritis and Bone Metabolism Regulated by Type

2 Innate and Adaptive Immunity. Int. J. Mol. Sci. 2022, 23, 1104. [CrossRef]
4. NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy. Osteoporosis Prevention, Diagnosis,

and Therapy. JAMA 2001, 285, 785–795. [CrossRef] [PubMed]
5. De Sire, A.; Invernizzi, M.; Baricich, A.; Lippi, L.; Ammendolia, A.; Grassi, F.A.; Leigheb, M. Optimization of transdisciplinary

management of elderly with femur proximal extremity fracture: A patient-tailored plan from orthopaedics to rehabilitation.
World J. Orthop. 2021, 12, 456–466. [CrossRef] [PubMed]

6. Jin, S.; Hsieh, E.; Peng, L.; Yu, C.; Wang, Y.; Wu, C.; Wang, Q.; Li, M.; Zeng, X. Incidence of fractures among patients with
rheumatoid arthritis: A systematic review and meta-analysis. Osteoporos. Int. 2018, 29, 1263–1275. [CrossRef] [PubMed]

7. Liu, Y.; Jiang, J.; Mo, M.; Sun, X.; Yu, K. Incidence and risk factors for vertebral fracture in rheumatoid arthritis: An update
meta-analysis. Clin. Rheumatol. 2022, 41, 1313–1322. [CrossRef]

8. Heinlen, L.; Humphrey, M.B. Skeletal complications of rheumatoid arthritis. Osteoporos. Int. 2017, 28, 2801–2812. [CrossRef]
9. Kocijan, R.; Finzel, S.; Englbrecht, M.; Engelke, K.; Rech, J.; Schett, G. Decreased Quantity and Quality of the Periarticular and

Nonperiarticular Bone in Patients with Rheumatoid Arthritis: A Cross-Sectional HR-pQCT Study. J. Bone Miner. Res. 2014, 29,
1005–1014. [CrossRef]

10. Jaschke, N.; Sipos, W.; Hofbauer, L.C.; Rachner, T.D.; Rauner, M. Skeletal endocrinology: Where evolutionary advantage meets
disease. Bone Res. 2021, 9, 28. [CrossRef]

11. Föger-Samwald, U.; Kerschan-Schindl, K.; Butylina, M.; Pietschmann, P. Age Related Osteoporosis: Targeting Cellular Senescence.
Int. J. Mol. Sci. 2022, 23, 2701. [CrossRef]

12. Föger-Samwald, U.; Dovjak, P.; Azizi-Semrad, U.; Kerschan-Schindl, K.; Pietschmann, P. Osteoporosis: Patho-physiology and
therapeutic options. EXCLI J. 2020, 19, 1017–1037.

13. McDonald, M.M.; Kim, A.S.; Mulholland, B.S.; Rauner, M. New Insights into Osteoclast Biology. JBMR Plus 2021, 5, e10539.
[CrossRef]

14. Pietschmann, P.; Mechtcheriakova, D.; Meshcheryakova, A.; Föger-Samwald, U.; Ellinger, I. Immunology of Osteoporosis:
A Mini-Review. Gerontology 2016, 62, 128–137. [CrossRef]

15. Rauner, M.; Sipos, W.; Thiele, S.; Pietschmann, P. Advances in Osteoimmunology: Pathophysiologic Concepts and Treatment
Opportunities. Int. Arch. Allergy Immunol. 2013, 160, 114–125. [CrossRef]

16. Gemmati, D.; Varani, K.; Bramanti, B.; Piva, R.; Bonaccorsi, G.; Trentini, A.; Manfrinato, M.C.; Tisato, V.; Carè, A.; Bellini, T.
“Bridging the Gap” Everything that Could Have Been Avoided If We Had Applied Gender Medicine, Pharmacogenetics and
Personalized Medicine in the Gender-Omics and Sex-Omics Era. Int. J. Mol. Sci. 2019, 21, 296. [CrossRef]

17. Sipos, W. RANKL Inhibition: Preclinical Data. In Principles of Osteoimmunology: Molecular Mechanisms and Clinical Applications;
Pietschmann, P., Ed.; Springer International Publishing: Vienna, Austria, 2012; pp. 197–215. [CrossRef]

18. Zhang, X.; Wu, X.; Min, Y.; Lu, J.; Zhang, X.; Chen, W.; Zou, L.; Lv, X.; Cui, L.; Xu, B. Effect of prednisone treatment for 30 and
90 days on bone metabolism in collagen-induced arthritis (CIA) rats. J. Bone Miner. Metab. 2018, 36, 628–639. [CrossRef]

19. Sipos, W.; Schmoll, F.; Stumpf, I. Minipigs and Potbellied Pigs as Pets in the Veterinary Practice—A Retrospective Study. J. Vet.
Med. Ser. A 2007, 54, 504–511. [CrossRef]

20. Shaughnessy, M.L.; Sample, S.J.; Abicht, C.; Heaton, C.; Muir, P. Clinical features and pathological joint changes in dogs with
erosive immune-mediated polyarthritis: 13 cases (2004–2012). J. Am. Vet. Med. Assoc. 2016, 249, 1156–1164. [CrossRef]

http://doi.org/10.1016/S0140-6736(17)31472-1
http://doi.org/10.1016/S0140-6736(16)30173-8
http://doi.org/10.3390/ijms23031104
http://doi.org/10.1001/jama.285.6.785
http://www.ncbi.nlm.nih.gov/pubmed/11176917
http://doi.org/10.5312/wjo.v12.i7.456
http://www.ncbi.nlm.nih.gov/pubmed/34354934
http://doi.org/10.1007/s00198-018-4473-1
http://www.ncbi.nlm.nih.gov/pubmed/29546507
http://doi.org/10.1007/s10067-021-06046-2
http://doi.org/10.1007/s00198-017-4170-5
http://doi.org/10.1002/jbmr.2109
http://doi.org/10.1038/s41413-021-00149-x
http://doi.org/10.3390/ijms23052701
http://doi.org/10.1002/jbm4.10539
http://doi.org/10.1159/000431091
http://doi.org/10.1159/000342426
http://doi.org/10.3390/ijms21010296
http://doi.org/10.1007/978-3-7091-0520-7_9
http://doi.org/10.1007/s00774-017-0880-1
http://doi.org/10.1111/j.1439-0442.2007.00968.x
http://doi.org/10.2460/javma.249.10.1156


Int. J. Mol. Sci. 2022, 23, 8740 11 of 14

21. Campagnuolo, G.; Bolon, B.; Feige, U. Kinetics of bone protection by recombinant osteoprotegerin therapy in Lewis rats with
adjuvant arthritis. Arthritis Care Res. 2002, 46, 1926–1936. [CrossRef]

22. Ohshima, S.; Saeki, Y.; Mima, T.; Sasai, M.; Nishioka, K.; Nomura, S.; Kopf, M.; Katada, Y.; Tanaka, T.; Suemura, M.; et al.
Interleukin 6 plays a key role in the development of antigen-induced arthritis. Proc. Natl. Acad. Sci. USA 1998, 95, 8222–8226.
[CrossRef]

23. Cremer, M.A.; Hernandez, A.D.; Townes, A.S.; Stuart, J.M.; Kang, A.H. Collagen-induced arthritis in rats: Anti-gen-specific
suppression of arthritis and immunity by intravenously injected native type II collagen. J. Immunol. 1983, 131, 2995–3000.
[PubMed]

24. Stolina, M.; Schett, G.; Dwyer, D.; Vonderfecht, S.; Middleton, S.; Duryea, D.; Pacheco, E.; Van, G.; Bolon, B.; Feige, U.; et al.
RANKL inhibition by osteoprotegerin prevents bone loss without affecting local or systemic inflammation parameters in two rat
arthritis models: Comparison with anti-TNFα or anti-IL-1 therapies. Arthritis Res. Ther. 2009, 11, R187. [CrossRef]

25. Stolina, M.; Bolon, B.; Middleton, S.; Dwyer, D.; Brown, H.; Duryea, D.; Zhu, L.; Rohner, A.; Pretorius, J.; Kostenuik, P.; et al. The
Evolving Systemic and Local Biomarker Milieu at Different Stages of Disease Progression in Rat Adjuvant-Induced Arthritis. J.
Clin. Immunol. 2009, 29, 158–174. [CrossRef]

26. Stolina, M.; Bolon, B.; Dwyer, D.; Middleton, S.; Duryea, D.; Kostenuik, P.J.; Feige, U.; Zack, D.J. The evolving systemic and
local biomarker milieu at different stages of disease progression in rat collagen-induced arthritis. Biomarkers 2009, 13, 692–712.
[CrossRef]

27. Sarkar, S.; Cooney, L.A.; White, P.; Dunlop, D.B.; Endres, J.; Jorns, J.M.; Wasco, M.J.; Fox, D.A. Regulation of pathogenic IL-17
responses in collagen-induced arthritis: Roles of endogenous interferon-gamma and IL-4. Arthritis Res. Ther. 2009, 11, R158.
[CrossRef]

28. Corr, M.; Crain, B. The Role of FcγR Signaling in the K/B × N Serum Transfer Model of Arthritis. J. Immunol. 2002, 169, 6604–6609.
[CrossRef]

29. Chen, X.-X.; Baum, W.; Dwyer, D.; Stock, M.; Schwabe, K.; Ke, H.-Z.; Stolina, M.; Schett, G.; Bozec, A. Sclerostin inhibition reverses
systemic, periarticular and local bone loss in arthritis. Ann. Rheum. Dis. 2013, 72, 1732–1736. [CrossRef]

30. Moon, N.; Effiong, L.; Song, L.; Gardner, T.R.; Soung, D.Y. Tart Cherry Prevents Bone Loss through Inhibition of RANKL in
TNF-Overexpressing Mice. Nutrients 2019, 11, 63. [CrossRef]

31. Redlich, K.; Hayer, S.; Maier, A.; Dunstan, C.; Tohidast-Akrad, M.; Lang, S.; Türk, B.; Pietschmann, P.; Woloszczuk, W.; Har-
alambous, S.; et al. Tumor necrosis factor α-mediated joint destruction is inhibited by targeting osteoclasts with osteoprotegerin.
Arthritis Care Res. 2002, 46, 785–792. [CrossRef]

32. Wu, Q.; Xiong, X.; Zhang, X.; Lu, J.; Zhang, X.; Chen, W.; Wu, T.; Cui, L.; Liu, Y.; Xu, B. Secondary osteoporosis in collagen-induced
arthritis rats. J. Bone Miner. Metab. 2016, 34, 500–516. [CrossRef] [PubMed]

33. Oelzner, P.; Fleissner-Richter, S.; Bräuer, R.; Hein, G.; Wolf, G.; Neumann, T. Combination therapy with dexamethasone and osteo-
protegerin protects against arthritis-induced bone alterations in antigen-induced arthritis of the rat. Agents Actions 2010, 59, 731–741.
[CrossRef] [PubMed]

34. Sugahara, S.; Hanaoka, K.; Emori, T.; Takeshita, N.; Fujii, Y.; Nakano, M.; Suzuki, T.; Takahashi, J.; Nakamura, Y. Peficitinib
improves bone fragility by recovering bone turnover imbalance in arthritic mice. J. Pharmacol. Sci. 2022, 148, 134–141. [CrossRef]

35. Yoshida, H.; Suzuki, M.; Tanaka, K.; Takeda, S.; Yogo, K.; Matsumoto, Y. Anti-interleukin-6 receptor antibody prevents loss of
bone structure and bone strength in collagen-induced arthritis mice. Scand. J. Rheumatol. 2018, 47, 384–391. [CrossRef]

36. Qiu, J.; Lu, C.; Zhang, L.; Zhou, X.; Zou, H. Osteoporosis in patients with rheumatoid arthritis is associated with serum immune
regulatory cellular factors. Clin. Rheumatol. 2022, 1–9. [CrossRef]

37. Cheng, T.; Zhang, S.-X.; Wang, J.; Qiao, J.; Chang, M.-J.; Niu, H.-Q.; Liu, G.-Y.; Li, X.-F. Abnormalities of Peripheral Lymphocyte
Subsets in Rheumatoid Arthritis Patients Complicated with Osteoporosis. Rheumatol. Ther. 2022, 9, 1049–1059. [CrossRef]

38. Verbruggen, A.; De Clerck, L.S.; Bridts, C.H.; Van Offel, J.F.; Stevens, W.J. Flow cytometrical determination of interleukin 1β,
interleukin 6 and tumour necrosis factor α in monocytes of rheumatoid arthritis patients; relation with parameters of osteoporosis.
Cytokine 1999, 11, 869–874. [CrossRef]

39. Meguid, M.H.A.; Hamad, Y.H.; Swilam, R.S.; Barakat, M.S. Relation of interleukin-6 in rheumatoid arthritis patients to systemic
bone loss and structural bone damage. Rheumatol. Int. 2013, 33, 697–703. [CrossRef]

40. Caetano-Lopes, J.; Rodrigues, A.; Lopes, A.; Vale, A.C.; Pitts-Kiefer, M.A.; Vidal, B.; Perpétuo, I.; Monteiro, J.; Konttinen, Y.T.; Vaz,
M.F.; et al. Rheumatoid Arthritis Bone Fragility Is Associated with Upregulation of IL17 and DKK1 Gene Expression. Clin. Rev.
Allergy Immunol. 2014, 47, 38–45. [CrossRef]

41. Fessler, J.; Husic, R.; Schwetz, V.; Lerchbaum, E.; Aberer, F.; Fasching, P.; Ficjan, A.; Obermayer-Pietsch, B.; Duftner, C.; Graninger,
W.; et al. Senescent T-Cells Promote Bone Loss in Rheumatoid Arthritis. Front. Immunol. 2018, 9, 95. [CrossRef]

42. Oelzner, P.; Franke, S.; Lehmann, G.; Eidner, T.; Müller, A.; Wolf, G.; Hein, G. Soluble receptor activator of NFkappa B-ligand
and osteoprotegerin in rheumatoid arthritis—Relationship with bone mineral density, disease activity and bone turnover. Clin.
Rheumatol. 2007, 26, 2127–2135. [CrossRef] [PubMed]

43. Nava-Valdivia, C.A.; Ponce-Guarneros, J.M.; Saldaña-Cruz, A.M.; Corona-Sanchez, E.G.; Ramirez-Villafaña, M.; Perez-Guerrero,
E.E.; Murillo-Saich, J.D.; Contreras-Haro, B.; Vazquez-Villegas, M.L.; Gonzalez-Ponce, F.; et al. Assessment of Serum sRANKL,
sRANKL/OPG Ratio, and Other Bone Turnover Markers with the Estimated 10-Year Risk of Major and Hip Osteoporotic Fractures
in Rheumatoid Arthritis: A Cross-Sectional Study. BioMed Res. Int. 2021, 2021, 5567666. [CrossRef] [PubMed]

http://doi.org/10.1002/art.10369
http://doi.org/10.1073/pnas.95.14.8222
http://www.ncbi.nlm.nih.gov/pubmed/6196409
http://doi.org/10.1186/ar2879
http://doi.org/10.1007/s10875-008-9238-8
http://doi.org/10.1080/13547500802651911
http://doi.org/10.1186/ar2838
http://doi.org/10.4049/jimmunol.169.11.6604
http://doi.org/10.1136/annrheumdis-2013-203345
http://doi.org/10.3390/nu11010063
http://doi.org/10.1002/art.10097
http://doi.org/10.1007/s00774-015-0700-4
http://www.ncbi.nlm.nih.gov/pubmed/26210858
http://doi.org/10.1007/s00011-010-0184-6
http://www.ncbi.nlm.nih.gov/pubmed/20306217
http://doi.org/10.1016/j.jphs.2021.10.006
http://doi.org/10.1080/03009742.2017.1416667
http://doi.org/10.1007/s10067-022-06212-0
http://doi.org/10.1007/s40744-022-00452-x
http://doi.org/10.1006/cyto.1998.0500
http://doi.org/10.1007/s00296-012-2375-7
http://doi.org/10.1007/s12016-013-8366-y
http://doi.org/10.3389/fimmu.2018.00095
http://doi.org/10.1007/s10067-007-0639-5
http://www.ncbi.nlm.nih.gov/pubmed/17541498
http://doi.org/10.1155/2021/5567666
http://www.ncbi.nlm.nih.gov/pubmed/34497849


Int. J. Mol. Sci. 2022, 23, 8740 12 of 14

44. Xu, S.; Wang, Y.; Lu, J.; Xu, J. Osteoprotegerin and RANKL in the pathogenesis of rheumatoid arthritis-induced osteoporosis.
Rheumatol. Int. 2011, 32, 3397–3403. [CrossRef] [PubMed]

45. Yang, L.; Zhang, J.; Tao, J.; Lu, T. Elevated serum levels of Interleukin-37 are associated with inflammatory cytokines and disease
activity in rheumatoid arthritis. APMIS 2015, 123, 1025–1031. [CrossRef]

46. Abdulkhaliq, A.; Cheikh, M.; Almuntashri, F.; Alzahrani, H.; Nadwi, H.; Kadi, E.; Abed, M.; Janaini, M.; Monjed, A.; Janoudi, N.;
et al. A Comparison of Demographics, Disease Activity, Disability, and Treatment Among Rheumatoid Arthritis Patients with
and without Osteoporosis. Open Access Rheumatol. Res. Rev. 2021, 13, 275–283. [CrossRef]

47. Wysham, K.D.; Shofer, J.; Lui, G.; Trupin, L.; Andrews, J.S.; Black, D.M.; Graf, J.; Shoback, D.M.; Katz, P.P. Low cumulative disease
activity is associated with higher bone mineral density in a majority Latinx and Asian US rheumatoid arthritis cohort. Semin.
Arthritis Rheum. 2022, 53, 151972. [CrossRef]

48. Guañabens, N.; Olmos, J.M.; Hernández, J.L.; Cerdà, D.; Calleja, C.H.; López, J.A.M.; Arboleya, L.; Del Rey, F.J.A.; Pardo, S.M.;
Vilamajó, I.R.; et al. Vertebral fractures are increased in rheumatoid arthritis despite recent therapeutic advances: A case-control
study. Osteoporos. Int. 2021, 32, 1333–1342. [CrossRef]

49. Tong, J.-J.; Xu, S.-Q.; Zong, H.-X.; Pan, M.-J.; Teng, Y.-Z.; Xu, J.-H. Prevalence and risk factors associated with vertebral osteoporotic
fractures in patients with rheumatoid arthritis. Clin. Rheumatol. 2020, 39, 357–364. [CrossRef]

50. Tomizawa, T.; Ito, H.; Murata, K.; Hashimoto, M.; Tanaka, M.; Murakami, K.; Nishitani, K.; Azukizawa, M.; Okahata, A.; Doi, K.;
et al. Distinct biomarkers for different bones in osteoporosis with rheumatoid arthritis. Arthritis Res. Ther. 2019, 21, 174. [CrossRef]

51. Coiffier, G.; Bouvard, B.; Chopin, F.; Biver, E.; Funck-Brentano, T.; Garnero, P.; Guggenbuhl, P. Common bone turnover markers in
rheumatoid arthritis and ankylosing spondylitis: A literature review. Jt. Bone Spine 2013, 80, 250–257. [CrossRef]

52. Garnero, P.; Jouvenne, P.; Buchs, N.; Delmas, P.D.; Miossec, P. Uncoupling of bone metabolism in rheumatoid arthritis patients
with or without joint destruction: Assessment with serum type I collagen breakdown products. Bone 1999, 24, 381–385. [CrossRef]

53. Schett, G. The role of ACPAs in at-risk individuals: Early targeting of the bone and joints. Best Pract. Res. Clin. Rheumatol. 2017,
31, 53–58. [CrossRef]

54. D’Onofrio, B.; Di Lernia, M.; De Stefano, L.; Bugatti, S.; Montecucco, C.; Bogliolo, L. Personalized Therapeutic Strategies in
the Management of Osteoporosis in Patients with Autoantibody-Positive Rheumatoid Arthritis. J. Clin. Med. 2022, 11, 2341.
[CrossRef]

55. Nam, J.L.; Hunt, L.; Hensor, E.; Emery, P. Enriching case selection for imminent RA: The use of anti-CCP antibodies in individuals
with new non-specific musculoskeletal symptoms—A cohort study. Ann. Rheum. Dis. 2016, 75, 1452–1456. [CrossRef]

56. Kleyer, A.; Finzel, S.; Rech, J.; Manger, B.; Krieter, M.; Faustini, F.; Araujo, E.; Hueber, A.; Harre, U.; Engelke, K.; et al. Bone loss
before the clinical onset of rheumatoid arthritis in subjects with anticitrullinated protein antibodies. Ann. Rheum. Dis. 2014, 73,
854–860. [CrossRef]

57. Stemmler, F.; Simon, D.; Liphardt, A.-M.; Englbrecht, M.; Rech, J.; Hueber, A.; Engelke, K.; Schett, G.; Kleyer, A. Biomechanical
properties of bone are impaired in patients with ACPA-positive rheumatoid arthritis and associated with the occurrence of
fractures. Ann. Rheum. Dis. 2018, 77, 973–980. [CrossRef]

58. Bugatti, S.; Bogliolo, L.; Vitolo, B.; Manzo, A.; Montecucco, C.; Caporali, R. Anti-citrullinated protein antibodies and high levels of
rheumatoid factor are associated with systemic bone loss in patients with early untreated rheumatoid arthritis. Arthritis Res. Ther.
2016, 18, 226. [CrossRef]

59. Bruno, D.; Fedele, A.L.; Tolusso, B.; Barini, A.; Petricca, L.; Di Mario, C.; Barini, A.; Mirone, L.; Ferraccioli, G.; Alivernini, S.; et al.
Systemic Bone Density at Disease Onset Is Associated With Joint Erosion Progression in Early Naive to Treatment Rheumatoid
Arthritis: A Prospective 12-Month Follow-Up Open-Label Study. Front. Med. 2021, 8, 613889. [CrossRef]

60. Hauser, B.; Riches, P.L.; Gilchrist, T.; Visconti, M.R.; Wilson, J.F.; Ralston, S.H. Autoantibodies to osteoprotegerin are associated
with increased bone resorption in rheumatoid arthritis. Ann. Rheum. Dis. 2015, 74, 1631–1632. [CrossRef]

61. Laurent, M.R.; Goemaere, S.; Verroken, C.; Bergmann, P.; Body, J.-J.; Bruyère, O.; Cavalier, E.; Rozenberg, S.; Lapauw, B.; Gielen, E.
Prevention and Treatment of Glucocorticoid-Induced Osteoporosis in Adults: Consensus Recommendations from the Belgian
Bone Club. Front. Endocrinol. 2022, 13, 908727. [CrossRef]

62. Blavnsfeldt, A.-B.G.; de Thurah, A.; Thomsen, M.D.; Tarp, S.; Langdahl, B.; Hauge, E.-M. The effect of glucocorticoids on bone
mineral density in patients with rheumatoid arthritis: A systematic review and meta-analysis of randomized, controlled trials.
Bone 2018, 114, 172–180. [CrossRef]

63. Wang, Y.; Zhao, R.; Gu, Z.; Dong, C.; Guo, G.; Li, L. Effects of glucocorticoids on osteoporosis in rheumatoid arthritis: A systematic
review and meta-analysis. Osteoporos. Int. 2020, 31, 1401–1409. [CrossRef]

64. Polito, A.; Barnaba, L.; Ciarapica, D.; Azzini, E. Osteosarcopenia: A Narrative Review on Clinical Studies. Int. J. Mol. Sci. 2022, 23, 5591.
[CrossRef]

65. Lian, L.; Wang, J.-X.; Xu, Y.-C.; Zong, H.-X.; Teng, Y.-Z.; Xu, S.-Q. Sarcopenia May Be a Risk Factor for Osteoporosis in Chinese
Patients with Rheumatoid Arthritis. Int. J. Gen. Med. 2022, 15, 2075–2085. [CrossRef]

66. Oelzner, P.; Schwabe, A.; Lehmann, G.; Eidner, T.; Franke, S.; Wolf, G.; Hein, G. Significance of risk factors for osteoporosis is
dependent on gender and menopause in rheumatoid arthritis. Rheumatol. Int. 2008, 28, 1143–1150. [CrossRef]

67. Zahid, P.M.; Samreen, S.; Khan, Z.A.; Salim, B.; Ahmed, S.N.; Gul, H. Factors associated with low bone mineral density in
postmenopausal women with rheumatoid arthritis. J. Pak. Med. Assoc. 2022, 72, 891–895. [CrossRef]

http://doi.org/10.1007/s00296-011-2175-5
http://www.ncbi.nlm.nih.gov/pubmed/22057136
http://doi.org/10.1111/apm.12467
http://doi.org/10.2147/OARRR.S318810
http://doi.org/10.1016/j.semarthrit.2022.151972
http://doi.org/10.1007/s00198-021-05824-7
http://doi.org/10.1007/s10067-019-04787-9
http://doi.org/10.1186/s13075-019-1956-1
http://doi.org/10.1016/j.jbspin.2012.08.004
http://doi.org/10.1016/S8756-3282(98)00193-8
http://doi.org/10.1016/j.berh.2017.09.015
http://doi.org/10.3390/jcm11092341
http://doi.org/10.1136/annrheumdis-2015-207871
http://doi.org/10.1136/annrheumdis-2012-202958
http://doi.org/10.1136/annrheumdis-2017-212404
http://doi.org/10.1186/s13075-016-1116-9
http://doi.org/10.3389/fmed.2021.613889
http://doi.org/10.1136/annrheumdis-2014-207219
http://doi.org/10.3389/fendo.2022.908727
http://doi.org/10.1016/j.bone.2018.06.008
http://doi.org/10.1007/s00198-020-05360-w
http://doi.org/10.3390/ijms23105591
http://doi.org/10.2147/IJGM.S349435
http://doi.org/10.1007/s00296-008-0576-x
http://doi.org/10.47391/JPMA.3058


Int. J. Mol. Sci. 2022, 23, 8740 13 of 14

68. Kweon, S.-M.; Sohn, D.H.; Park, J.-H.; Koh, J.H.; Park, E.-K.; Lee, H.-N.; Kim, K.; Kim, Y.; Kim, G.-T.; Lee, S.-G. Male patients with
rheumatoid arthritis have an increased risk of osteoporosis. Medicine 2018, 97, e11122. [CrossRef]

69. Nakayama, M.; Furuya, T.; Inoue, E.; Tanaka, E.; Ikari, K.; Yamanaka, H.; Harigai, M. Vitamin D deficiency is a risk factor for new
fractures in Japanese postmenopausal women with rheumatoid arthritis: Results from the IORRA cohort study. Arch. Osteoporos.
2021, 16, 119. [CrossRef]

70. Hu, Z.; Zhang, L.; Lin, Z.; Zhao, C.; Xu, S.; Lin, H.; Zhang, J.; Li, W.; Chu, Y. Prevalence and risk factors for bone loss in rheumatoid
arthritis patients from South China: Modeled by three methods. BMC Musculoskelet. Disord. 2021, 22, 534. [CrossRef]

71. Yoshii, I.; Sawada, N.; Chijiwa, T.; Kokei, S. Impact of sustaining SDAI remission for preventing incident of bone fragility fracture
in patient with rheumatoid arthritis. Ann. Rheum. Dis. 2022, 81, 296–299. [CrossRef]

72. Lindner, L.; Callhoff, J.; Alten, R.; Krause, A.; Ochs, W.; Zink, A.; Albrecht, K. Osteoporosis in patients with rheumatoid arthritis:
Trends in the German National Database 2007–2017. Rheumatol. Int. 2020, 40, 2005–2012. [CrossRef] [PubMed]

73. Zerbini, C.A.F.; Clark, P.; Mendez-Sanchez, L.; Pereira, R.M.R.; Messina, O.D.; Uña, C.R.; Adachi, J.D.; Lems, W.F.; Cooper, C.;
Lane, N.E.; et al. Biologic therapies and bone loss in rheumatoid arthritis. Osteoporos. Int. 2017, 28, 429–446. [CrossRef] [PubMed]

74. Orsolini, G.; Fassio, A.; Rossini, M.; Adami, G.; Giollo, A.; Caimmi, C.; Idolazzi, L.; Viapiana, O.; Gatti, D. Effects of biological and
targeted synthetic DMARDs on bone loss in rheumatoid arthritis. Pharmacol. Res. 2019, 147, 104354. [CrossRef]

75. Hauser, B.; Raterman, H.; Ralston, S.H.; Lems, W.F. The Effect of Anti-rheumatic Drugs on the Skeleton. Calcif. Tissue Res. 2022, 1–12.
[CrossRef] [PubMed]

76. Soós, B.; Szentpétery, Á.; Raterman, H.G.; Lems, W.F.; Bhattoa, H.P.; Szekanecz, Z. Effects of targeted therapies on bone in
rheumatic and musculoskeletal diseases. Nat. Rev. Rheumatol. 2022, 18, 249–257. [CrossRef]

77. Chen, J.-F.; Hsu, C.-Y.; Yu, S.-F.; Ko, C.-H.; Chiu, W.-C.; Lai, H.-M.; Chen, Y.-C.; Su, Y.-J.; Cheng, T.-T. The impact of long-term
biologics/target therapy on bone mineral density in rheumatoid arthritis: A propensity score-matched analysis. Rheumatology
2020, 59, 2471–2480. [CrossRef]

78. Kume, K.; Amano, K.; Yamada, S.; Kanazawa, T.; Ohta, H.; Hatta, K.; Kuwaba, N. The effect of tocilizumab on bone mineral
density in patients with methotrexate-resistant active rheumatoid arthritis. Rheumatology 2014, 53, 900–903. [CrossRef] [PubMed]

79. Briot, K.; Rouanet, S.; Schaeverbeke, T.; Etchepare, F.; Gaudin, P.; Perdriger, A.; Vray, M.; Steinberg, G.; Roux, C. The effect of
tocilizumab on bone mineral density, serum levels of Dickkopf-1 and bone remodeling markers in patients with rheumatoid
arthritis. Jt. Bone Spine 2015, 82, 109–115. [CrossRef]

80. Chen, Y.-M.; Chen, H.-H.; Huang, W.-N.; Liao, T.-L.; Chen, J.-P.; Chao, W.-C.; Lin, C.-T.; Hung, W.-T.; Hsieh, C.-W.; Hsieh, T.-Y.;
et al. Tocilizumab potentially prevents bone loss in patients with anticitrullinated protein antibody-positive rheumatoid arthritis.
PLoS ONE 2017, 12, e0188454. [CrossRef]

81. Abu-Shakra, M.; Zisman, D.; Balbir-Gurman, A.; Amital, H.; Levy, Y.; Langevitz, P.; Tishler, M.; Molad, Y.; Aamar, S.; Roser, I.;
et al. Effect of Tocilizumab on Fatigue and Bone Mineral Density in Patients with Rheumatoid Arthritis. IMAJ 2018, 20, 239–244.

82. Tada, M.; Inui, K.; Sugioka, Y.; Mamoto, K.; Okano, T.; Koike, T. Abatacept might increase bone mineral density at femoral neck
for patients with rheumatoid arthritis in clinical practice: AIRTIGHT study. Rheumatol. Int. 2018, 38, 777–784. [CrossRef]

83. Chen, M.-H.; Yu, S.-F.; Chen, J.-F.; Chen, W.-S.; Liou, T.-L.; Chou, C.-T.; Hsu, C.-Y.; Lai, H.-M.; Chen, Y.-C.; Tsai, C.-Y.; et al.
Different Effects of Biologics on Systemic Bone Loss Protection in Rheumatoid Arthritis: An Interim Analysis of a Three-Year
Longitudinal Cohort Study. Front. Immunol. 2021, 12, 783030. [CrossRef]

84. Wheater, G.; Elshahaly, M.; Naraghi, K.; Tuck, S.P.; Datta, H.K.; Van Laar, J.M. Changes in bone density and bone turnover in
patients with rheumatoid arthritis treated with rituximab, results from an exploratory, prospective study. PLoS ONE 2018, 13,
e0201527. [CrossRef]

85. Al Khayyat, S.G.; Falsetti, P.; Conticini, E.; D’Alessandro, R.; Bellisai, F.; Gentileschi, S.; Baldi, C.; Bardelli, M.; Cantarini, L.;
Frediani, B. Bone-sparing effects of rituximab and body composition analysis in a cohort of postmenopausal women affected by
rheumatoid arthritis—Retrospective study. Reumatologia 2021, 59, 206–210. [CrossRef]

86. Hamar, A.; Szekanecz, Z.; Pusztai, A.; Czókolyová, M.; Végh, E.; Pethő, Z.; Bodnár, N.; Gulyás, K.; Horváth, Á.; Soós, B.; et al.
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