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Psoriasis is a chronic inflammatory disease of the skin and joints associated with several
comorbidities such as arthritis, diabetes mellitus and metabolic syndrome, including
obesity, hypertension and dyslipidaemia, Crohn’s disease, uveitis and psychiatric and
psychological diseases. Psoriasis has been described as an independent risk factor for
cardiovascular diseases and thus patients with psoriasis should be monitored for the
development of cardiovascular disease or metabolic syndrome. However, there is
mounting evidence that psoriasis also affects the development of osteoporosis, an
important metabolic disease with enormous clinical and socioeconomic impact. At
present, there are still controversial opinions about the role of psoriasis in osteoporosis.
A more in depth analysis of this phenomenon is of great importance for affected patients
since, until now, bone metabolism is not routinely examined in psoriatic patients, which
might have important long-term consequences for patients and the health system. In the
present review, we summarize current knowledge on the impact of psoriatic inflammation
on bone metabolism and osteoporosis.
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BONE METABOLISM AND OSTEOPOROSIS

Bone undergoes continuous modeling and remodeling, a process involving the coordinated action
of osteocytes, the bone resorbing osteoclasts, and bone-forming osteoblasts (1). Osteocytes originate
from osteoblasts and are the most abundant bone cells embedded in the bone. Activation of
osteocytes by microcracks and microfractures via their mechanosensing capability triggers
recruitment of osteoclast precursors to the specific bone site and subsequent osteoclast
differentiation and bone resorption. Bone remodeling starts with the induction of a resorption
cavity by activated osteoclasts (2). Osteoclasts are multinucleated giant cells differentiating from the
monocyte/macrophage lineage in the presence of monocyte/macrophage colony–stimulating factor
(M-CSF) and the receptor activator of nuclear factor kB (NF-kB) ligand (RANKL) (2). In the course
of bone resorption, products of osteoclasts induce recruitment of mesenchymal stem cells (MSCs)
and/or osteoprogenitors. After differentiation into osteoblasts, these bone forming cells start to
produce bone extracellular matrix including collagen type I, osteocalcin, proteoglycans, bone
sialoprotein and osteopontin until the resorbed bone is entirely replaced by a new one. Finally,
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osteoblasts enclosed in the new bone matrix differentiate into
osteocytes. Mineralization of the osteoid completes the bone-
remodeling cycle. In healthy bone remodeling, a well-balanced
activity of osteoblasts and osteoclasts is controlled by
coordinated signaling mechanisms.

The continuous building and degradation of bone can be
disturbed by many factors such as hormones and pro-
inflammatory factors that interfere with osteoblast function or
osteoclast activity. Hyperactivity of osteoclasts or insufficient
activity of osteoblasts results in bone loss— known as
osteopenia — which finally leads to osteoporosis and enhanced
bone fragility (3). Osteoporosis is associated with reduced bone
mineral density (BMD), impaired bone microarchitecture, and
decreased strength resulting in increased bone fragility. Estrogen
deficiency and age-related changes are the cause of primary
osteoporosis (3). Estrogen deficiency in post-menopausal
women causes osteoporosis in about 50% of women (3).
Interestingly, both bone resorption and bone formation are
increased in postmenopausal osteoporosis, but the enhanced
bone resorption surpasses that of increased bone formation
resulting in a net bone loss (4). In contrast, aging is associated
with a reduction of both bone formation and resorption. The
overall consequences of these age-related changes are cortical
thinning, enhanced cortical porosity, thinning of the trabeculae
and loss of trabecular connectivity, all of which reduce bone
quality and finally the strength of the bone (3, 5). In addition,
vitamin D or calcium deficiency, reduction of physical activity, or
therapeutic interventions like long-term glucocorticoid
treatment are related to secondary osteoporosis (4).
Inflammation has been identified as a potential risk factor for
osteoporosis. Inflammation is characterized by the activation of
cells of the innate and adaptive immune system resulting in the
production of inflammatory cytokines perpetuating
inflammation but also supports bone degradation and inhibit
bone formation. Indeed, a relationship between inflammation
and bone disease has been observed in a variety of chronic
inflammatory diseases such as rheumatoid arthritis,
spondylarthropathies, periodontal diseases, inflammatory
bowel disease, coeliac disease, chronic lung inflammation
including asthma, chronic obstructive pulmonary disease or
alveolitis, and renal diseases (6). Animal studies showing
systemic bone loss in experimental models of inflammation
supported these data. Bone loss may be mediated by direct
effects of inflammation (7, 8). In addition, poor nutrition,
catabolic state of inflammatory diseases, reduced body mass,
decreased physical activity and long-term glucocorticoid
treatment may contribute to inflammation-associated bone loss
(6). In a patient population with recent-onset rheumatoid
arthritis, increased bone loss was clearly associated with the
inflammatory activity of the disease demonstrating the impact of
inflammation itself on bone metabolism (9). Epidemiological
studies demonstrate that even a small rise in the degree of
systemic inflammation can stimulate bone loss and thus, may
be an independent risk factor for fractures (9).

Since many cytokines involved in the regulation of bone
metabolism also underlie the inflammatory background of
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psoriasis, we summarize current data on the impact of
psoriatic inflammation on bone loss.
CLINICAL FEATURES AND
PATHOGENESIS OF PSORIASIS

Psoriasis is a chronic inflammatory skin disease affecting over 60
million adults and children worldwide (10, 11). Skin
manifestations are variable, but in classical cases include red,
scaly plaques particularly on the extensor surfaces of elbows,
knees and on the scalp. But there are also pustular variants that
display localized or generalized pustulosis, with a quite different
clinical behavior and relative treatment resistance compared to
plaque-type variants. Moreover, a significant proportion (20%)
of the psoriasis patients suffer from arthritis, which
characteristically affects the distal extremities but also big joints
(10). In recent years, a substantial number of reports have shown
that psoriasis may be regarded as a systemic disease (12–14).

The underlying pathogenesis of psoriasis has many overlaps
with other chronic inflammatory diseases such as Rheumatoid
arthritis, Crohn’s disease and Lupus erythematosus, and it is
currently discussed whether psoriasis may also be regarded as an
autoimmune disease. Indeed, it shares many features with other
autoimmune diseases such as mechanisms of chronic
inflammation, a major role of TNFa in its pathogenesis and an
involvement of gene loci similar to those of other autoimmune
diseases (15, 16). A candidate autoantigen has recently been
identified for psoriasis but its clinical relevance is not completely
clear (17).

Psoriasis is a polygenic disease with a strong genetic
background, which is in many ways linked to the
immunophenotype (15). The evidence for the genetic
background came from the observation that siblings of psoriasis
patients have a several fold enhanced risk of disease development
compared to siblings of non-affected persons (18). In earlier
studies, genetic associations were described for the major
histocompatibility (MHC) locus on chromosome 6, which
harbors the human leukocyte antigen (HLA) genes and a
number of other immune genes such as TNFa (19). A strong
association was observed for the HLA-C allele Cw6 (HLA-Cw6 is
present in almost half of all patients while only in less than 10% of
the control population). In more recent genome-wide association
studies, a number of additional psoriasis risk variants in common
alleles of the general population were identified (20–24). Among
significant associations were single nucleotide polymorphisms
(SNPs) in the MHC class I region, in genes encoding for IL12B,
IL23A and IL23R, IL2/IL21, TNFAIP3 and TNIP1, ZNF313, and
epidermal/antimicrobial genes such as SLC12A8, HBD (human b-
defensin gene) and the LCE (late cornified envelope) gene cluster.
These findings support a role of the TNFa and IL-23/IL-17
pathways for psoriasis pathogenesis. TNFa-induced protein 3
(TNFAIP3) and TNFAIP3-interacting protein 1 (TNIP1) interact
with the nuclear factor kappa B (NF-kB) pathway, that plays a
central role in mediating TNFa mediated inflammatory signals.
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The pathogenesis of psoriasis is based on an interaction
between different cell types such as epidermal keratinocytes,
antigen-presenting cells and T cells which constitute a pro-
inflammatory environment (25, 26). The initiation phase of
psoriasis is not completely understood, but a number of
reports have emphasized the role of antimicrobiotic peptides
(AMP) and dendritic cells in the initial phase of the immune
reaction (10, 27, 28). Epidermal keratinocytes in psoriasis are
primary targets of multiple triggers of the environment such a
traction forces, chemicals and microbes and are activated to
produce a number of pro-inflammatory molecules including
short nucleotides and antimicrobial peptides. Subsequently
plasmacytoid dendritic cells are activated in the dermal
compartment to produce IFN-a in the context of a number of
other cytokines such as IFN-g, TNFa, and IL-1b, which leads to
activation of myeloid dendritic cells (Figure 1). The downstream
cascade of cytokines includes IL-23, IL-17, IL-22 and IFNg,
which further activate keratinocytes. Activated keratinocytes
show high proliferation rates and further increase the
production of a number of pro-inflammatory chemokines such
Frontiers in Immunology | www.frontiersin.org 3
as CXCL1, CXCL8, and CCL2 and AMP such as S100A7/8/9,
human b-defenin 2 (hBD2), lipocalin 2 (Lcn2), and the
cathelicidin LL37 (29).

The putative pathogenic role of the microbiota (the sum of all
microbes that collectively inhabit a given ecosystem) has been
described in a number of chronic inflammatory and other diseases
(30). Based on current knowledge, the skin and gut microbiota
appear to be involved in psoriasis pathogenesis as described by a
number of recent reports (31–33). In one report, using 16S rRNA
sequencing for the analysis of the skin microbiota, there was an
increased abundance of the phylla Firmicutes and reduced
abundance of Acinetobacter in lesional skin compared to control
skin (32). The relation changed during treatment. Similar findings
were mentioned in a recent review article (34). Moreover, regarding
the genus level, the most significant findings were increased
amounts of Prevotella and Staphylocoocus in lesional compared
to non-lesional skin (32). Although performed with a limited
number of patients, this study provided significant evidence for a
role of the microbiota in psoriasis. This might open future
perspectives for innovative treatment approaches as skin-targeted
FIGURE 1 | Schematic representation of major inflammatory mediators in psoriasis pathogenesis. Epidermal keratinocytes (KC) in psoriasis are targeted by multiple
triggers of the environment such as infection, trauma, traction forces and chemicals and are subsequently activated to produce short nucleotides and antimicrobial
peptides (AMPs) such as LL37 and S100 proteins, and chemokines. Activated dermal plasmacytoid dendritic cells (pDC) produce IFN-a in the context of a number
of other cytokines such as IFN-g, TNF-a, and IL-1a/b, which leads to activation of myeloid (inflammatory) dendritic cells. Activated dendritic cells produce cytokines
such as IL-23 inducing Th1 and Th17 and Th22 differentiation of T cells. IL-17, IL-22 and IFN-g produced by these cells further activate keratinocytes. Activated
keratinocytes show high proliferation rates and disturbed differentiation leading to epidermal acanthosis and support the inflammatory reaction.
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bacteriotherapy directed against Staphylococcus aureus
overrepresentation in skin lesions has successfully been tested in
atopic dermatitis (35). In another, more recent study using
metagenomic shotgun sequencing, which allows a broader
differentiation regarding bacterial diversity compared to classical
16S rRNA sequencing, it was shown that the overall richness of
metagenomic bacterial species of the gut microbiota was lower in
patients with psoriasis compared to controls (33). Two species of
the genus Blautia were more prevalent in psoriasis compared to
healthy controls. Moreover, evidence was provided for gut
metabolic modules active in psoriasis lesions. Taken together,
these recent studies suggest that the skin and gut microbiota play
a role in psoriasis pathogenesis. However, larger studies and in
depth molecular analyses of the direct pathogenic mechanisms are
still needed.

Based on current knowledge, the most important and targetable
inflammatory mediators include the cytokines TNFa, IL-23 and
IL-17, with the knowledge about TNFa being much larger than
that of the IL-23/IL-17 axis because of earlier discovery and long-
term usage as target for antibody treatment (Figure 1). IL-23 itself
supports the development of IL-17-secreting CD4+ memory T cells
(Th17 cells) which then affect other cell types. These findings have
led to the recent development of highly effective antibody treatment
(biologics) targeting TNFa, IL-23 and IL-17, or downstream
pathways, with an ever growing list of new inhibitory antibodies
(10). Since a common feature of many of the active inflammatory
pathways in psoriasis use the Janus kinase/Signal transducer and
activator of transcription (JAK/STAT) system, more recent studies
take advantage of these findings to establish small molecule JAK
inhibitors for treatment of psoriasis (36). Although data from
phase-III clinical trials are promising so far, no JAK inhibitor has
been approved from treatment of this disease.

Taken together, pathogenic mechanisms observed in psoriasis
involve a number of different cytokines of the T cell immune
response and TNFa signaling.
PATHOGENIC RELATIONS OF BONE
METABOLISM AND CHRONIC
INFLAMMATION IN PSORIASIS

Dysregulation of the complex interplay between epidermal
keratinocytes, antigen-presenting cells and inflammatory T cells
promotes the proliferation and attenuates the differentiation
of epidermal keratinocytes resulting in the thickened,
hyperproliferative epidermis characteristic for psoriatic plaques
(10, 28, 37, 38). Importantly, the sustained and uncontrolled
inflammatory response in psoriasis is not restricted to the skin.
Associations of psoriasis with comorbidities such as
cardiometabolic disease, stroke, and metabolic syndrome and
the underlying mechanisms have been reviewed in detail in a
number of recent reports (11, 39, 40). In psoriasis, a plethora of
alarmins (e.g., AMP, DNA fragments), adipokines, pro-
inflammatory cytokines and chemokines, as detailed above,
conduct the interplay between immune and non-immune cells.
A meta-analysis of 63 studies containing 2876 psoriasis patients
Frontiers in Immunology | www.frontiersin.org 4
and 2237 healthy controls showed an increase of a multitude of
cytokines in patients with psoriasis (41). Many of these mediators
might be able to interfere with both osteoblast and osteoclast
differentiation, activation and function and therefore might
connect psoriatic inflammation and bone metabolism
(Figure 2). Indeed, stimulation of skin organ cultures with
TNFa, IL-17, osteopontin, or IL-33, cytokines known to be
central in the pathogenesis of psoriasis stimulated the expression
of pro-osteoclastogenic factors in the skin that in turn promoted
the differentiation of monocytes into osteoclast precursors (42).

Antimicrobial Peptides
As mentioned above, keratinocytes within psoriatic skin lesions
produce a wide variety of AMP including cathelicidin, b-
defensins, S100 proteins (S100A7, A8, A9 and A12), RNase 7,
lysozyme, elafin, and neutrophil gelatinase-associated lipocalin 2
(43). Epidermal expression of S100A8 and S100A9 is a hallmark
of psoriasis. Serum levels of S100A8/S100A9 correlate with
disease activity in psoriasis patients (44). Moreover, S100A8
and S100A9 are located in the psoriasis susceptibility locus 4
(45). Toll-like receptor 4 (TLR4) has been described as one
receptor. Binding of S100A8/A9 to TLR4 induces an
inflammatory response in target cells. Consistently, deletion of
S100A9 reduces psoriasis-like inflammation in mice (46). In
addition to its antimicrobial action, AMP display chemotactic
and angiogenic function, and regulate cell proliferation (47).
Expression of several S100 proteins such as S100A4, A7, A8, A9
and A12 are highly up-regulated in lesional skin and serum of
patients with psoriasis. All of them correlated with disease
activity (48). Most of them are able to modify the fine-tuned
balance of osteoblast-osteoclast activation and thus might
contribute to bone loss during chronic psoriatic skin
inflammation (Figure 2). S100 proteins might also indirectly
interfere with the fine-tuned balance of osteoblast-osteoclast
activation by induction of inflammation. S100A8/A9 stimulate
the production of pro-inflammatory factors and matrix
metalloproteinases (MMPs) in different cell types including
endothelial cells and monocytes/macrophages (49). In addition,
direct effects of S100 proteins on osteoblasts and osteoclasts have
also been described. In detail, extracellular S100A4 inhibits
mineralization activity of osteoblasts via a receptor for
advanced glycation end products (RAGE)-dependent activation
of the NF-kB signaling pathway (50). Promotion of osteoclast
differentiation from human monocytes by S100A12 and
stimulation of osteoclast formation by S100A8 have been
described earlier (51, 52). S100A9 stimulates directly the
differentiation of monocytes to osteoclasts as well as indirectly
by induction of IL-6 and RANKL production via engagement
with RAGE and TLR4 signaling in osteocytes (53, 54)

Lipocalin 2 (Lcn2) is an antimicrobial protein as well as adipokine
associated with obesity and insulin resistance. Serum Lcn2 levels and
tissue Lcn2 expression are elevated in psoriatic patients and correlate
with the severity of itching (55, 56). Lcn2 is highly expressed in
psoriatic skin by neutrophils and keratinocytes driving the
infiltration of neutrophils and formation of neutrophil extracellular
traps (NET). In an imiquimod-induced mouse model of psoriatic
inflammation, application of Lcn2 exacerbated erythema and scaling
June 2022 | Volume 13 | Article 925503

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Saalbach and Kunz Psoriasis and Bone Metabolism
and increased the gene expression of pro-inflammatory cytokines,
chemokines and the cytokines of the IL-23/IL-17 axis (57). In
addition to its pro-inflammatory action, Lcn2 has been identified
as a mechanical loading sensor. Its expression increases with resting
while physical activity reduces its expression. Lcn2 overexpression
inhibits osteoblast differentiation and stimulates the production of
IL-6 and RANKL, which in turn supports osteoclastogenesis (58).
However, Lcn2 levels were unchanged in osteoporotic patients
compared to healthy subjects and did not correlate with BMD
(59). In contrast, Lim et al. observed that serum Lcn2 levels
predict future risk of osteoporotic fractures (60).

TNFa
TNFa is produced by macrophages, T cells, dendritic cells (DC),
neutrophils, as well as by non-immune cells such as fibroblasts.
It provides a pro-inflammatory microenvironment allowing
an appropriate adaptive immune response. Indeed, the
implementation of TNFa blockers into the clinic revolutionized
the management of psoriasis and other chronic inflammatory
diseases (61). In addition to its pro-inflammatory action, TNFa
promotes bone resorption either directly or by stimulating RANKL
Frontiers in Immunology | www.frontiersin.org 5
and macrophage colony-stimulating factor (M-CSF) expression in
osteoblasts, stromal cells and osteocytes (8). Blocking TNFa results
in reduction of RANKL-positive osteocytes and osteoclast formation
in diabetic rats in a model of periodontitis (62, 63). TNFa does not
induce osteoclastogenesis alone, but it cooperatively supports
osteoclast differentiation from bone marrow-derived macrophages
via the NF-kB pathway in the presence of RANKL (63).

IL-6 Cytokine Family
The IL-6 cytokine family includes a variety of cytokines such as IL-
6 and oncostatin M (OSM) (64, 65). Classical IL-6 signaling is
induced by IL-6 binding to the membrane-bound IL-6 receptor,
triggering the association with the signal-transducing gp130
receptor subunit and formation of a heterohexameric complex
consisting of IL-6, IL-6R, and gp130. OSM binds with low affinity
to gp130 and then recruits either leukemia inhibitory factor (LIF)
receptor or OSM receptor. Formation of receptor complexes leads
to the activation JAK family of tyrosine kinases and subsequent
activation of STAT as well as PI3K-Akt, the p38 and JNK MAPK
pathways (66, 67). OSM is mainly produced by haematopoietic
cells including T cells, monocytes, macrophages, DC, neutrophils,
FIGURE 2 | Schematic representation of the relationship of psoriasis and osteoporosis. Apart from vitamin deficiency, life-style factors and anti-psoriatic treatment with
e.g., glucocorticoids, the sustained and uncontrolled inflammatory response in psoriasis has a negative impact on bone metabolism contributing to osteoporosis.
Psoriasis-associated factors including antimicrobial peptides (S100 proteins, lipocalin 2 (Lcn2)), IL-6, IL-17 directly inhibit osteoblast differentiation, while oncostatin M
(OSM) promotes it. On the other hand, psoriasis-associated factors directly support RANKL-induced osteoclast differentiation and indirectly promote osteoclast
differentiation by stimulation of RANKL expression. In addition, sustained expression of pro-inflammatory mediators, antimicrobial peptides and chemokines initiates a
vicious cycle of inflammation which in turn interferes with both osteoblast and osteoclast differentiation and may thereby connect chronic psoriatic inflammation to
impaired bone metabolism.
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eosinophils and mast cells, while IL-6 is produced by a broad range
of both haematopoietic and nonhaematopoietic cells (66, 67).
Skeletal abnormalities including craniosynostosis and progressive
scoliosis in patients with missense mutations of gp130 reflect the
importance of gp130 signaling during skeleton development (66).
Consistently, genetic deletion of gp130 in osteoblasts results in
reduced trabecular bonemass, suggesting that cytokines interacting
with gp130 may play an important role in bone metabolism (66).

IL-6 is a pleiotropic proinflammatory cytokine and the most
abundant cytokine in the circulation. IL-6 is significantly elevated
in psoriasis and serum IL-6 correlates with psoriasis area and
severity index (PASI) scores in patients with psoriasis (64). It is
expressed by keratinocytes, fibroblasts, endothelial cells, DC,
macrophages, and Th17 cells and exerts pleiotropic effects
including support of keratinocyte growth, stimulation of cytokine
and chemokine production by keratinocytes, macrophages and
DC, differentiation of Th17 cells, increase of adhesion molecule
expression on endothelial cells, and promotion of neutrophil
differentiation (68). However, blocking of IL-6 does not improve
psoriatic skin inflammation neither in genetic mouse models of
psoriatic inflammation nor in patients (69). In contrast, successful
therapeutic approaches for various rheumatic diseases by targeting
the IL-6 pathway underlines the importance of IL-6 in bone
metabolism (70). IL-6 acts on several levels on bone remodeling
resulting in a net bone loss. It is able to 1) directly promote
osteoclastogenesis, 2) induce secretion of pro-osteoclast mediators
like RANKL, IL-1, parathyroid hormone-related protein, and
prostaglandin E2 (PGE2) and 3) facilitates osteolysis through
inhibition of osteoblast differentiation (71). Consistently, IL-6
knock out mice display a phenotype of increased bone mass (72).
In humans, serum IL-6 levels are highly predictive of femoral bone
loss in the first decade after the menopause and IL6 gene
polymorphisms are associated with bone mineral density (8, 73).

OSM, mainly secreted by T-cells, monocytes/macrophages,
DCs, and neutrophils exerts pro-inflammatory functions by
stimulation of AMP and chemokine expression and diminishes
keratinocyte differentiation. Overexpression of OSM by
intradermal injection of adenovirus vectors induces skin
inflammation including leukocyte accumulation, increased
expression of pro-inflammatory cytokines, chemokines and
AMP, epidermal hyperplasia, keratinocyte proliferation, and
inhibits keratinocyte differentiation (74). In humans, OSM is
up-regulated in inflammatory skin diseases associated with
chronic itch such as psoriasis, atopic dermatitis and cutaneous
T cell lymphoma. Consistently, OSM is upregulated in mouse
models of atopic dermatitis and psoriasis (65). However, OSM is
not required for psoriasis-like imiquimod-induced skin
inflammation since genetic deletion of OSM did not affect the
psoriatic phenotype in this setting (74).

Several mouse models prove that OSM promotes both bone
anabolism and catabolism (75). In detail, mice with global
deletion of OSM receptor display higher trabecular bone mass,
which was associated with reduced numbers of osteoclasts as well
as decreased bone formation suggesting that OSM stimulates
both bone resorption and bone formation (76). Overexpression
of OSM in knee joints in vivo results in increased numbers of
Frontiers in Immunology | www.frontiersin.org 6
osteoclasts and enhanced juxta-articular bone loss caused by
increased RANKL expression. On the other hand, application of
OSM into the tibia, joint or periosteum stimulates bone
formation in mice (76). In vitro, OSM supports differentiation
of osteoblasts from MSC dependent on OSMR/gp130-activated
STAT3 signaling and inhibits sclerostin expression (75). Taken
together, OSM is a multifactorial cytokine, highly expressed in
psoriatic skin and exerts both anabolic and catabolic effects on
bone. The impact of OSM in psoriasis-induced bone loss is a still
open question.
IL-23/IL-17 AXIS

One hallmark of psoriasis is the up-regulation of IL-17A in the
skin. A significant positive correlation between IL-17 serum
levels and disease activity in psoriasis has been shown (77). IL-
23 produced upon activation of dendritic cells induces the
development of IL-17- and IL-22-secreting CD4+ T cells.
Keratin 17, the antimicrobial peptide LL37 and the
melanocytic autoantigen ADAMTSL5 are discussed as auto-
antigens in psoriasis (17, 78, 79). IL-17 and IL-22 induce
epidermal hyperproliferation, neutrophil attraction into the
skin, and activation of keratinocytes to produce chemokines
and AMP that in turn promote a sustained pathogenic immune
cell infiltration (61). IL17- and IL-22-dependent induction of
psoriasis-like skin inflammation upon injection of IL-23 into
mouse ears highlights the role of IL-23, IL-17 and IL-22 as
master regulators in psoriasis (80, 81). The strong reduction of
disease activity in psoriatic patients upon blocking IL-17 by
neutralizing antibodies highlights the outstanding role of IL-17
in the pathogenesis of psoriasis. In addition, there is substantial
evidence that IL-17 is involved in the development of
comorbidities in psoriasis (82).

Recently, Uluckan et al. described a pivotal role of IL-17 in
psoriatic inflammation induced bone loss (83). They observed
lower bone volume and less bony trabeculae in patients with
psoriasis without joint involvement compared to healthy
controls. Consistently, osteocalcin (OCN) and procollagen type 1
N-terminal propeptide (P1NP), serummarkers for bone formation
were also shown to be reduced in these patients, while markers for
bone resorption such as C-terminal telopeptide of type 1 collagen
(CTX) or the RANKL/osteoprotegerin (OPG) ratio were not
affected. These data were confirmed by an own study showing
that patients with psoriasis have decreased serum P1NP level
independent of age, sex and weight while CTX-I was unaffected
(84). Importantly, serum IL-17A levels were inversely correlated to
bone volume and serum OCN and P1NP levels (85). The relevance
of IL-17A in control of bone metabolism has also been emphasized
in post-menopausal women suffering from osteoporosis. These
patients showed elevated serum concentrations of IL-17A, which
correlated negatively with bone mineral density (86). These data
were confirmed in different genetic mouse models of psoriatic
inflammation as well as in the imiquimod-induced psoriatic
inflammation model (84, 85). Cell differentiation and
June 2022 | Volume 13 | Article 925503
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mineralization assays on calvarial and bonemarrow stromal cells in
the presence of recombinant IL-17A showed that IL-17A reduces
the mineralization capacity and expression of osteoblast
differentiation marker by inhibiting the Wnt signaling pathway
in osteoblasts and osteocytes. Rescue of bone loss and Wnt target
gene expression upon blocking of IL-17A in a genetic mouse model
of psoriatic inflammation, supports the pathogenic role of IL-17 in
inflammation-induced bone loss (85). Consistently, ovariectomy-
induced bone loss is prevented in IL-17 receptor deficient mice or
upon blocking IL-17 (85, 87).

Regarding IL-17 effects on osteoclasts data are controversially
discussed (88). In vivo gene transfer of IL-17A via tail vein injection
resulted in systemic IL-17 expression. In this setting, IL-17 increased
response of precursors cells to M-CSF and RANKL by stimulation
M-CSF-R and RANK expression and enhanced serum tartrate-
resistant acid phosphatase (TRAP), resulting in bone destruction as
detected by micro-computed tomography (CT) (89). Yago et al.
describe a stimulatory effect of IL-17 on osteoclastogenesis (90). In
contrast to the data described above (85), other studies did not show
any effect of IL17 on osteoclast development (91). At least the
discrepancy in the in vitro studies might be explained by the
different source of precursor cells used in these studies. Sprangers
et al. demonstrated that the different monocyte subtypes used as a
source for osteoclast precursors in these studies are able to
differentiate into osteoclasts in vitro but osteoclastogenesis and
subsequent bone resorption was distinctly affected by IL-17A (92).

Taken together, psoriasis is accompanied by attenuation of
bone metabolism via IL-17. These data also suggest that blocking
IL-17 might reverse inflammation-induced bone loss in addition
to the improvement of the skin manifestations in patients with
psoriasis. However, until now, bone quality is not routinely
assessed in psoriatic patients and data about bone loss in
patients with psoriasis before and after treatment with IL-17
blocking antibodies are still lacking.
VITAMIN D DEFICIENCY IN PSORIASIS

Vitamin D deficiency is a main risk factor of both psoriasis and
osteoporosis. Vitamin D3 is naturally synthesized in the
epidermis from its precursor 7-dehydrocholesterol upon the
action of UVB after sun exposure. Keratinocytes express
CYP27A1 and CYP27B1 enzymes that convert the pre-vitamin
D3 into its active form, 1,25(OH)2 vitamin D3 that is also
released into the circulation (93, 94)

Vitamin D regulates the metabolism of calcium and phosphate
as well as parathyroid hormone (PTH) secretion and is thus
indispensable for the maintenance of bone integrity. Vitamin D
deficiency results in an imbalance in the calcium/phosphate ratio
and finally leads to bone mineralization disorders such as
osteoporosis. The central role of vitamin D in bone turnover is
reflected by the support of anti-osteoporotic therapies via
supplementation of vitamin D (94). Vitamin D deficiency in
psoriatic patients and an inverse correlation between serum 25
(OH) vitamin D and disease severity has been reported in several
studies (57, 95). In line with this, keratinocytes within psoriasis
Frontiers in Immunology | www.frontiersin.org 7
lesional skin express lower levels of CYP27A1 and CYP27B1 (96).
In addition, patient’s behavior such as covering psoriatic skin for
cosmetic reasons might cause lower sun exposure and vitamin D
production. Thus, vitamin D deficiency in psoriasis might
contribute to altered bone metabolism in psoriasis (Figure 2).
ANTI-PSORIATIC THERAPIES

Anti-psoriatic therapies include topical treatment with
glucocorticoids or retinoids and systemic treatment such as
methotrexate, cyclosporine, corticosteroids, fumarate and
several biologics targeting the key players in psoriasis (TNFa,
IL-17 and IL-23) or their signaling pathways.

Among the anti-psoriatic therapies corticosteroids display the
strongest impact on bone. The negative effect of systemic
glucocorticoid treatment on bone is well known and termed
glucocorticoid-induced osteoporosis, the most common
secondary cause of osteoporosis. About 30% of all patients
treated with systemic glucocorticoids for more than 6 months
develop glucocorticoid-induced osteoporosis (97). However,
topical treatment with glucocorticoid is widely used in
psoriasis (Figure 2). A nationwide retrospective cohort study
showed that use of high cumulative amounts of topical
corticosteroids was associated with an increased risk of
osteoporosis and osteoporotic fractures (98).

The effect of methotrexate on bone has not been extensively
studied. Recent studies did not find an increased fracture risk in
psoriasis patients treated with methotrexate, compared to those
who did not receive methotrexate (99). An in vitro study
demonstrated that methotrexate attenuates the differentiation of
osteoblast precursors and thus bone formation (100). However, the
anti-inflammatory effect might overwhelm these potential
deleterious effects of methotrexate on bone (101).

Like glucocorticoids, calcineurin inhibitors such as
ciclosporin A cause severe and rapid trabecular bone loss. It is
able to inhibit the osteoblast differentiation via calcineurin-
nuclear factor of activated T cells (NFAT) signaling. However,
the effect of ciclosporin A on bone metabolism has been mostly
studied in patients with solid organ transplants (101).
LIFE STYLE FACTORS

Life style factors such as smoking, physical activity, alcohol
consume can affect bone metabolism. Importantly, most of these
life style factors are affected in psoriatic patients (Figure 2).

Cigarette smoking is an important risk factor for osteoporosis.
There is a direct relationship between tobacco use and decreased
bone density (102). Tobacco affects the calciotropic hormone
metabolism, intestinal calcium absorption, sex hormone
production, adrenal cortical hormone metabolism, RANK-
RANKL-OPG system and displays direct effects on bone cells
(102). In addition, smoking indirectly affects bone metabolism
since smokers often have less weight, consume more alcohol, are
less physically active or have a poor nutrition status. Interestingly,
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psoriatic patients have a higher incidence of smoking habit as well
as an increased consume of cigarettes per day compared with
patients without psoriasis (103, 104).

Studies in humans and animals indicate that chronic heavy
alcohol consume strongly impairs bone quality and may support
the development of osteoporosis (105). Alcohol has toxic effects,
suppresses osteoblastic differentiation of bone marrow cells and
promotes adipogenesis (106). A systematic literature search
provided evidence that alcohol consumption is greater in
psoriasis patients than in the general population (107).

Physical activity is a powerful stimulus for bone generation and
metabolism. Mechanical stress mediated by muscle contraction
and exercise increases bone density. Inactive bone such as during
gravidity loss during space flight, after spinal cord injury, or
prolonged bed rest, leads to loss of bone mass (105). Patients
with psoriasis exhibit decreased total physical activity. A significant
negative correlation between physical activity and disease severity
as well as life quality index has been observed in psoriasis patients
(108). A survey of hospitalized patients with psoriasis revealed that
patients with psoriasis have a decreased physical exercise and
lower-intensity activity compared to healthy controls. Psoriasis
itself may lead to either physical impairment and/or a decrease in
life quality (109). Lower physical activity might contribute to the
development of obesity, cardiovascular disease or decreased bone
formation in psoriasis.
EPIDEMIOLOGICAL ASSOCIATION OF
BONE METABOLISM AND CHRONIC
INFLAMMATION IN PSORIASIS

The high expression of pro-inflammatory mediators in psoriasis
and their crucial role in bone remodeling suggests an involvement
of these mediators in inflammation-related bone loss. Although
there are controversial data regarding the osteoporosis risk in
psoriatic patients the majority of studies describe a decreased
BMD in patients with psoriasis. In the HUNT3 study including
48,194 participants and few smaller studies, no association between
psoriasis and bone fracture risk, BMD or higher prevalence of
osteoporosis has been observed in patients with psoriasis (110–
115). However, in the last years several large-scale population
studies and smaller studies reported a positive correlation (116–
122). An association of osteoporosis with a previous diagnosis of
psoriasis was observed in a longitudinal study using data of the
health insurance database in Taiwan with 17,507 osteoporosis
patients and 52,521 controls (116). Consistently, in a large cross-
sectional study in the U.S., an association of psoriasis and psoriatic
arthritis with osteopenia, osteoporosis, and ankylosing spondylitis
has been observed (117). The risk of osteopenia/osteoporosis was
dependent on the average duration of psoriatic disease (123).
Recently, Lee et al. used two different protocols to evaluate the
association of psoriasis and osteoporosis. The group showed in a
large scale study using the Korean National Health Insurance that
the risk of osteoporosis was higher in psoriasis patients than in
control participants. In a second approach they found that the
prevalence of psoriasis was significantly higher in osteoporosis
Frontiers in Immunology | www.frontiersin.org 8
patients than in controls (122). A meta analysis showed an
increased risk of fractures in patients with psoriasis/psoriatic
arthritis (124, 125). Raimondo et al. showed increased serum
RANKL levels and osteoclast differentiation as well as activity in
monocytes from psoriatic patients with severe skin disease in
comparison to those with mild skin disease (42).
CONCLUDING REMARKS

Taken together, emerging evidence suggest that patients with
psoriasis, with and without psoriatic arthritis, are at greater risk
for osteopenia/osteoporosis. The mechanism may be related to
chronic inflammation in psoriasis. However, drugs used for
treatment such as corticosteroids, reduced physical activity, and
life style can also promote development of osteoporosis in these
patients. Epidemiological studies as well as in vitro and vivo studies
suggest that it might be advisable to monitor BMD in patients
with psoriasis.

Evaluation of bone quality in patients with psoriasis before and
after treatment with neutralizing antibodies would answer the
question of the contribution of specific cytokines to the
development of inflammation-induced bone loss in psoriasis.
There is an ongoing clinical trial, (METABOLyx trial, EudraCT
no. 2016-001671-79, NCT03440736), addressing this question. An
exploratory biomarker sub-study determines bone metabolism
serum markers such as P1NP, CTX, RANKL, OPG, sclerostin,
sThy-1 at baseline, week 16 and week 28 during treatment of 50
patients with psoriasis with secukinumab (126). This study will give
first hints whether targeting IL-17 alters bone metabolism in
addition to its great impact on skin inflammation. Since only
overweight patients are included, the data might be difficult
to interpret.

Regarding the great impact of osteoporosis on morbidity,
mortality and life quality of patients as well as on socioeconomic
factors, further studies are needed to define this issue to find the
best treatment for skin and bone disease.
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