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Proopiomelanocortin (POMC)-derived peptides such as melanocortins and �-endorphin (�-ED) exert their pleio-
tropic effects via binding to melanocortin receptors (MCR) and opioid receptors (OR). There is now compelling
evidence for the existence of a functional POMC system within the osteoarticular system. Accordingly, distinct
cell types of the synovial tissue and bone have been identified to generate POMC-derived peptides like �-ED,
ACTH, or �-MSH. MCR subtypes, especially MC1R, MC2R (the ACTH receptor), MC3R, and MC4R, but also the �-OR
and �-OR, have been detected in various cells of the synovium, cartilage, and bone. The respective ligands of
these POMC-derived peptide receptors mediate an increasing number of newly recognized biological effects in
the osteoarticular system. These include bone mineralization and longitudinal growth, cell proliferation and
differentiation, extracellular matrix synthesis, osteoprotection, and immunomodulation. Importantly, bone
formation is also regulated by the central melanocortin system via a complex hormonal interplay with other
organs and tissues involved in energy metabolism. Among the POMC-derived peptides examined in cell culture
systems from osteoarticular tissue and in animal models of experimentally induced arthritis, �-MSH, ACTH, and
MC3R-specific agonists appear to have the most promising antiinflammatory actions. The effects of these
melanocortin peptides may be exploited in future for the treatment of patients with inflammatory and de-
generative joint diseases. (Endocrine Reviews 33: 623–651, 2012)
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I. Introduction

Proopiomelanocortin (POMC) is a multifunctional pre-
cursor protein for several biologically active hor-

mones that include ACTH, the MSH (�-, �-, and �-MSH),
and the endogenous opioid �-endorphin (�-ED). These
peptides play an important role in a diversity of physio-
logical processes including energy homeostasis, adrenal
function, sexual activity, thermoregulation, nociception,
exocrine gland activity, immune function, and pigmenta-
tion. Although originally characterized as neurohormones
induced by stressful signals in context of the classical
hypothalamic-pituitary-adrenal (HPA) stress axis, it is
now established that POMC and its derived peptides can
also be autonomously generated in a number of peripheral
tissues, e.g. the skin (1). Here, receptors for POMC peptides
have been identified in various resident cell types where they
elicit biological effects far beyond the initially identified ac-
tion of their ligands. A very fascinating aspect of POMC-
derived peptides is their immunomodulatory potential, es-
pecially that of melanocortin-derived peptides (2).

This review aims at bringing the POMC system in bone
and cartilage into the spotlight of physicians and scientists
working in related fields. First, the basic biology of POMC
gene regulation and POMC processing is presented fol-
lowed by a brief description of the various POMC peptides
receptors and their principal signal transduction path-
ways. Subsequently, the basic biology of the osteoarticular
system and pathologies of the two most common osteo-
articular diseases affecting large segments of the Western
population, osteoarthritis (OA) and rheumatoid arthritis
(RA), are described. This is followed by a chapter dedi-
cated to clinical observations pointing toward a functional
role of POMC-derived peptides in bone and cartilage of
man. After that, the many lines of evidence are presented
that collectively demonstrate that the osteoarticular sys-
tem is a direct target organ and source of POMC peptides.
Finally, results from preclinical studies with melanocortin
peptides as well as �-ED in animal models of arthritis and
OA will be reviewed. Special focus will be on open ques-
tions and perspectives of POMC-derived peptides as a fu-

ture treatment for degenerative and inflammatory joint
diseases.

II. Basic Biology of POMC, POMC-Derived
Peptides, and Their Receptors

A.Regulation of POMC gene expression
The human POMC gene is composed of three exons

(86, 152, and 833 bp long) and two large introns (Fig. 1).
Exon 1 is untranslated, whereas parts of exon 2 code for
the signal sequence. Exon 3 codes for the bioactive POMC-
derived peptides that are generated after proteolytic process-
ing of POMC (3). Only the full-length POMC transcript
(1200 bp) is functional because smaller transcripts, e.g. the
800-bp transcript lacking exons 1 and 2, are neither pro-
cessed nor secreted (4). POMC gene expression is highly
complex and involves several cis-acting elements in the 5�
region upstream of exon 1 but also within the intron 2 of the
POMCgene.The trans-actingelements that regulatePOMC
transcription in the pituitary include on one hand transcrip-
tion factors with limited neuroendocrine tissue expression,
i.e. pituitary homeobox 1, T box factor, and neurogenic dif-
ferentiation factor, and on the other hand ubiquitously ex-
pressed factors including members of the orphan nuclear re-
ceptorfamily(Nur77,Nurr1,andNOR1),nuclear factor-�B
(NF-�B), and signal transducers and activators of transcrip-
tion (5) (Fig. 1). Glucocorticoids acting via glucocorticoid-
responsive elements repress POMC transcription. Interest-
ingly, the POMC promoter contains neither a cAMP-
responsive element consensus site nor a Ca2�-responsive
element. CRH, the most upstream player of the HPA axis
and the factor responsible for the circadian expression of
the POMC gene in the pituitary, thus uses some of the
above trans-acting elements in a synergistic and not fully
understood manner to drive POMC transcription. In pe-
ripheral cell types, e.g. those of the skin, proinflammatory
stressors including UV light irradiation, proinflammatory
cytokines such as IL-1 and TNF are typical inducers of
POMC gene expression (1). POMC gene induction by
proinflammatory signals may be associated with up-reg-
ulation of POMC peptide receptors to confer a concerted
action of POMC-derived peptides during the stress re-
sponse as demonstrated for melanin pigmentation of
mammalian skin (6).

Expression of the POMC gene is further controlled by
an epigenetic mechanism involving hypermethylation of a
CpG-rich island upstream of the exon 1 in the 5� POMC
promoter region (7) (Fig. 1). In contrast to the pars ante-
rior of the human pituitary gland in which POMC is phys-
iologically expressed, the POMC promoter of many pe-
ripheral tissues is constantly methylated.
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B. POMC processing into biologically active peptides
After translation, the approximately 30-kDa POMC

precursor protein is further processed by prohormone
convertases (PC). These are Ca2�-dependent serine endo-
proteases of the subtilisin/kexin type that cleave behind
the consensus sequence (K/R)-(X)n-(K/R)2 (cleavage site),
where n � 0, 2, 4, or 6 and X is any amino acid except Cys
(8). PC1/PC3 and PC2 are considered the classical POMC
processingenzymes,althoughpairedbasicaminoacid-cleav-
ingenzyme4(PACE4)andfurinconvertasehavebeenshown
to process POMC as well. PC1 cleaves into ACTH and �-
lipotropic hormone, whereas PC2 further processes ACTH
and �-lipotropic hormone to the various MSH as well as
�-ED (Fig. 1).

Of note, the N-terminal amino acid
sequence of ACTH is contained within
the tridecapeptide �-MSH. Moreover,
ACTH and the various MSH share the
central pharmacophore His6-Phe7-
Arg8-Trp9. Based on this structural ho-
mology and the originally discovered
stimulatory effect on frog melano-
phores and cells of the adrenal gland,
these peptides are the bona fide mela-
nocortin peptides. In contrast, �-ED is
grouped within the family of endoge-
nous opioids. �-MSH but not ACTH
requires N-acetylation and C-amida-
tion by C-terminal carboxypeptidases,
�-amidating monooxygenase, and N-
acetyltransferase to obtain full biolog-
ical activity. Although POMC is con-
sidered a precursor protein for the
above biologically active peptide hor-
mones it should be noted that recently
POMC has been demonstrated to pos-
sess weak melanotropic activity in
vitro (9). The mechanism of this effect
of POMC is unknown.

C. Receptors for POMC-derived peptides

1. Melanocortin receptors (MCR)
The melanocortin peptides ACTH

as well as �-, �-, and �-MSH bind with
high affinity to MCR. They belong to
the superfamily of G protein-coupled
receptors with seven transmembrane
domains (10). Five MCR subtypes,
MC1R–MC5R, have been cloned that
have a sequence homology of 39–
61% to one another at the amino acid
level. The MCR subtypes bind mela-

nocortin with different affinities. MC1R binds both
ACTH and �-MSH with almost equal affinity, whereas
MC2R is selective for ACTH. However, ACTH also binds
to MC3R, MC4R, and MC5R, although �-MSH is the
preferred ligand for MC3R and �-MSH the preferred li-
gand for the MC5R (Table 1). Ligand stimulation of all
MCR leads to activation of Gs followed by adenylate cy-
clase activation and intracellular increase of cAMP (11).
The cAMP response of cells after melanocortin peptide
stimulation depends on the expressed MCR subtype but is
also largely influenced by the experimental conditions as
well as by cell type-specific determinants of cAMP signal-
ing. Examples have been described in which MCR-

Figure 1.
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Figure 1. Regulation of POMC gene expression and POMC peptide synthesis. POMC expression
is tightly orchestrated involving 1) transcriptional regulation at various cis-acting elements
within the central pituitary promoter located upstream of exon 1; 2) epigenetic regulation, i.e.
methylation of CpG islands of the pituitary promoter region as well as of exon 1; 3)
transcription of all three exons to generate full-length POMC transcripts including the signal
sequence of POMC protein encoded by exon 2; and 4) posttranslational processing of POMC
protein by the action of specific PC. PC cleavage sites are indicated as arrowheads pointing
upward. Dotted lines depict enlarged regions within the gene, mRNA, or protein. Note that
additional cis-acting elements outside the central pituitary promoter region, e.g. within exon 1
or those within intron 2 (so-called weak peripheral promoter) are not depicted for the sake of
clarity. Numbers indicate the length of selected POMC-derived peptides. CLIP, Corticotropin-
like intermediate lobe peptide; JP, junctional peptide; LPH, lipotropic hormone; NT, N-terminal
peptide.
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expressing cells respond significantly to nanomolar doses
of �-MSH with various biological responses, whereas
changes in intracellular cAMP are minimal or even non-
detectable (12, 13). Calcium mobilization from intracel-
lular stores after stimulation of cells with melanocortin
peptides has also been demonstrated for MC1R and MC3–
5R-expressing cells (14). Controversial results on calcium
flux, however, were found in MC2R-expressing cells includ-
ing those of the adrenal gland upon treatment with ACTH
(15–17).There is increasingevidence thatat leastMC1Rand
MC4R stimulation with respective ligands can activate
MAPKincludingMAPK1/2andp38(18–20).Ofnote,when
combined with proinflammatory costimuli such as IL-1 or
TNF,melanocortinpeptideshavebeenwidely shownto sup-
press signal transduction pathways linked to inflammation,
and immune responses. This has been most extensively dem-
onstrated for various MC1R-expressing cell types in which
�-MSH can significantly attenuate activation of the redox-
sensitive nuclear factor-�B NF-�B (2).

Gene expression analyses, in vivo studies using targeted
disruption of MCR and human genetics, have provided
combined evidence that pigmentation, adrenocortical ste-
roidogenesis, energy homeostasis, natriuresis, erectile re-
sponses, energy homeostasis, and exocrine gland secretion
are physiologically regulated by the melanocortin system
(21). However, advances in the detection methods of
MCR and application of novel biological readouts suggest
a role of the POMC system beyond the originally discov-
ered functions of melanocortin peptides. MC1R was orig-
inally detected mainly in melanocytes and neural cells but
has been detected in a myriad of other resident cell types
of many nonneural organs. These include cell types of the
immune system and of skin and other organs (2). MC2R
is primarily expressed by the adrenal gland but has also
been detected outside this classical endocrine organ as will
be described below. Although MC3R and MC4R are con-
sidered receptors typically expressed by neural tissues,

there is further recent evidence that functional MC4R are
present in some nonneuronal cell types, e.g. in specialized
cells of the hair follicle and epidermal melanocytes (22,
23). MC5R expression, in contrast, has early been con-
sidered to be broadly expressed in a diversity of tissues
including muscle, heart, and exocrine glands (2).

2. Opioid receptors (OR)
The POMC peptide �-ED binds to OR which are also

G protein-coupled receptors (Table 1). �-ED has high af-
finity for both the �-OR (MOR) and �-OR (DOR) (24). In
contrast, �-ED has little affinity for the �-OR (KOR), the
bona fide receptor for dynorphins. The signaling events
elicited by �-ED are complex and different compared with
MCR-mediated responses. Typically, stimulation of cells
with �-ED reduces forskolin-induced cAMP synthesis.
However, both, inhibitory and stimulatory effects on ad-
enylate cyclase have been reported (25). Moreover, acti-
vation of phospholipase C, MAPK, or inwardly rectifying
potassium channels as well as induction of calcium influx
can occur upon �-ED stimulation. Interestingly, some of
the opioid-mediated effects of �-ED appear to be MOR
independent (26). In analogy to MCR, MOR and DOR
have been detected in an increasing number of extraneural
tissues and nonneuronal cells indicating functions of �-ED
far beyond antinociception (24).

III. Basic Biology of the Osteoarticular System

A. Anatomy of the subchondral bone in diarthroidal joints
In the human knee joint, the hyaline articular cartilage is

separated from the bone marrow cavity by the subchondral
bone plate (Fig. 2). This plate is normally composed of two
layers: themineralizedcartilage,whichiscontiguouswiththe
deepest part of the articular cartilage, and a layer of lamellar
bone, which is in contact with the marrow and gives rise to
the supporting subarticular trabeculae. At the interface be-
tween the layer of calcified cartilage and the adjacent artic-
ular cartilage is the so-called tidemark, a region that is also
referred to as the mineralization front or calcified line. At the
junction of the tidemark and the articular cartilage, a higher
level of calcification is present compared with surrounding
areas; this demarcation is recognized radiographically as the
limit of the joint space. The collagen fibers, which are ar-
ranged as a meshwork within the articular cartilage, pass
through the region of the tidemark and are embedded within
the layer of calcified cartilage. In some instances, these col-
lagen fibers can be traced through the layer of calcified car-
tilageas faras the so-calledcement line,which is the interface
between the calcified cartilage and the underlying, closely
attached lamellar bone (27). Depending upon the joint, the

TABLE 1. Binding affinities of POMC-derived peptides
to their respective receptors

POMC peptide receptor Natural ligand and affinity

MCR
MC1R �-MSH � ACTH �� �-MSH
MC2R ACTH
MC3R �-MSH � ACTH � �-MSH
MC4R �-MSH � ACTH �� �-MSH
MC5R �-MSH � ACTH � �-MSH

OR
MOR EM-1/2 � �-ED
DOR Enkephalinsa �� �-ED
KOR Dynorphinsb �� �-ED

a Derived from proenkephalin.
b Derived from prodynorphin.
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subchondral bone plate varies in thickness. The trabeculae
arising from there are referred to as supporting trabeculae
and, together with the additional bony components, are in-
cluded under the term subarticular. Thus, the subarticular
spongiosaandthesubchondralboneplate formthesubchon-
dral bone (28).

The anatomy of the subchondral region is highly vari-
able. These variations include the contour of the tidemark
and cement line, the number and type of perforations in
the subchondral bone plate, and its thickness, density, and
composition. Differences in the trabecular structure and
mechanical properties of weight-bearing and non-weight-
bearing areas have also been recognized (29, 30).

B. Cartilage types of the osteoarticular system
Hyaline cartilage, the predominant cartilage tissue of dia-

throidal joints, is a highly specialized connective tissue of
mesenchymal origin (Fig. 2). The only cell type within this
tissue is the chondrocyte embedded in its self-contrived ex-
tracellular matrix (ECM). This ECM is composed of a fibril-
lar compartment of collagen fibrils filled with an extrafi-
brillar compartment, rich in proteoglycans. Unlike other
connective tissues, cartilage does not contain blood vessels

and is not deeply innervated by nerve
fibers. Therefore, oxygen and nutrient
supply of chondrocytes is low and de-
pends on diffusion from surrounding
tissues, e.g. from the perichondrium.
This leads to low growth rates and, af-
ter injury, to limited repair (31, 32).

Hyaline cartilage occurs in two types
in various locations within the body. As
permanent cartilage, the tissue persists
throughout life in ears, in various struc-
tures of the airways, and in diarthroidal
joints. Permanent articular joint carti-
lage covers the surface of bones and is
able tobearvery largecompressive loads
without distortion and allows smooth,
frictionless movement of the joints. The
resident cells, the articular chondro-
cytes, produce and maintain their sur-
rounding ECM comprising collagens
(predominantly collagen II, with smaller
amounts of collagens VI, IX, and XI)
(33) and proteoglycans (predominantly
aggrecan with smaller amounts of
decorin, biglycan, and fibromodulin)
and further noncollagenous matrix
proteins (34).

Articular cartilage is composed of
four different horizontal regions (Fig.
2). 1) The superficial tangential zone is

composed of thin collagen fibrils in tangential array that
are associated with a high concentration of decorin and a
low concentration of aggrecan. Here the chondrocytes are
flattened and disc shaped. 2) The middle, transitional zone
is filled with radial bundles of thicker collagen fibrils and
with chondrocytes that adopt a rounded or spherical
shape. 3) In the deep radial zone, the proteoglycan content
is high and collagen bundles are thickest and are arranged
in a radial fashion. Here, the chondrocytes are rounded
and arranged in columns. 4) The calcified cartilage zone
islocated immediately below the tidemark and above the
subchondral bone. It is characterized by rounded chon-
drocytes in uncalcified lagunae and the absence of pro-
teoglycans. The calcified zone persists after growth plate
closure as the tidemark and serves as an important me-
chanical buffer between the uncalcified articular cartilage
and the subchondral bone. From the superficial to the deep
zone, cell density progressively decreases, whereas cell vol-
ume and the proportion of proteoglycan relative to colla-
gen increase (35–37).

In addition to the horizontal matrix subdivisions, a
circumferential differentiation of matrix components

Figure 2.

Figure 2. Schematic representation of the general structure of human articular cartilage. This
drawing is representative for a large adult diathroidal joint (knee or hip) and shows the
different horizontal zones of articular cartilage in connection with the subsequent layers of
subchondral bone and the subarticular spongiosa. The chondrocytes residing in the calcified
cartilage zone are hypertrophic. All terms are explained in the text.
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into pericellular, territorial, and interterritorial matri-
ces around each chondrocyte is described. The pericel-
lular matrix is composed mainly of thin filaments of
collagen VI associated with noncollagenous proteins
and small proteoglycans as decorin and biglycan (38,
39). The territorial and interterritorial zones consist of
collagen networks with differing diameter and with the
thickest fibrils being located in the interterritorial area.
This collagen network consists primarily of type II col-
lagen fibrils with type XI collagen located within the fibril
core and type IX collagen integrated into the fibril surface
with the noncollagen domain projecting outward, permit-
ting association with other matrix components and reten-
tion of proteoglycans (32, 40).

Resilience resistance of the cartilage matrix to load is
provided by the large proteoglycan aggrecan, which is at-
tached to hyaluronic acid polymers via link protein. The
half-life of aggrecan core protein ranges from 3–24 yr and
is essential for protecting the collagen network, which has
a half-life of more than 100 yr if not subjected to inap-
propriate degradation. The collagen network provides the
tensile strength to resist compressive forces.

A large number of other noncollagenous molecules, in-
cluding biglycan, decorin, fibromodulin, the matrilins,
and cartilage oligomeric matrix protein (COMP), are also
present in the matrix. Interactions between type IX colla-
gen and COMP or matrilin-3 are essential for proper for-
mation and maintenance of the integrity of the articular
cartilage matrix (41). Perlecan enhances fibril formation
(42), and collagen VI microfibrils connect to collagen II
and aggrecan via complexes of matrilin-1 and biglycan or
decorin (38).

In contrast, transient cartilage or growth cartilage is
destined to be replaced by bone, e.g. during skeletal de-
velopment in the process of endochondral ossification.
Skeletal development is initiated by the formation of the
cartilage templates, located in the growth plates, for the
future bones. The so-called bone anlagen derive from mes-
enchymal progenitor cells (MPC) recruited into areas
where bones are to be built. In these locations, the MPC
condensate, differentiate into chondrocytes, and prefigure
the future bone. In transient growth cartilages, the chon-
drocytes do not have a unique pheno- and genotype. They
change their morphology and the expression of their gene
and protein repertoire according to the progression of the
chondrogenic differentiation process. This process of
bone formation including chondrogenic differentiation of
MPC, chondrocyte proliferation, chondrocyte differenti-
ation, and mineralization is termed endochondral ossifi-
cation. Temporary cartilage occurs also in long bones lo-
cated between the epiphyseal and metaphyseal regions,
where it enables long bone growth until adulthood and in

bone fracture calli, where it is essential for bone reunion
and fracture repair after injuries (43).

C. The process of endochondral ossification
To form growth cartilage as template for long bone

growth chondroprogenitor cells, the MPC have to be
recruited. MPC are not necessarily located in the region
where they are needed but reside at specialized sites
close to the diarthroidal joint as in the bone marrow or
in differentiated tissues such as synovium and perios-
teum. Although a well-defined site for MPC in synovial
tissue is not described, periosteal tissue is known to
contain a specialized region that is the home for MPC.
The best and most described source for MPC is the bone
marrow. Mammalian bone consists of bone cells at
different developmental stages (including osteocytes,
preosteoblasts, and osteoblasts), collagen fibrils, and
mineral deposits such as calcium and phosphate. The
bone cavity is filled with soft bone marrow and blood
vessels. MPC also reside in this bone cavity and are
proposed to give rise to the majority of marrow stromal
cell lineages, including chondrocytes and osteocytes
(44). MPC exist in different commitment and differen-
tiation states, most likely the so-called naive MPC with
true stem cell attributes reside as part of the stroma, but
the MPC with committed osteo-chondroblastic progen-
itor status reside in the osteoblastic niche (45).

After commitment of MPC to the chondrogenic lin-
eage, they usually enter a process called endochondral
ossification (Fig. 3). Endochondral ossification is par-
ticularly important for bone development during em-
bryogenesis and repair as well as for longitudinal
growth of long bones. Within the highly organized
structures of growth plates, located between the epiph-
yseal and the metaphyseal part of long bones, differen-
tiated cartilage cells transit through a temporospatial
cascade of late differentiation events that sequentially
include proliferation and several steps of maturation,
culminating in chondrocyte hypertrophy. Longitudinal
growth is collectively achieved by proliferation and hy-
pertrophic differentiation of chondrocytes, along with
appropriate matrix synthesis. After invasion of blood
vessels from the subchondral bone, the majority of hy-
pertrophic cells undergo apoptosis, and the cartilage
template is remodeled into trabecular bone. The overall
process is regulated by hormones as well as by locally
acting autocrine signals derived from chondrocytes
themselves or by paracrine signals originating from cells
of surrounding tissues, e.g. the perichondrium or sub-
chondral blood vessels. The interaction of chondrocytes
with their surrounding matrix via cell surface receptors
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is thought to play a key role in the regulation of survival,
proliferation, and maturation of cartilage cells (46 –50).

Endochondral ossification can be divided into five
main stages (Fig. 3): 1) commitment and condensation
of mesenchymal progenitor cells to differentiate into
cartilage, which is caused by paracrine factors, such as
fibroblast growth factors (FGF), bone morphogenetic
proteins (BMP), and Hedgehog signaling; 2) differenti-
ation of the condensed MPC into chondrocytes in a
process where the master transcription factor Sox9
plays an essential role in controlling the expression of
many downstream genes specific for cartilage tissue de-
velopment as aggrecan, and collagens IIA, IX, and XI;
3) rapid division and proliferation of chondrocytes and
massive production of the cartilage-specific ECM
mainly consisting of collagen IIB, aggrecan, and hyal-
uronic acid; 4) chondrocytes in the center of cartilage
templates stop to proliferate and increase in size sever-
alfold, thereby entering the hypertrophic state, the com-
position of the ECM (mainly collagen type X and fi-
bronectin) is remodeled, and chondrocytes start to
mineralize their environment with calcium salts; and 5)
invasion of blood vessels is induced, and the hypertro-
phic chondrocytes die by apoptosis. At this stage, os-
teoblast precursors invade the remodeled intermediate
tissue and start forming bone using the cartilaginous
matrix as template and replacing it by a mineralized,
bony matrix.

The regulation of this cascade is highly complex and
involves numerous transcription factors besides Sox9 (Sox
family, Hox family), growth factors such as TGF-�, BMP,

wingless/int (Wnt), and FGF as well as and members of the
hedgehog/PTH family (see reviews in Refs. 43, 46, 51, and
52). The tightly regulated transition of MPC to chondro-
cytes involves not only the time- and space-dependent ex-
pression of transcription and growth factors but also cell-
cell and cell-matrix interactions with the immediate
microenvironment. Cells interact with the ECM or with
other cells using membrane receptors or different types of
adhesion molecules, i.e. N-cadherin, which plays a highly
decisive role in mesenchymal condensation, and these rec-
ognitions translate into intracellular signals affecting gene
expression, cell proliferation, and migration (53–55).
Cell-matrix interactions play a profound role in establish-
ing the mechanical strength necessary to pull the MPC
together to form a condensed cell mass. Cells condense and
subsequently migrate out from the condensation areas, a
process that requires substantial ECM remodeling. Thus,
it is not surprising that the ECM composition is tightly
regulated throughout chondrogenesis to meet the specific
mechanical needs in each step of this morphogenetic pro-
cess (51).

In summary, ECM greatly affects mesenchymal con-
densation in two different ways: it establishes the adequate
mechanical environment and moreover modulates the
concentration or activity of important growth factors like
BMP or FGF. These complex and important roles of the
ECM during mesenchymal condensation still are elusive in
part and are in need of further investigation (51).

A complex interplay between numerous factors derived
from neighboring cells and the immediate tissue environ-
ment is responsible for proper joint formation through

Figure 3.

Figure 3. Sequential steps during development of long bones. A, Different stages of endochondral ossification are shown schematically along with
stage-specific ECM marker proteins; B and C, underlying signaling/growth factors (B) and transcription factors (C) that are responsible for the
transition of the cells into the next differentiation stage and translation into required stage-specific matrix production are indicated below.
[Reproduced from S. Grässel and R. Dreier 2011 Effect of cellular microenvironment and paracrine signals on chondrogenic differentiation of
mesenchymal progenitor cells In: Singh SR, ed. Stem cells, regenerative medicine and cancer. Nova Science Publishers, New York, p 441–467
(236), with permission.]
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endochondral ossification during skeletogenesis and
proper joint homeostasis throughout adult life. However,
disturbance of the delicate balance in tissue turnover to-
ward increased catabolic and anabolic reactions and re-
capitulation of embryonic developmental processes lead
to osteoarticular pathologies such as OA, the most com-
mon form of chronic degenerative joint diseases. A second
major osteoarticular pathology, RA, arises mainly from
inflammatory and proliferative processes in the synovium;
however, both disease entities promote extensive cartilage
destruction resulting in loss of joint function. The next
section will highlight known basic mechanisms that un-
derlie these osteoarticular pathologies.

IV. Osteoarticular Pathologies: OA and RA

A. Inflammatory factors
OA and RA are conditions that affect many tissues of

the joint. However, the basic cellular mechanisms regu-
lating chondrocyte responses are very different in OA and
RA. Although characterized by different etiologies, both
diseases have in common that the activated, inflamed sy-
novial tissue contributes to the disease pathology, al-
though more prevalent in RA, where a proliferating sy-
novial pannus is a highlight of the disease. The most
extensive studied tissue with respect to OA pathophysi-
ology is the articular cartilage and its degradative changes.

In both pathologies, however, the equilibrium in car-
tilage matrix turnover and formation is disrupted, and the
rate of loss of collagens and proteoglycans from the matrix
exceeds the rate of deposition of newly synthesized mol-
ecules. This is largely the result of elevated expression and
increased activity of proteolytic enzymes. In OA, these
degradative enzymes are mainly produced by the chon-
drocytes, whereas in RA, the inflamed synovium is the
major source of cytokine-induced proteinases. However,
synovial inflammation is also occurring episodically in
OA, then being a source of cytokines and cartilage-
degrading enzymes (56). In addition, chondrocytes are ca-
pable of secreting several proinflammatory cytokines such
as IL-1� and TNF, which are found in both RA and OA
joint tissues and fluids. Chondrocytes respond to these
inflammatory mediators by increasing the synthesis of
prostaglandins, proteinases, and nitric oxide (NO) (57).
In both entities, matrix metalloproteases (MMP) and
aggrecanases are the best known and described protein-
ases in joint tissues and synovial fluid because they de-
grade collagens (native and gelatinized) and proteogly-
cans (58, 59). In OA, proteoglycan and collagen II loss
occurs initially at the cartilage surface in the superficial
layer (60), whereas in RA, chondrocyte-derived proteo-

lytic activity is highest at the cartilage-pannus interface
and in deeper zones of the cartilage tissue (61). Addi-
tionally, the synovium is responsible for elevated MMP
levels in the synovial fluid. With respect to matrix syn-
thesis activity, in early RA, collagen II synthesis is im-
paired, whereas in early OA, overall gene expression is
up-regulated and collagen II and aggrecan biosynthesis
is enhanced, which is considered as a compensatory re-
sponse to matrix degradation (62, 63).

Interestingly, adipokines have recently received in-
creased attention in joint diseases because they can have
pro- or antiinflammatory effects in joint tissues and may
serve as a link between the neuroendocrine and immune
systems (64). Leptin expression is enhanced during acute
inflammation, correlating negatively with inflammatory
markers in RA sera (65). Expression of leptin is elevated in
OA cartilage and in osteophytes, and it stimulates IGF-I
and TGF-�1 synthesis in chondrocytes (66, 67). Possibly,
a dysregulated balance between leptin and other adipo-
kines, such as adiponectin, promotes destructive inflam-
matory processes (68). Another adipokine, resistin, plays
a role in early stages of trauma-induced OA and in RA at
local sites of inflammation where the serum level of resistin
is an indicator of disease activity (69).

B. Aging factors
OA is the most common cause for chronic disability in

older adults and rises directly with age. It is of note that OA
is not an inevitable consequence of aging because not all
older adults develop OA and not all joints are equally
affected. It is becoming apparent that aging changes in the
musculoskeletal system contribute to the development of
OA in conjunction with other factors as obesity, joint in-
juries, sex, and genetic disposition. Joint failure in OA is
a consequence of progressive changes in several compart-
ments of the muskuloskeletal system that include sub-
chondral bone, muscle, synovium, ligaments, tendons,
and menisci (70). Chondrocyte senescence promoted by
reactive oxygen species, DNA damage, and mitochondrial
dysfunction likely contributes to the development of OA
in older adults (71). In addition, reduced repair response
most likely due to the reduced ability of cells to respond
properly to growth factor stimulation is a key event in
aging cartilage. Chondrocytes in aged and OA cartilage
are less responsive to TGF-� and IGF-I. The alteration in
signaling in the case of TGF-� seems to occur at the level
of the receptor (altered ratio of the activin receptor-like
kinases) (72). Loss of IGF-I responsiveness might be con-
nected to oxidative stress and increasing reactive oxygen
species levels. Excessive reactive oxygen species level
might lead to aberrant MAPK activation which can con-
tribute to cell senescence (73, 74).
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A gradual deterioration of the immune system known
as immunosenescence occurs with aging. The resulting
failure to mount effective immune responses renders el-
derly individuals more susceptible to infections and to de-
velopment of certain cancers (75). Aging is also associated
with an increase in autoimmunity and in the incidence
of certain autoimmune diseases, such as RA (76 –78).
Individuals with RA are immunocompromised (79),
and accumulating evidence suggests that premature ag-
ing of the immune system contributes to the pathogen-
esis of RA (80, 81). The progressive deterioration of the
immune system with advancing age may therefore pre-
dispose to the development of RA late in life. In addi-
tion, the chronic immune stimulation characteristic of
RA may itself age the immune system and lead to pro-
gression of the disease (82, 83).

C. Genetic association and reinduction of
developmental processes

Evidence exists that developmental disruption of chon-
drogenesis and/or joint formation might predispose to OA
pathogenesis. Mutations in a variety of genes coding for
ECM components or transcription or growth factors
cause dyschondroplastic effects that are often accompa-
nied by early-onset OA (84, 85). Genes involved in carti-
lage development and chondrodysplasia might have
equally vital roles in articular cartilage homeostasis. Pos-
sibly, subtle polymorphisms in these genes might not cause
developmental defects but may predispose to OA and in-
creased susceptibility to RA. Additional, ectopic activa-
tion of these pathways later in life might also contribute to
OA development (50). Similarly, microarray analysis of
cocultures of synovial fibroblasts with chondrocytes in
alginate has identified markers of inflammation and car-
tilage destruction associated with RA pathogenesis (86).

OA pathogenesis commonly includes a switch from ar-
ticular to the growth-plate chondrocyte phenotype and
reinitiation of proliferation and hypertrophic differentia-
tion (87). Many processes associated with chondrocyte
hypertrophy, such as inhibition of Sox9, collagen II, and
aggrecan, induction of MMP-13 expression, chondrocyte
apoptosis, ECM mineralization, and recruitment of blood
vessels and osteoclasts, contribute to OA pathophysiology
(50). A study by Fuerst et al. (88) including 100 patients
with end-stage OA supports the relation between chon-
drocyte hypertrophy and OA. They demonstrated that
cartilage calcification correlates with clinical OA scores
and collagen X expression. The authors state that induc-
tion of hypertrophy in articular chondrocytes leads to ma-
trix calcification and thus is a general feature of OA. This
observation underscores the clinical relevance of chon-
drocyte maturation associated processes for OA patho-

genesis. There are functional studies that suggest that in-
hibition of chondrocyte hypertrophy is a promising
approach for preventing or treating OA. However, those
studies are preclinical attempts in mouse models where
OA was surgically induced (89, 90). Whether there are
clinical and therapeutic implications for the human situ-
ation, where nonsurgical and nontraumatic forms of OA
predominate, remains unclear at this time.

It appears well established that disruption of normal
development of cartilage and joint formation and ectopic
reinduction of developmental processes in adult articular
cartilage both contribute to pathophysiology of OA.
However, early diagnosis of the disease and treatment
strategies that stop, halt, or reverse degenerative processes
in OA are still to be implemented in the clinic.

D. Mechanical loading and biomechanical factors
Biomechanical factors due to trauma and injurious me-

chanical stress are strongly implicated in initiating OA
lesions. Mechanical disruption of cell-matrix interactions
may lead to altered chondrocyte behavior, contributing to
fibrillations, cell clusters, and changes in quantity, distri-
bution, or composition of matrix proteins (91, 92).

Traumatic injury induces general gene expression pat-
terns that lead to increased expression of inflammatory
mediators, cartilage-degrading proteinases, and stress-
response factors (93, 94). Many receptors for ECM com-
ponentsonchondrocytes respondwell tomechanical stim-
ulation (95). Among these are several integrin receptors
that bind to fibronectin and type II collagen fragments,
which then upon activation stimulate the production of
proteinases, cytokines, and chemokines (96).

The main determinants of mechanical properties of
bone are the amount of mineral, the collagen content, the
orientation of the collagen fibers and minerals, and the
accumulation of microcracks in the bone matrix. In a
mouse model of arthritis, mechanical testing has shown
that arthritic femurs have a significantly lower Young’s
modulus, yield stress, and work until ultimate stress. This
evidence suggests that one of the major explanations for
the increased fracture risk in RA is related to the changes
on bone components induced by inflammation that result
in compromised biomechanical properties (97).

Discoidin domain receptor 2, which binds native type
II collagen fibrils, is activated on chondrocytes after loss of
proteoglycans in OA and preferentially induces MMP-13
via p38 MAPK (98). On the other hand, in RA, the cell-cell
adhesion molecule, cadherin-11, is expressed at the inter-
face between the RA synovial pannus and cartilage and
facilitates cartilage invasion and erosion in human RA
tissues in vitro and ex vivo dependent on the presence of
TNF (99, 100). Recent studies indicate that lubricin is an
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important secreted product of chondrocytes, synovial
cells, and other joint tissues that is down-regulated in OA
and RA modulated by cytokines and growth factors (101).
It is possible that normal accumulation of lubricin is im-
paired in OA, leading to a net loss of protein. The content
of this protein produced by the superficial layer of carti-
lage is damaged with aging and OA, and the lubricin gene
is differently expressed in the synovium of RA and OA,
implying a possible role in the pathogenesis of these dis-
eases (102).

E. Contribution of underlying subchondral bone

OA and RA are not exclusively disorders of articular
cartilage. The subchondral bone tightly connected to the
articular cartilage is an important shock absorber, and due
to its intimate connection to the articular cartilage, it plays
an important role in cartilage metabolism. Changes in the
periarticular and subchondral bone may contribute to car-
tilage and joint pathology in both RA and OA. These al-
terations include the presence of microcracks, microe-
dema, microbleeding within the subchondral region, and
the development of subchondral bone cysts (103).

Receptor activator of NF-�B (RANK), a member of the
TNF receptor family, RANK ligand (RANKL), and the
soluble receptor osteoprotegerin regulate osteoclast dif-
ferentiation and activity and are important mediators of
bone destruction in RA. Although RANK and RANKL are
expressed in adult articular chondrocytes, a direct action
in cartilage has not been identified (104). In inflammatory
models, cartilage destruction is not blocked directly by the
inhibition of RANKL, indirect effects may occur through
protection of the bone (105, 106). Runx2-dependent ex-
pression of RANKL is observed in hypertrophic chondro-
cytes at the boundary to the calcifying cartilage during
embryogenesis in the growth plate (107). A link between
RANKL and Wnt has been suggested by findings in
human TNF transgenic mice and RA tissues, in which de-
creased �-catenin and high Dickkopf-1, a Wnt inhibitor,
were demonstrated in synovium and in cartilage adjacent to
inflammatory tissue (106). In contrast, increased �-catenin
was observed in OA cartilage and conditional overexpres-
sion in mouse cartilage leads to premature chondrocyte dif-
ferentiation and development of an OA-like phenotype
(108).

F. Biomarkers in OA and RA

To provide means for monitoring the efficacy of dis-
ease-modifying therapies and to possibly identify patients
at risk for developing joint pathologies, assays to quantify
specific biological markers that indicate altered bone and
cartilage metabolism would be of high clinical interest.

Molecules released from the articular cartilage, mainly
aggrecan fragments, which contain chondroitin sulfate
and keratan sulfate, type II collagen fragments, and col-
lagen pyridinoline cross-links, are usually secreted as deg-
radation products as a result of catabolic processes. Spe-
cific antibodies that detect either synthetic or cleavage
epitopes have been developed to study biological markers
of cartilage metabolism in synovial fluids, sera, and urine
of patients with OA or RA (109–111). Additional markers
in synovial fluid or sera are complete molecules such as
COMP (112), cartilage-derived retinoic-acid-sensitive
protein [also known as melanoma inhibitory activity
(113)], C-reactive protein, IL-6, and MMP-3, which might
be useful as potential biomarkers in RA and OA patients
(35). Assays for biomarkers are frequently applied in
research, and their usefulness in monitoring cartilage deg-
radation or repair in patient populations needs to be eval-
uated carefully. Currently, there is no individual bio-
marker known for the diagnosis and/or monitoring of the
progression of the disease that can be used without being
correlated with structural changes in cartilage identified
by magnetic resonance imaging techniques (112) or ra-
diographic imaging.

In summary, novel mechanisms and molecules have
been identified in addition to a better understanding of
known mediators that contribute to the development and
etiology of OA and RA. There is increasing knowledge
about catabolic and anabolic factors that modify the re-
sponses of joint cells, i.e. synoviocytes, chondrocytes, os-
teocytes, matrix-degrading cells, and immune cells to their
environment. Inflammatory processes during OA and RA
increase bone and cartilage turnover and promote degra-
dation of these tissues. The osteoarticular system responds
to this with an evolutionarily conserved stress response in
analogy to the classical HPA axis, that is increased syn-
thesis of POMC-derived peptides. The next sections will
provide clinical and experimental evidence that the
POMC system and its respective receptors mediate an in-
creasing number of newly recognized biological effects in
the osteoarticular system, which includes bone mineral-
ization and longitudinal growth, cell proliferation and dif-
ferentiation, ECM synthesis, osteoprotection, and immu-
nomodulation. There is increasing evidence for a role of
the POMC system in joint tissue homeostasis that opens
perspectives for POMC-derived peptides as a future treat-
ment for degenerative and inflammatory joint diseases.

V. Clinical Observations Pointing Toward a
Role of POMC-Derived Peptides in Bone and
Cartilage in Man

A. Familial endocrinopathies
In at least two hereditary endocrinopathies with mu-

tations of distinct genes of the POMC system, familial
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glucocorticoid deficiency (FGD) and obesity associated
with MC4R deficiency, abnormalities of the osteoarticu-
lar system have been detected.

FGD, also known as familial Addison’s disease or he-
reditary unresponsiveness to ACTH, is an autosomal re-
cessive ACTH insensitivity syndrome, characterized by
glucocorticoid deficiency in absence of mineralocorticoid
deficiency (114). Due to the feedback loop to the pituitary
gland, glucocorticoid deficiency results in abnormally
high peripheral blood levels of ACTH. Recent advances in
the genetics of this disorder have shown that approxi-
mately 25% of FGD cases are due to mutations in the
MC2R, whereas an additional 15–20% of FGD cases have
mutations in MC2R accessory protein (115). This small
single transmembrane domain protein is required for
proper trafficking of the MC2R to the cell surface (116).
Of note, a tall stature has been reported in several cases
with FGD (117–123), including the originally described
two sisters by Shepard et al. (124). In a case series of five
patients with FGD and mutations of the MC2R, all af-
fected individuals had excessive linear growth over that
predicted from parental indices as well as increased head
circumference (125). However, tall stature and advanced
bone age has also been noted in patients with FGD with no
mutations in the coding and promoter region of the MC2R
gene (126). Upon treatment of these patients with gluco-
corticosteroids, peripheral ACTH levels drop, and the
growth patterns of the bone appear to normalize. Because
no endocrinological explanation for these disturbances of
bone and/or cartilage growth have been found in patients
with FGD, one can speculate on a direct impact of in-
creased ACTH levels and/or MC2R deficiency in cells of
the osteoarticular system (see Sections VI.B, VI.C, and
VII.A). Moreover, it is puzzling that in another ACTH
insensitivity syndrome, triple A syndrome, different ab-
normalities in bone and cartilage have been reported in a
subset of patients (114). Triple A syndrome is character-
ized by the clinical triad ACTH-resistant adrenal insuffi-
ciency, achalasia of the cardia, and alacrimia. Most cases
are diagnosed in the first decade of life by severe hypo-
glycemic episodes (due to isolated glucocorticoid defi-
ciency) and cutaneous hyperpigmentation (due to in-
creased ACTH peripheral blood) levels. A minority of
patients with triple A syndrome display short stature, mi-
crocephaly, and other skeletal abnormalities such as ky-
phosis and scoliosis (114). The completely different mo-
lecular base of triple A syndrome, i.e. mutations in the
ALADIN protein (for alacrima/achalasia/adrenal insuffi-
ciency/neurological disorder) (127) may explain these
phenotypic differences in the osteoarticular system be-
tween patients with the former syndrome and FGD.

Morbid obesity associated with MC4R deficiency is
the second familial endocrinopathy of the POMC sys-
tem that is linked with changes in the osteoarticular
system. This disorder represents the most common
monogenic cause of human obesity with a mostly re-
cessive mode of inheritance (21).

Using whole-body dual-energy x-ray absorptiometry, a
marked increase in bone mineral density was detected in
affected subjects (128). Moreover, total bone mineral con-
tent was enhanced in affected individuals compared with
age- and gender-specific data. Cortical thickness and can-
cellous bone pattern appeared to be normal. Subsequent
studies on the potential mechanism related to this phe-
nomenon revealed that individuals with loss of one func-
tional MC4R allele display a decrease in bone resorption
parameters as demonstrated by reduced serum levels of
Crosslaps carboxyl-terminal collagen cross-links, a bone re-
sorption marker (129). On the other hand, serum levels of
cocaine- and amphetamine-regulated transcript (CART), a
leptin-regulated inhibitor of bone formation (130), were
markedly increased in subjects with MC4R mutations. As
will be discussed below (Section VII.D), these findings in
humans with MC4R deficiency could be recapitulated and
extended in MC4R knockout mice.

B. Acquired endocrinopathies
For several decades, calcification of the auricles has

been reported as a rare clinical sign of Addison’s disease.
The condition mostly occurs in males and often involves
both ears. About 30 cases have been described in the lit-
erature until now (131–145). The true incidence of this
condition in Addison’s disease may be higher because pal-
pation of the auricles is not routinely performed during
medical examination, and patients do not necessarily re-
port complaints. Based on an older roentgenological ob-
servational study, calcification of the auricular cartilage
was detected in six of 120 of patients (5%) with Addison’s
disease (131). Clinically, the auricles are stone-hard and
move only as a rigid unit. The pinna is spared in marked
contrast to gouty arthritis. Anatomically, the auricle is
composed of elastic cartilage, which represents the only
cartilage in the human body that contains elastin. Histo-
logical and radiological examination revealed true ossifi-
cation of the auricular cartilage with development of tra-
becular structures. Interestingly, other sites of metaplastic
calcification including costal cartilage, spinal ligaments,
and the lungs have also been noted in patients with Ad-
dison’s disease (131, 145). The pathogenesis of ectopic
ossification in Addison’s disease remains unclear, and sev-
eral hypotheses have been suggested. Importantly, there
are no signs of proceeding inflammation (such as frost-
bite), and the calcium phosphorous product in peripheral
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blood of the affected patients is often normal excluding
dystrophic and metastatic calcification. However, hyper-
calcemia due to increased calcium mobilization from the
bone, and reduced calcium removal by the kidney is a
well-described complication in Addison’s disease (146–
150). It was therefore suggested that enhanced input of
calcium into the extracellular space and the lack of en-
dogenous corticosteroids via reduced expression of the
calcification inhibitor �2-Heremans-Schmid glycopro-
tein/fetuitin-A promote calcium deposits (139, 144). Co-
hen et al. (139) also suggested that the reduced availability
of corticosteroids could lead to increased proliferation of
mesenchymal stem cells, and decreased synthesis of pro-
teoglycans may promote auricular ossification. The pres-
ence of functional MCR in both human mesenchymal
stem cells (151, 152) and chondrocytes points to addi-
tional mechanisms how increased peripheral blood levels
of ACTH and/or MSH in patients with Addison’s disease
could affect chondrogenic differentiation and ossification
(Sections VI.B and VII.A)

C. In vivo administration of therapeutics activating
POMC peptide receptors

Evidence that melanocortin peptides can control in-
flammatory conditions in the osteoarticular system comes
from clinical studies on patients with OA and gouty ar-
thritis. As early as 1949, it was noticed that parenteral
administration of full-length ACTH has beneficial effects
on OA and gouty arthritis (153–160). Although ACTH
administered to patients with interval gout did not have
ameliorating effects and even appeared to provoke acute
gouty arthritis in some patients (161), it has rapid effects
in acute gout. In one of the initial reports, ACTH was given
in decreasing doses of 100–20 mg/d for 4 consecutive
days, which had ameliorating effects in seven of 11 pa-
tients. In some of the responding individuals, the effect of
ACTH was more pronounced than treatment with colchi-
cine (156). Since then, a number of trials have been per-
formed on ACTH in acute gouty arthritis that collectively
confirmed the role of this POMC peptide as a valuable
therapeutic tool, especially in patients with multiple med-
ical problems or those with contraindications against col-
chicine or nonsteroidal antiinflammatory drugs (162). Al-
though these early observations were initially explained
by the stimulatory effect of ACTH on the adrenal gland
resulting in subsequent induction of endogenous cortico-
steroid synthesis, others already speculated on an alter-
native mode of action (160).

The second clinical observation that further supported
the idea that the osteoarticular system could be a direct
target organ for POMC-derived peptides stems from pa-
tients receiving intraarticular injection of morphine after

arthroscopic knee surgery (163). In a double-blind, ran-
domized trial, it could be demonstrated that intraarticular
injection of morphine has a stronger antinociceptive effect
than the same dose given iv. These findings together with
results from animal studies (164, 165) strongly supported
the existence of functional OR in the knee. It is now ap-
parent that various cell types (neuronal as well as non-
neuronal cell types) of the osteoarticular system express
functional receptors for POMC-derived peptides that can
mediate antiinflammatory, immunomodulatory, and an-
tinociceptive effects of the above therapeutic agents (Sec-
tion VI).

VI. The Osteoarticular System: Direct Target
Organ and Source of POMC-Derived Peptides

A. Synovium and synovial cell types
As early as 1986, POMC-derived peptides have been

reported to be present in the synovial fluid. Denko et al.
(166) examined the synovial fluid of 120 patients with
various rheumatic disorders, especially RA and OA for the
presence of �-ED using RIA. One third of the patients with
RA had synovial fluid levels of �-ED severalfold higher
than serum levels, whereas in two thirds, the opposite was
seen. In accordance with the former authors, significantly
elevated levels of �-ED were found in the synovial fluid of
patients with RA compared with those from OA patients
as reported by a recent study (167). Others confirmed the
presence of �-ED in the synovial fluid of patients with RA
and OA but detected amounts of �-ED higher than in the
plasma only in RA (168). In addition to �-ED, �-MSH
was identified in the synovial fluid of patients with RA,
OA, and juvenile chronic arthritis (169). The levels of
�-MSH were higher in patients with RA than those with
OA. Moreover, in patients with polyarticular/systemic-
onset juvenile chronic arthritis, the concentrations of
�-MSH in the synovial fluid were greater than in those
with pauciarticular disease. There is accumulating evi-
dence that the synovium itself is capable of generating
POMC-derived peptides with subsequent release into the
synovial fluid, especially in response to stress and inflam-
matory signals. Synovial tissue explants from patients
with RA were shown to release �-ED (170). Using an im-
munohistochemical approach, it was further shown that
macrophage-like (CD68�) and fibroblast-like (CD68�)
cells within the synovial lining layers from patients with
OR, RA, and joint trauma express �-ED immunoreactiv-
ity (171). In the synovial sublining, layers of �-ED immu-
noreactivity were mostly detected in granulocytes, mac-
rophages/monocytes, lymphocytes, and plasma cells. In
contrast to the above studies that revealed higher levels of
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synovial �-ED in RA than in OA, cellular �-ED immuno-
staining was more pronounced in patients with OA than
in those with RA. Of note, �-ED immunoreactivity in sy-
novial cells was rarely seen in noninflamed synovial tissue
with minor trauma (171). In support of a stress or inflam-
matory-signal-mediated regulation of POMC-derived
peptides within the joint is the observation that �-ED im-
munoreactivity increases in synovial membrane of the dog
after a low-impact exercise program (172). These data
demonstrate that the synovium as an important interface
within the joint is capable of producing their own POMC
peptides. Future in vitro studies, e.g. on synovial fibro-
blasts, are needed to clarify to which extent and under
what specific stimuli different cell types contribute to the
autonomous POMC system in this tissue. It will be of
interest to investigate the whole POMC processing ma-
chinery, e.g. the various PC responsible for POMC pro-
cessing, in such cell types.

The synovium, however, does not only possess the ca-
pacity to produce POMC-derived peptides. Various cell
types within this tissue express receptors for POMC-
derived peptides. High-affinity binding sites for �-ED
were detected by radioreceptor assays in synovial cells
from patients with RA. Here, RT-PCR revealed tran-
scripts for both the MOR and DOR in cultured synovial
cells as well as MOR immunoreactivity in synovial lining
and sublining cells in situ (173). Reduced phosphorylation
of cAMP-responsive element-binding protein and biolog-
ical responses of RA synoviocytes to nanomolar amounts
of �-ED but not of the KOR ligand dynorphin strongly
suggested the presence of functionally active MOR and
DOR in human synovium, although the precise cell type
that expresses these OR remained unclear. It was subse-
quently shown that fibroblast-like synoviocytes from
healthy individuals express functional MOR and DOR in
vitro, whereas this expression is reduced in patients with
in OA and RA. Interestingly, IL-1� and TNF, both key
proinflammatory cytokines in RA and OA, suppressed the
mRNA level of both OR in RA- and OA-derived fibro-
blast-like synoviocytes (174). Others, however, detected
MOR and DOR immunoreactivity only in nerve fibers
within the sublining tissue of the synovium from patients
with OA and RA (171). Interestingly, neuronal MOR ex-
pression became undetectable in rat synovium in adjuvant
monoarthritic knee joints (175). These findings are in ac-
cordance with the reduction of OR expression in fibro-
blast-like synoviocytes from patients with RA and OA
(174) and suggest that OR in the synovium are regulated
in a stress- and/or disease-dependent manner.

B. Cartilage and chondrocytes
Compared with synovium, less is known about pro-

duction of POMC peptides by chondrocytes. We and oth-
ers (176, 177) detected truncated forms of POMC mRNA
(transcripts related to exon 2) in human articular chon-
drocytes obtained from patients with end-stage OA. How-
ever, POMC transcripts related to exon 2–3 were not de-
tectable (176), suggesting that articular chondrocytes
cannot make POMC protein. In support of these findings,
immunoreactivity for �-lipotropin or �-ED was not de-
tectable in human articular chondrocytes in culture. These
findings suggest that expression of functional POMC
transcripts in human chondrocytes is silenced by methyl-
ation of the POMC promoter. However, no such studies
have been performed on chondrocytes to the best of our
knowledge. In the dog, �-ED immunoreactivity has been
detected in articular cartilage after low-impact exercise
(172), indicating species-specific differences in POMC
gene regulation in chondrocytes, differences in POMC
peptide detection between cell culture systems and carti-
lage in situ, or the possibility that POMC expression is
turned on under distinct proinflammatory conditions.

In contrast to the yet to be established role of chon-
drocytes as potential producers of POMC peptides, it is
now recognized that cartilage is a direct target for
POMC-derived peptides. Before cloning of POMC pep-
tide receptors, the analgesic effect of intraarticular mor-
phine after arthroscopic knee surgery as outlined above
(Section V.C) as well as radioligand studies already sug-
gested the presence of opioid binding sites within the
joint. Accordingly, specific binding of [125I]�-ED was
detected in articular cartilage and in growth plate chon-
drocytes of the rat (178, 179). The binding of the ra-
dioligand could be reduced by naloxone and morphine.
Intra- and periarticular opioid binding was also dem-
onstrated in the dog where experimentally induced ar-
thritis increased [3H]morphine binding (180). Definite
expression of the MOR was later confirmed by RT-PCR
analysis, Western immunoblotting, and immunohisto-
chemistry in human osteoarthritic cartilage and chon-
drocytes. In vitro stimulation of human articular chon-
drocytes with �-ED decreased phosphorylation of the
cAMP-responsive element-binding protein indicating a
functional MOR (181). In addition to the MOR, there
is increasing evidence for expression of MCR in chon-
drocytes. Initially, the MC3R was detected by Western
blotting in rat bone marrow stromal-like cells, in the
clonal multipotential cell line RCJ3.1 as well as in chon-
drocytes isolated from the ribcages of young rats (182).
However, in the human system other MCR than MC3R
appear to be more relevant. We could recently demon-
strate the presence of MC1R, MC2R, and MC5R tran-
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scripts in human articular chondrocytes derived from
patients with OA (177). Protein expression of the
MC1R in these cells was confirmed by Western blotting
and by immunohistochemical staining of OA cartilage.
Here, chondrocytes located in the middle and deep car-
tilage layers were prevalently immunoreactive for
MC1R, whereas chondrocytes in the superficial zone
were negative. Treatment of these chondrocytes with
�-MSH was associated with functional coupling as
shown by cAMP assays but not with a Ca2� response
(177). The detection of MC1R in human articular chon-
drocytes is in accordance with the observation that also
HTB-94, a human chondrosarcoma cell line, likewise
expresses functional MC1R (183).

C. Bone, osteoblasts, and osteoclastic cells
Most studies on POMC peptides and their receptors in

bone have focused on effects of melanocortin peptides
rather than on expression of POMC, POMC-derived pep-
tides, and effects of endogenous opioids. ACTH immu-
noreactivity and ACTH secretion was described in rat os-
teoclastic cells (12), but the significance of this finding
remains to be shown. In addition to cells of the cartilage,
bone-derived cells express multiple MCR subtypes as
demonstrated by independent studies. Using various mo-
lecular biology approaches (RT-PCR, Northern blotting,
ribonuclease protection assay, and in situ hybridization),
Dumont et al. (184) reported the presence of MC4R in
UMR106.06 rat osteosarcoma cells and in primary rat
osteoblasts as well as in the periosteum of newborn Swiss
mouse tibial bones. In primary rat osteoblasts, MC2R and
MC5R transcripts were also detected but not MC1R and
MC3R mRNA. In another study focusing more on the
human system, transcripts of all five MCR were found in
normal human osteoblasts as well as in MG63 and SaOs2
osteosarcoma cells, albeit not all receptors were present in
each cell type (12). All of the above cell types exhibited
MC2R immunoreactivity. Using the MG63 osteosarcoma
cell line as a model, it was further demonstrated that these
cells bind radiolabeled POMC-derived peptides, with the
highest affinity for ACTH and �-MSH. However, stimu-
lation of MG63 osteosarcoma cells with only �-MSH but
not ACTH resulted in a weak (�20%) increase in cellular
cAMP content, although ACTH affected cell proliferation
dose dependently and modulated a battery of target genes
as will be discussed in Section VII.A (12). In situ hybrid-
ization of normal mouse bone tissue further revealed
MC2R labeling in osteocytes and osteoblasts, whereas la-
beling for all MCR was found in chondrocytes in the pro-
liferative zone of the epiphyseal growth plate. Interest-
ingly, the same authors also detected transcripts for all
MCR subtypes in the murine osteoclastic cell line RAW

264.7 as well as in primary rat osteoclasts (12). With re-
gard to bone cells, it was further reported that MG63 cells,
a human osteoblast-like osteosarcoma cell line, expresses
DOR and MOR transcripts as well as the protein (185).
Whether OR are expressed in normal osteoblasts or oste-
oclasts remains to be determined.

In summary, these findings show that multiple nonneu-
ronal and resident cell types of the osteoarticular system
express OR and MCR (Table 2). Via these receptors,
POMC peptides originating from the central nervous sys-
tem (pituitary-osteoarticular axis), from the osteoarticu-
lar system itself (via autonomous POMC peptide produc-
tion), or from other peripheral POMC sources (e.g. from

TABLE 2. POMC peptide receptors expressed in
tissues and cell types of the osteoarticular system

Receptors and tissue (cell type) In vitro cell culture system

MOR
Articular OA cartilage (h) Primary articular chondrocytes

(h)
Fetal long bone (r) Primary fibroblast-like

synoviocytes (h)
Growth plate (r) MG63 (h)
Endosteum (r)
Periosteum (r)
Synovium (nerve fibers) (h)

DOR
Synovium (nerve fibers) (h) Primary fibroblast-like synoviocytes

(h)
MC1R

Articular OA cartilage (h) MG63 (h)
Growth plate (chondrocytes) (m) Primary articular chondrocytes (h)

HTB-94 (h)
Primary osteoblasts (h)
MG63 (h), SaOs2 (h)
RAW264.7 (m)

MC2R
Bone (osteoblasts, osteocytes) (m) Primary articular chondrocytes (h)
Growth plate (chondrocytes) (m) Primary osteoblasts (h), (r)

MG63 (h), SaOs2 (h)
Primary osteoclasts (r)
RAW264.7 (m)

MC3R
Growth plate (chondrocytes) (m) RCJ3.1 (r)

Bone marrow stromal cells (r)
Resting chondrocytes (r)
MG63 (h)
Primary osteoclasts (r)
RAW264.7 (m)

MC4R
Periosteum (m) UMR106.06 (r)
Growth plate (chondrocytes) (m) Primary osteoblasts (h), (r)

Primary articular chondrocytes (h)
SaOs2 (h)
Primary osteoclasts (r)
RAW264.7 (m)

MC5R
Growth plate (chondrocytes) (m) Primary articular chondrocytes (h)

MG63 (h)
RAW264.7 (m)

h, Human; m, mouse; r, rat.
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the immune system) can affect the function of bone, car-
tilage, and synovium.

VII. In Vitro and in Vivo Effects of
Melanocortin Peptides and �-ED in the
Osteoarticular System

A. Growth and differentiation
As pointed out above (Section V), a number of clinical

observations already suggest direct or indirect effects of
the POMC system in cartilage and bone physiology and
pathophysiology.

In support of a role of melanocortin peptides in chon-
drocyte differentiation during endochondral ossification,
adrenalectomized (ADX) rats with elevated ACTH blood
levels have an increase of the proliferative index and the
hypertrophic zone height of the femoral growth plate
(186). It was subsequently shown that ACTH in vitro in-
creases proliferation of rat chondroprogenitor cells, which
raises the possibility that full-length ACTH (amino acids
1–39) at 10�7

M acts on the stem-cell-like layer of the
growth plate and thus increases the number of cells tran-
sitioning from the stem cell phenotype to the proliferative
growth plate layer, thereby increasing the height (182).
Also, melanocortins stimulated longitudinal growth be-
cause sc administration of 50 �g/d �-MSH increased
growth plate proliferative indices in ADX mice above
ADX alone (186). The detection of immunoreactivity for
all five MCR in the femoral growth plate of adult mice, in
particular in the proliferative zone (12), further indicated
susceptibility of chondrocytes for all melanocortin pep-
tides. Because �-MSH is a MC3R agonist, possibly this is
the major receptor involved in regulation of endochondral
ossification, which is supported by its high expression in
rat chondrocytes and chondroprogenitor cells (182). Ad-
ditionally, ACTH was shown to promote rat chondrocyte
differentiation from chondroprogenitor cells and, to-
gether with 10�6

M �-MSH positively to influence chon-
drogenic matrix production (collagen II and aggrecan
expression) in committed chondrocytes. Because both
melanocortins also induce collagen X expression, ACTH
and �-MSH presumably enhance matrix maturation to-
ward the hypertrophic terminal differentiation stage (177,
182). The actions of the melanocortin peptides on chon-
drocytes appear to be mediated via at least two signaling
pathways. In articular chondrocytes from patients with
OA, administration of �-MSH weakly increased intracel-
lular cAMP levels but had no detectable impact on intra-
cellular calcium mobilization (177). On the contrary, in
costal chondrocytes derived from the rat, which are con-
sidered equivalent to resting chondrocytes of the growth

plate, 10�7
M ACTH (amino acids 1–39) evoked transient

elevation of free intracellular Ca2� levels (17). It is likely
that in costal chondrocytes, the ACTH signal is mediated
via the MC3R (17), which is not expressed in articular OA
chondrocytes where expression of only MC1R, MC2R,
and MC5R was detectable (177).

Melanocortins may also target the bone either directly
via MCR expressed in certain bone cells or indirectly via
distinct central circuits within the brain (Section VII.D). It
was originally observed some time ago that �-MSH (and
to a lesser extent also ACTH) administered sc to hypoph-
ysectomized rats modulates periosteal bone resorption.
Accordingly, �-MSH reduced periosteal resorption but
had no effect on the endostal apposition, resulting in an
increased total cortical width (187). Systemic sc adminis-
tration of 4.5 �g �-MSH per day to adult mice resulted in
increased bone turnover and a net loss of trabecular bone
(188), whereas �-MSH has no effect on cortical bone turn-
over (188, 189). The observation that humans who are
deficient in MC4R have increased bone mass (Section
V.A) suggests that melanocortin peptides may modulate
bone turnover possibly via this POMC peptide receptor.
Of note, in vitro administration of �-MSH at 10�8

M in-
creased proliferation of fetal rat osteoblasts (and chon-
drocytes) without affecting their differentiation. In cul-
tures of mouse bone marrow, �-MSH also stimulated the
development of osteoclasts from their precursors but has
no effect on mature osteoclasts. Contrary to �-MSH,
ACTH appears to modulate osteogenic differentiation. In
the human osteoblast-like SaOs2 cells derived from an
osteosarcoma, ACTH had a biphasic effect on transcripts
of collagen type I, the major collagen in bone for which
expression is strongly up-regulated during osteoblast dif-
ferentiation. At 10 nM, ACTH increases collagen I mRNA
and thus differentiation, whereas at lower concentrations,
it also can oppose osteoblast differentiation (190).

B. Inflammatory and immune responses
Proteolytic degradation of the articular cartilage ma-

trix is a hallmark of inflammatory and degenerative joint
diseases such as OA and RA. A key mediator of cartilage
degradation is MMP-13 (known as collagenase-3), with
clearly elevated levels in joint disorders. Yoon et al. (183)
demonstrated that 200 nM �-MSH inhibits TNF-induced
MMP-13 expression by decreasing p38 kinase phosphor-
ylation and thus preventing subsequent activation of the
NF-�B in HTB-94 chondrosarcoma cells. This is in line
with the observation that �-MSH at 10�6

M reduced se-
cretion of pro-MMP-13 and pro-MMP-2 in addition to
suppressing mRNA levels of IL-1� and TNF in articular
chondrocytes (177).
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In contrast to ACTH and MSH peptides that uniformly
acted in an antiinflammatory manner (see Section VIII.A),
the role of �-ED appears to be more complex within the
osteoarticular system. Depending on the examined cell
type and the experimental conditions, both proinflamma-
tory and antiinflammatory effects have been observed
with �-ED. Administered in physiological concentrations
to articular OA chondrocytes, �-ED increased production
of TNF and IL-1� (191) and dose-dependently (60–6000
ng/ml) affected the phosphorylation of several MAPK.
Pharmacological inhibition of p38 and c-Jun N-terminal
kinase furthermore reduced the inductive effect of 60 and
600 ng/ml �-ED on IL-1� production by OA chondro-
cytes, suggesting that these MAPK are intracellular target
molecules of this opioid (192). On the other hand, �-ED
reduced spontaneous release of both IL-6 and IL-8 in sy-
novial fibroblasts from RA patients at concentrations be-
tween 10�7 and 10�9

M. In synovial fibroblasts from OA
patients the modulatory effect of �-ED had a different dose
response. At very low concentrations (10�11 to 10�12

M),
�-ED significantly inhibited whereas at higher doses it
stimulated basal secretion of both cytokines (193). It was
suggested that this shift in the dose-response curve of �-ED
is due to the more proinflammatory situation in RA com-
pared with OA, a concept supported by the absence of
sympathetic nerve fibers in synovial tissue of patients with
RA (194). Interestingly, �-ED at subnanomolar doses had
multiple modulatory effects in synovial cells cultured ex
vivo from rats with collagen-induced arthritis (CIA). It
reduced TNF-induced proliferation and induced apopto-
sis. �-ED also reduced NF-�B activity and attenuated li-
popolysaccharide-induced mRNA expression of TNF, IL-
1�, IL-6, regulated activation, normal T cell expressed and
secreted (RANTES), MMP-2, and MMP-9 (195).

C. Tissue protection
Recently,anothermodulatoryeffectofmelanocortinpep-

tides was unraveled in the context of cytoprotection. Daily sc
administration of 0.2 �g/kg ACTH (amino acids 1–24) pro-
tected against glucocorticoid-induced osteonecrosis of the
femoral head in a mouse model (196). Here, ACTH acted by
stimulating vascular endothelial growth factor (VEGF) pro-
duction, which supported the maturation and survival of
osteoblasts. Induction of VEGF expression and secretion
from osteoblasts appeared to be mediated by MC2R. Glu-
cocorticoids inhibited VEGF synthesis and thus subjected
osteoblastsand theadjacentbonyvascularnetwork tosevere
damage. This microvascular necrosis was associated with
lowACTHlevels,whereasadministrationofACTHreduced
such osteonecrotic symptoms (190).

Endogenous opioids are involved, along with other hu-
moral mediators, in stress-response generation (197). It is

known that stressful situations associated with tissue in-
jury, such as traumatic fractures, induce a decrease in se-
rum osteocalcin concentration (198). Because reduced os-
teocalcin production is considered to be a marker of low
osteoblastic activity, this could be related to the patho-
genesis of secondary forms of osteoporosis. With regard to
bone cells, it was shown that high doses (10�4

M) of the
MOR agonist D-Ala2,N-MePhe4,Gly5-ol-enkephalin in-
hibit osteocalcin secretion by MG63 osteosarcoma cells,
whereas the alkaline phosphatase level was unaffected.
Thus, endogenous opioids may be involved in the reduc-
tion of osteocalcin in stressful situations associated with
tissue injury (185). Most recently, an orally active MOR/
DOR antagonist, H-Dmt-Tic-Lys-NH-CH2-Ph (MZ-2),
was administered at 10 mg/kg � d to female ob/ob (B6.V-
Lep�ob�/J homozygous) and lean wild-type mice with or
without voluntary exercise. Interestingly, this agent de-
creased fat content and serum insulin and glucose levels
and enhanced bone mineral density in obese mice. MZ-2,
furthermore, increased mineral nodule formation in
MG63 osteosarcoma cells at 30 �M. Thus, MZ-2 was sug-
gested to be of potential usefulness in the clinical manage-
ment of obesity and insulin and glucose levels and the
amelioration of osteoporosis (199). It will be therefore
interesting to investigate whether normal osteoblasts like-
wise respond to MOR/DOR agonistic and antagonistic
peptides with modulation of mineralization and thus os-
teoporosis. In summary, these in vitro and in vivo data
indicate that both melanocortin peptides and �-ED affect
various functions of bone and cells that are listed in Tables
3 and 4.

D. Lessons from ablation of specific genes of the
POMC system

In light of the accumulating evidence that the osteoar-
ticular system (via expression of both MCR and OR) is a
direct target and even a source of POMC-derived peptides,
it is of special interest if experimentally induced ablation
of genes of the POMC system will result in any abnor-
mality in bone or cartilage. Although such an approach
may not be sufficient to clarify the functional role of the
POMC system in specific human diseases such as RA or
OA, it will certainly define whether such genes of the
POMC system have a physiological role in the given an-
imal model.

In accordance with the clinical observations on patients
with morbid obesity due to MC4R deficiency (Section
V.A), targeted disruption of the MC4R not only increases
the mean body length (naso-anal) of homozygous and
heterozygous mutant females (200) but also leads to in-
creased bone mass. In an elegant study, it was demon-
strated that the observed abnormal bone parameters in
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MC4R-knockout mice are due to increased expression of
CART in the hypothalamus. Accordingly, removal of one
allele of Cart from mice that are either homozygous or

heterozygous for MC4R either normalized or significantly
improved bone resorption without changing energy me-
tabolism (129). These findings suggest that CART signal-

TABLE 4. In vivo effects of melanocortin peptides and �-ED in the osteoarticular system

Process Effect Molecule Ref.

Antiinflammation Reduction of CIA (m) �-MSH fused to LAP 233
Osteoprotection Reduction of steroid-induced femoral head necrosis (r) ACTH 196
Antiinflammation Reduction of arthritis scores of serum-induced arthritis (m) �-MSH 205
Antiinflammation Reduced arthritis indices of collagen-induced arthritis, reduced

mRNA of TNF-�, IL-2, IL-6, iNOS, RANTES, MMP-2/9 (r)
�-ED 208

Longitudinal growth Increased tibial length, increase in hypertrophic differentiation
and growth plate turnover (m)

�2-MSH 186

Bone turnover and bone volume Reduction of tibial perimeter and length, decrease of fat
mass (m)

�-MSH 188

Antiinflammation Reduction of neutrophil accumulation, reduced IL-1� and IL-6
amounts, reduction of joint swelling in gouty arthritis (r)

ACTH 203

Antiinflammation Reduction of albumin extravasation from knee joint tissue and
reduced leukocyte infiltration in HCl-induced cartilage damage (d)

�-ED 207

Antiinflammation Increase in body weight, reduction of arthritis scores and articular
erosions in adjuvant arthritis (r)

�-MSH 202

Effects are arranged in chronological order. d, Dog; m, mouse; r, rat.

TABLE 3. In vitro effects of melanocortin peptides and �-ED in the osteoarticular system

Process Effect Molecule Cell type Ref.

Cell survival and differentiation VEGF induction, increased survival and
maturation of osteoblasts

ACTH BMSC (h), MG63 (h), osteoblasts (h),
BHSC (h), MC3T3-E1 (m)

196

Proliferation and differentiation Induction of proliferation and
differentiation of osteoblasts

ACTH SaOs2 (h), osteoblasts (h) 190

Gene expression Modulation of mRNA and protein
expression of MMP, IL-6, TNF, Sox9,
and collagens

�-MSH Chondrocytes (h) 177

Modulation of inflammatory
cell responses

Reduction of TNF-mediated MMP-13
expression, reduced p38
phosphorylation and NF-�B
activation

�-MSH HTB-94 (h) 183

Cytokine induction Increased IL-1� secretion, increase of
MAPK 1/2 and JNK
phosphorylation, decrease of p38
phosphorylation

�-ED Chondrocytes (h) 192

Terminal differentiation Increase of intracellular free Ca2 � ACTH Chondrocytes (r) 17
Proliferation and cell survival Decrease in metabolic activity and

induction of apoptosis
�-ED Synovial cells from CIA (r) 195

Cytokine production Reduction of LPS-induced mRNA
expression of TNF, IL-1� RANTES,
iNOS, MMP-2 and MMP9

�-ED Synovial cells from CIA (r) 195

Proliferation Increase of �3H	thymidine
incorporation

ACTH, �-, �-, �-MSH MG63 (h), osteoblasts (h) 184

Cytokine induction Increased IL-1� and TNF secretion �-ED Chondrocytes (h) 191
Proliferation and differentiation Increased proliferation and

osteoclastogenesis
�-MSH Osteoblasts (r), chondrocytes (d),,

BMSC (m), calvaria organ culture
(m)

12

Proliferation and
chondrogenesis

Increased proliferation, proteoglycan
matrix deposition, total collagen
production, and col2a1, col8a1, and
col10a1 gene expression

ACTH BMSC (r), RCJ3.1 (r), chondrocytes (r),
RCJ3.1C5.18 (r)

182

Transcription factor modulation Decreased CREB phosphorylation �-ED Chondrocytes (h) 181
Cytokine production Modulation (mostly reduction) in IL-6

and IL-8 secretion
�-ED Synovial fibroblasts (h) 193

Effects are arranged in chronological order. BMSC, Bone marrow-derived mesenchymal stem cells; BHSC, bone marrow-derived hematopoietic stem cells; d, dog; h,
human; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; m, murine; MC3T3, murine chondrocytic cell line; r, rat; RCJ3.1C5.18, rat chondrocytic cell line.
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ing (within the hypothalamus) may be the main molecular
pathway accounting for the increased bone mass in mice
and man with MC4R deficiency.

Another recent study further extended our current view
on the role of the central melanocortin system in regula-
tion of bone formation. Based on the above studies, it
would be expected that ablation of the primary ligand of
MC4R in the hypothalamus, �-MSH, recapitalizes the
bone phenotype of MC4R-knockout mice. However,
mice with knockout of carboxypeptidase E (CPE), an en-
zyme cleaving carboxyl-terminally extended lysine and ar-
ginine from POMC and other prohormones, are obese but
have an abnormally low bone mineral density. These an-
imals exhibited low bone mineral density and elevated
plasma carboxyl-terminal collagen cross-links 1 and os-
teocalcin, both indicators for enhanced bone turnover.
CPE-knockout mice had increased bone expression of
RANKL, an indicator of osteoclastic activity and osteode-
struction (201). Furthermore, expression of CART was
undetectable in the hypothalamus of these mutant mice.
As expected, POMC processing into �-MSH and ACTH in
the brain, i.e. in the anterior and neurointermediate lobe
of the pituitary gland, was impaired in CPE-knockout
mice, whereas interestingly, peripheral blood levels of ACTH
were normal between control mice and mutant mice.

VIII. POMC-Derived Peptides and
Derivatives: Future Tools for the Treatment of
Inflammatory and Degenerative
Joint Diseases?

A. Preclinical studies with melanocortin peptides
The first evidence that melanocortins can modulate in-

flammation in the osteoarticular system was provided by
Lipton and co-workers (202). �-MSH (50 �g) attenuated
adjuvant-induced arthritis of the rat when injected ip twice
daily for 20 d. In contrast to prednisolone (100 mg/kg),
which also prevented development of arthritis, �-MSH
ameliorated the weight loss observed in control animals
(202). Inspired by the beneficial effect of ACTH in patients
with acute gout (Section V.C), ACTH was later evaluated
in an animal model of gouty arthritis. Local micromolar
amounts of ACTH reduced joint swelling and neutrophil
accumulation as well as the IL-1� and IL-6 levels in a rat
model of gouty arthritis in which monosodium urate
monohydrate crystals are injected into knee joints (203).
Notably, intraarticularly injected ACTH did not alter
plasma cortisol and was also operative in ADX animals,
confirming a local action of this melanocortin peptide
within the joint. The same authors could further show that
rat knee macrophages, presumably derived from syno-

vium, express MC3R immunoreactivity. The rat knee
macrophages responded to ACTH with an increased
cAMP level, suggesting a functional MC3R on these cells.
The antiinflammatory effect of ACTH on experimentally
induced gouty arthritis was blocked by the pharmacolog-
ical MC3R antagonist SHU9119, whereas the selective
MC3R agonist �2-MSH mimicked the action of ACTH
(203). The modulatory effects of �2-MSH in this model of
gouty arthritis are in accordance with the inhibitory action
of this peptide on IL-1� production by mouse macro-
phages, which likewise express MC3R (204).

An endogenous inhibitory and/or protective action of
the MC3R on joint inflammation has been confirmed in
mice with targeted disruption of MC3R. Mice deficient for
MC3R displayed increased joint inflammatory indices (ar-
thritis score, paw volume, cumulative disease, and expres-
sion of various proinflammatory cytokines) compared
with wild-type mice in a model of K/BxN serum-induced
arthritis (205). Interestingly, MC3R�/� mice also had
prominent bone erosion and higher articular expression of
RANKL, a factor crucial for differentiation of macro-
phages into mature osteoclasts. Joint expression of MC3R
but not of MC1R increased during the course of serum-
induced arthritis. Daily sc treatment of wild-type mice
with the MC3R agonist d[Trp8]�-MSH (twice with 5 �g
or twice with 200 �g) for 10–12 d attenuated serum-
induced arthritis from d 2 onward, whereas this antiin-
flammatory action was lost in mice deficient for MC3R.
Interestingly, osteoclastogenesis in MC3R�/� bone mar-
row cells revealed enhanced responsiveness to RANKL
along with sustained DNA binding of NF-�B and in-
creased secretion of NF-�B-dependent chemokines.

In accordance with an antiinflammatory effect of
POMC peptides in the joint is a recent report on POMC
gene delivery in experimentally induced OA (206). Here,
OA was elicited by anterior cruciate ligament-transection
(ACLT) in the knees of Wistar rats. Two weeks after sur-
gery, adenoviral vector encoding human POMC or con-
trol vector was injected intraarticularly. Expression of
POMC was monitored by immunoblotting and immuno-
histochemistry in the knee joints 72 h after POMC gene
delivery. POMC protein amounts appeared to be in-
creased in joint extracts of animals treated with POMC
gene delivery. Immunoreactivity of POMC was markedly
enhanced in chondrocytes and synoviocytes of the knee
joints of rats treated with the POMC adenoviral vector.
Histological evaluation 90 d after ACLT further revealed
lesser cartilage damage, fewer synovial hyperplasia, and
hypertrophia as well as reduced expression of MMP-13 in
the medial femoral condyles from rats treated with POMC
delivery. In addition, the number of microvessels in the
synovium was significantly lower in rats treated with the
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POMC adenoviral vector. Although it is unclear from
the above study how ectopically expressed human POMC
is processed within the rat joint and which POMC-derived
peptide actually exerts the observed beneficial effects on
experimentally induced OA, these findings support the
concept of chondroprotection by the POMC system.

B. Preclinical studies exploiting �-ED and
related peptides

With regard to �-ED there is also evidence for an at-
tenuating property of this POMC-derived peptide in a lim-
ited number of animal models of experimentally induced
arthritis when administered locally or systemically. �-ED
had a dose-dependent antiinflammatory effect on HCl-
induced cartilage damage in the dog. Here, there was no
significant difference between pre- and postinjury injec-
tion of �-ED (207); however, the used doses of �-ED were
supraphysiological, ranging from 250-1000 �g. More re-
cently, Yin et al. (208) reported that systemically injected
�-ED at nearly physiological doses ameliorates arthritis
indices (pad thickness, synoviocyte proliferation, pannus
formation, and bone erosion) in CIA of the rat. �-ED treat-
ment was associated with reduced mRNA levels of pro-
inflammatory cytokines (TNF, IL-2, IL-6, and RANTES),
inducible NO synthase, MMP-2, and MMP-9 and also
modulated the T helper type 1/T helper type 2 response
(208). In light of the proinflammatory actions of �-ED
when administered to human articular chondrocytes in
vitro (see above), these findings are puzzling and indicate
a complex role of endogenous opioids in the osteoarticular
system with possibly species-specific differences with re-
spect to the effects of these peptides on inflammatory re-
sponses. Another reason for the partially contradicting
effects of �-ED in vitro in human chondrocytes and in
models of experimentally induced arthritis may be the fact
that this POMC-derived peptide is not specific for MOR.
Recently, endomorphin (EM)-1 and -2, two highly MOR-
specific agonists (209), were investigated in their antiin-
flammatory potential in a superfusion model of synovial
tissue from patients with RA and OA as well as in exper-
imentally induced polyarthritis (210). EM-1 was more po-
tent than EM-2 with regard to suppression of IL-6 and
IL-8 secretion by synovial tissue. EM-1 had also beneficial
effects on the paw volume of rats after adjuvant (Myco-
bacterium butyricum)-induced polyarthritis. These find-
ings underscore the role of the MOR as an endogenous
modulator of inflammation within the osteoarticular sys-
tem. Moreover, it was suggested by the same authors that
local targeting of the MOR in the osteoarticular system
could be an interesting new strategy for the future therapy
of inflammatory and/or degenerative joint diseases (211).

C. Open questions and perspectives for POMC-derived
peptides in the future treatment of inflammatory and
degenerative joint diseases

Based on the multiple in vitro and the so far reported in
vivo effects of melanocortin and opioid peptides on cells of
the osteoarticular system, the question arises of whether
POMC-derived peptides and derivatives are promising fu-
ture candidates for the treatment of RA or OA. As de-
scribed above, melanocortin peptides and �-ED, via spe-
cific POMC peptide receptors, were shown to target
osteoarticular key cells in these diseases and to modulate
pathogenetically relevant key players including proin-
flammatory cytokines, MMP, NF-�B, or RANKL. How-
ever, in contrast to the reported salutary effects of mela-
nocortin and opioid peptides on experimentally induced
arthritis (adjuvant-induced arthritis, CIA, or monoso-
dium urate-induced or serum-induced arthritis), compar-
atively little is known on the specific impact of POMC-
derived peptides in models of OA (Table 4). It was
reported that POMC gene delivery into knee joints of rats
with ACLT ameliorates the course of OA in rats (206).
However, which POMC-derived peptides mediate this an-
tiarthrotic effect remains to be shown. Future studies have
to confirm this interesting observation and should define
the relative potency of exogenously administered melano-
cortin peptides and opioids in large, medium, and small
animal models of OA, e.g. in surgically induced models
with meniscectomy and/or ACLT (212). In this context, it
will be highly interesting to clarify which specific MCR or
OR confer a chondroprotective function in such models.
In mice with serum-induced arthritis, at least the MC3R
has been shown to exert a tonic antiinflammatory and/or
protective role in the joint (205), although little is known
of the role of other MCR subtypes or OR in these models.
Using MCR- and OR-knockout mice, it should be infor-
mative to dissect the role of the other POMC peptide re-
ceptors in both inducible arthritis models as well as in
transgenic models, e.g. in TNF-transgenic mice, IL-1�-
transgenic, and IL-1 receptor antagonist-deficient mice
(213–215). Because NF-�B is a well-described intracellu-
lar target of melanocortin peptides (2), direct comparative
studies of MSH peptides vs. established antirheumatic bi-
ologicals targeting IL-1� and TNF, e.g. anakinra and et-
anercept (216, 217), will be of great interest.

Clinically, administration of melanocortin peptides to
patients with inflammatory (or degenerative) joint disease
may be a priori more advantageous than application of
opioids due to the lack of addiction of the former agents.
The fact that melanocortins target not only virtually all
cells of the osteoarticular system but also those of the im-
mune system (2, 218) makes these peptides even more
attractive as future therapeutic candidates for RA and re-
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lated diseases where abnormalities in cell-mediated im-
munity have been found. There is compelling evidence that
abnormal cell-mediated immune responses, especially
those of T cells residing in the synovia, play a crucial role
in autoimmune pathogenesis of RA (219). �-MSH, on the
other hand, has been demonstrated to be capable of di-
minishing severity and tempo of experimental autoim-
mune encephalomyelitis presumably by induction of specific
regulatory T cells (220, 221). Therefore, the immunodula-
tory effects of melanocortin peptides may be of special value
for the therapeutic success of these agents in patients
with immune-mediated inflammatory diseases such as
RA. Importantly, melanocortin peptides, albeit target-
ing immune cells, are immunododulators rather than
immunosuppressants. This is in marked contrast to the

majority of established disease-mod-
ifying antirheumatic drugs for RA,
e.g. methotrexate or anti-TNF bio-
logicals, which always bear the inher-
itable risk of uncontrolled infection
and sepsis. Interestingly, �-MSH and
related peptides have been shown to
have antimicrobial effects against gram-
positive bacteria as well as against Can-
dida species (222).

One major challenge encountered
with the clinical use of melanocortin
peptides is their rapid degradation in
vivo. Oral administration of natural
melanocortin peptides may be there-
fore considered impossible. Even iv ad-
ministered full-length �-MSH has a
half-life of only a few minutes (223)
due to the action of serum proteases
suchas trypsin,�-chymotrypsin,amino-
peptidase, angiotensin-converting en-
zyme, prolyl endopeptidase, and neutral
endopeptidase 24.11 (224–228). Re-
cently, another �-MSH-degrading en-
zyme, prolylcarboxypeptidase (PRCP),
also received special attention because
it decreases the amounts of �-MSH in
the hypothalamus and thus via MC4R-
expressing neurons regulates food in-
take (229). PRCP is also expressed in
immune cells and fibroblasts (230),
and interestingly, PRCP activity had
been detected in synovial fluid of pa-
tients with RA some time ago (231).
The latter finding is in accordance with
the detection of PRCP mRNA and pro-
tein expression in both synovial fibro-

blasts and chondrocytes from patients with OA (Böhm,
M., and S. Grässel, unpublished). Therefore, development
of protease-stable MSH analogs with MCR selectivity,
increased potency, but maintained antiinflammatory ef-
ficacy is a prerequisite to successfully bring melanocortins
into the clinic. With regard to cutaneous pigmentation and
photoprotection, both physiological effects of �-MSH,
phase III trials with the protease-resistant melanocortin
peptide [Nle4, d-Phe7]-�-MSH are already underway in
patients with erythropoietic porphyria based on promis-
ing pilot studies (232). Here, [Nle4, d-Phe7]-�-MSH is
slowly released from an implant that is injected sc in in-
tervals of 2 months. Another interesting approach for in-
creasing the protease stability of �-MSH in the context of
the osteoarticular system was recently introduced by Per-

Figure 4.

Figure 4. Molecular targets and antiinflammatory mechanisms of melanocortin peptides in the
joint. POMC-derived peptides affect several cellular and molecular targets in synovium, bone,
and articular and growth cartilage in the joint. ACTH induces cartilage matrix production by
increasing collagen II and aggrecan expression [1] and collagen X production [2]; it induces
proliferation of chondroprogenitor cells and growth plate chondrocytes [3]; it promotes
chondrocyte differentiation from progenitor cells [4]; it modulates osteogenic differentiation
[8]; it protects against osteonecrosis by stimulating VEGF production [9]; and it inhibits TNF
and IL-6 expression. �-MSH induces cartilage matrix production (collagen II and aggrecan) [1];
it induces collagen X production and thus hypertrophy [2]; it increases proliferation of
osteoblasts [5] and stimulates osteoclastic differentiation from precursors [6]; it induces bone
turnover of trabecular bone [7]; and it inhibits cytokine-induced MMP-13 expression. �-ED
reduces proliferation of synoviocytes [10] and can modulate TNF, IL-1�, IL-2, IL-6, MMP-2,
MMP-9, inducible NO synthase (iNOS), and RANTES production in a bidirectional manner.
Black arrows indicate origin of POMC peptides within the joint. ACTH, �-MSH, and �-ED are
secreted by the synovium (solid arrows) and presumably from osteoclasts (dotted arrows with
question marks). Green arrows indicate stimulatory effects culminating in cell differentiation,
proliferation, and modulation of gene expression; red bars indicate inhibition, and the brown
curved arrow indicates bone turnover.
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retti and co-workers (233). The authors engineered plas-
mids encoding �-MSH fused to the latency-associated
peptide of TGF-� and a MMP cleavage site. Gene therapy
with this latent form of �-MSH ameliorated established
CIA in mice as demonstrated by significantly reduced cel-
lular infiltration and bone and cartilage erosion. Latency-
associated peptide-MMP �-MSH treatment furthermore
reduced total anti-collagen type II IgG, IgG2a, and IgG1
levels and decreased circulating amounts of both TNF and
�-interferon. Finally, another promising and yet to be val-
idated strategy in the treatment of inflammatory (or degen-
erative) joint diseases may be the exploitation of protease-
resistant small peptide derivatives from the C-terminal
domain of �-MSH. MSH tripeptide derivatives such as
Lys-d-Pro-Thr do not bind to the MC1R but have potent
antiinflammatory effects against IL-1� in vitro (234). In ac-
cordance with the detected antiinflammatory effects of Lys-
d-Pro-Thr in vitro, this small peptide turned out to possess
antiinflammatory power in vivo as shown in several models
of experimentally induced colitis (235).

IX. Conclusions

The data presented in this review highlight a significant
number of biological effects of POMC-derived peptides
via both MCR and OR expressed by the majority of non-
neuronal resident cell types within the osteoarticular sys-
tem. Thus, we propose several possible modes of actions
of POMC peptides in bone and cartilage (Fig. 4). Inflam-
matory processes originated from diseases such as OA and
RA increase bone and cartilage turnover and promote deg-
radation of these tissues. The osteoarticular system re-
sponds to this with an evolutionarily conserved stress re-
sponse in analogy to the classical HPA axis, that is
increased synthesis of POMC-derived peptides. The re-
lease of such POMC peptides will subsequently modulate
the activity not only of immune cells of the osteoarticular
system but also of resident cells such as osteoclasts, os-
teoblasts, chondrocytes, synoviocytes, and their progeni-
tor cells. In line with such a local endocrine stress response
of the osteoarticular system is also the newly discovered
osteoprotective effect of ACTH on osteonecrosis of the
femoral head. ACTH produced either locally within the
hip joint or released into the circulation by induction of
the classical endocrine HPA axis appears to promote
osteogenic-chondrogenic differentiation of multipotent
precursor cells. Supported by studies on mice with ablated
genes of the POMC system (129, 201), a complex inter-
play appears to exist between the central melanocortin
system, bone, and additional organs involved in energy
metabolism such as adipose tissue or pancreas. Under-

standing precisely the functional role of POMC-derived
peptides in cells of the osteoarticular system should finally
help to better tailor more efficient future therapies against
inflammatory or degenerative joint diseases.
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niak I, Kannengiesser K, Brzoska T, Luger TA, Kucharzik
T, Domschke W, Maaser C, Lügering A 2011 The tripep-
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