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Abstract: Most of our bone are formed thought a process called endochondral ossification, which is a tiny,
regulated process leaded by the chondrocytes of the GP and which require continuous cross talk between these
cells and chondrocytes and invading cell populations, including osteoblasts, chondroclasts and vascular cells.
The better understanding of these signaling pathways is not only important in the normal growth and
maturation of the skeleton but might be highly relevant to pathophysiological processes in bones and joints.
Since there is poor information about communication between chondrocytes and other cell types in the
developing bones, this review examines the current knowledge of how interactions between chondrocytes and
bone forming cells modulate bone growth.
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1. Introduction

Longitudinal growth is a continuous and multifactorial process genetically determined and
modulated by multiple influences such as nutritional, environmental, and hormonal factors. Normal
growth reflects the general health of a child and proceeds in a predictable fashion: growth is rapid
during the 2 first years of life and gradually decelerates with age until puberty. During puberty,
occurs a second growth spurt and, at the end, growth eventually ceases when growth plates close
and the person achieves its final size [1-3].

Short stature is defined, at least, as two standard deviations (SD) below the mean height of a
specific population adjusted for age, sex, and pubertal stage. The severity of longitudinal growth
failure indicates the likelihood of pathology. Thus, it is very low (below 2%) with a height standard
deviation score (SDS) above -2 (around the third percentile) and increases to around 50% between -2
and -3 SDS and to 80% beyond -3 SDS (0.1 percentile) [4,5].

According to the International Classification of Pediatric Endocrine Diagnosis, short stature may
be idiopathic (when no cause is identified), secondary to organ system disease (e.g., chronic kidney
disease) or to environmental factors, or may arise from genetic disorders (primary short stature)[5].

The development of bone mineral mass during the entire growth period, including during
pubertal maturation relies on a harmonious interplay of environmental, dietary, hormonal, and
genetic factors. Integral to this process, is endochondral ossification within the growth plate (GP),
which facilitates bone elongation until adulthood. Chondrocytes, along with osteocytes, are pivotal
in orchestrating this growth length and development. Their intricate communication entails
sophisticated signaling pathways and interactions, all of them crucial for proper bone formation. In
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this review, we have attempted to present the current knowledge concerning the cellular and
molecular basis of the communication between growth plate, bone and surrounding tissues on
longitudinal bone growth. This article also provides information about GP alterations observed in
certain renal diseases associating growth failure.

2. Physiological Process of Longitudinal Growth

As previously pointed, longitudinal bone growth occurs at the growth plate and bone by a
process called endochondral ossification. Bone formation begins in utero in the six or seven weeks of
age and started as a cartilage model template [6]. This cartilage ossifies at the diaphyseal side and
grows on the epiphyseal side. In the late teens or early twenties, a person reaches skeletal maturity
[7]. By then, all the cartilage has been replaced by bone, so no further growth in bone length is
possible. This mechanism is highly regulated and requires continuous signal interchange between
cartilage and bone cells. Two types of bone ossification characterize the human skeleton:
intramembranous and endochondral (Figure 1, Figure 2).

Skeletal building blocks: lineage
Membranous ossification vs. Endochondral ossification
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Figure 1. Membranous ossification vs. Endochondral ossification. Mesenchymal stem cells (MSCs)
present in the bone marrow can differentiate to become either chondrocytes or osteoblasts.
Osteoblasts buildup bone directly through a process called intramembranous ossification (in red),
while chondrocytes proliferate, hypertrophy, mineralize, and then new bone is deposited onto the
cartilaginous matrix through a process called endochondral ossification (in blue). Endochondral
ossification forms the bones of the limbs and long bones, while membranous ossification forms the
bones of the axial skeleton. In this process, various factors and precursors are involved from
mesenchymal cell differentiation to hypertrophic chondrocyte. Created with BioRender.com.
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Figure 2. Histological sections of the tibial epiphysis of a rat of 35 days of age. Fig. is a Paraffin section
stained with Alcian blue/acid fuchsin showing the cartilage of the growth plate (stained in blue) and
the bone tissue (stained in fuchsia) in a typical endochondral ossification process where the cartilage
is progressively replaced by bone. Fig. B is a magnification of figure A showing that longitudinal septa
of the growth plate serve as a scaffold upon which osteoblasts deposite mineralized osseous matrix.
Fig. C is a semithin section of a rat tibia showing a group of osteoblasts secreting bone matrix on a
bone trabecula in a representative membranous ossification process.

2.1. The Growth Plate

GP also called epiphyseal plate, physis, or growth cartilage, is the organ responsible for
longitudinal growth and is the place where new bone apposition takes place [8]. GP is only found in
children and adolescents; in adults, who have stopped growing, the plate disappears, and it is
replaced by an epiphyseal line. This replacement is known as epiphyseal closure. GP is functionally
and cytologically specialized region. It is made up of three tissue types: the cartilage component
divided into four distinct zones, the bony tissue of the metaphysis and the vascular supply that
surrounds the GP and the close interaction between them is critical for a normal bone formation and
growth (Figure 3, Table 1).

Table 1. Description of the growth plate parts.

Epiphyseal Growth Plate Description
Quiescent chondrocytes.
Resting Zone (RZ) These resting cells can be moved to the zone of
proliferation.
Chondrocytes are arranged in columns and multiply.
Proliferative Zone (PZ) These cells, undergo rapid mitosis by growth hormone

(GH) effect.
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4
Pre-Hypertrophic Zone (PHZ) Matrix synthesis is started
Chondrocytes stop proliferation and change their
Hypertrophic Zone (HZ) phenotype to hypertrophic by synthesis of proteins and
swelling.

The terminally hypertrophic chondrocytes undergo
apoptosis and differentiation, and the cartilaginous mold
Calcification Zone (CZ) welcomes the osteoblasts so that they become osteoclasts

and thus induce the formation of new bone tissue.

Simultaneously, vascular invasion occurs.

Schematic diagram of a longitudinal section of the epiphyseal growth plate
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Figure 3. Schematic diagram of a longitudinal section of the epiphyseal growth plate. Growth plate is
a cartilage-like structure situated between the metaphysis and the diaphysis of all long bones, as for
example the tibia. It is hyaline cartilage. Growth plate is histological formed by three zones. The
epiphysis is above the reserve zone, is followed by the proliferative and the prehypertrophic zone,
finally the metaphysis is below called as the hypertrophic zone. Created with BioRender.com.

GP chondrocytes are a major player in the process of endochondral ossification that contributes
to the longitudinal growth of the skeleton, the determinants of chondrocyte shape and the
coordination of GP function with the development bone is currently under study.

Chondrocytes of the growth plate are settled into vertical columns and in which chondrocytes
display a continuous structural variation that reflects successive maturation stages of a cell-
differentiation cycle. Maturation occurs synchronously for cells located at the same horizontal level
in different columns and this gives rise to horizontal strata. Based on cell morphology and phenotype
this soft tissue is organized in four distinct zones that contain chondrocytes in resting, proliferative,
prehypertrophic or hypertrophic states. The replacement of cartilage by mineralized bone
(endochondral ossification) is a complex process, not completely understood. It is triggered by the
differentiation of proliferating chondrocytes in the center of the cartilage into a non-proliferative
hypertrophic state. Hypertrophic chondrocytes (HC) interact with the surrounded environment and
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secrete cartilage matrix and other molecules; as a result, the tissue is subsequently invaded by blood
vessels and osteogenic cells, that remodel the cartilage into bone tissue.

2.2. Bone Structure

Bone formation begins in utero in the six or seven weeks of age and started as a cartilage model
template [6]. This cartilage ossifies at the diaphyseal side and grows on the epiphyseal side. In the
late teens or early twenties, a person reaches skeletal maturity [7]. By then, all the cartilage has been
replaced by bone, so no further growth in bone length is possible. This mechanism is highly regulated
and requires continuous signal interchange between cartilage and bone cells (Figure 1).

Bone is a metabolically active organ that provides structural support, facilitates movement, and
protects vital organs. It is also an endocrine organ that plays an important role in regulating mineral
and acid-base homeostasis and in blood cell production (hematopoiesis). Therefore, although bones
are hard structures, they continually replenish themselves and regenerate, consistently making new
bone. In fact, the human skeleton is replaced every 7-10 years [9]. During childhood, that process
allows bones to growth in length and change the shape. This process requires the interaction of 3
types of cells: osteoclasts, osteocytes and osteoblasts. There is also a 4th type of cell (Figure 1) that are
the osteoprogenitor population.

Osteoblasts: Bone Forming Cells [10]. They are cuboidal cells that are located along the bone
surface comprising 4-6% of the total and are largely known for their bone forming function [11]. They
arise from a common plenipotentiary multipotent stromal cell (MSC). The synthesis of bone matrix
by osteoblasts occurs in two main steps: deposition of organic matrix and its subsequent
mineralization.

Osteocytes: Mature Bone Cells. They are the most numerous cells in the bone, representing 90—
95% of the total amount, as well as the most long-lived with a life span of up to 25 years. Osteocytes
are spider-shaped cells buried in the mineralized bone matrix, descended from MSC lineage through
osteoblast differentiation [12]. Each osteocyte has up to 50 long and 450 branched cellular processes
that extend along the bone within a network of interconnected canaliculi. These facilitate the cell-cell
communication trough inter-cellular transport signaling molecules, such as prostaglandins and nitric
oxide. This network is essential in coordinating the response of bone to mechanical and biological
signals. Through mechanical transduction processes, osteocytes can transduce extracellular signals
to elicit cellular responses to regulate bone formation and resorption.

Osteoclasts: Bone Resorbing Cells. They are terminally differentiated multinucleated cells
originate from mononuclear cells of the hematopoietic stem cell lineage. They are polarized cells that
breaks down bone and cartilage tissue. This function is critical in growth, maintenance, repair, and
remodeling of bones.

Osteoprogenitors: They are stem cells located in the bone that play a prodigal role in bone repair
and growth. These cells developed from MSC, and they are the precursors to the more specialized
bone cells (osteocytes and osteoblasts). They reside in the bone marrow, and they reduce with age.
Dysfunction of osteoprogenitor cells may delay ossification and lead to a spectrum of diseases such
as dwarfism and Kashin-Beck disease [13].

The architecture performs its essential mechanical functions (Figure 4). Bone is covered by an
external surface called periosteum that consists of two layers: an outer fibrous layer and an inner
more cellular and vascular layer that can form bone. The cortical bone or compact bone is the dense
outer surface of bone that forms a protective layer around the internal cavity. It is located in the
diaphysis, and it has double blood supply that allows loss of one source of circulation without
adversely affecting the viability of the tissue. Cortical bone forms the external layer of all bones but
is found principally in the diaphysis of long bones. Cortical bone is made up of osteons, osteocytes
are present within the osseous tissue surrounded by an extracellular matrix composed of calcium and
phosphorous-rich hydroxyapatite. Collagen fibers present within the extracellular matrix provide
limited flexibility to cortical bone. Trabecular or cancellous bone is present in the extreme of long
bones or metaphysis. It is porous and trabeculated tissue and its spatial complexity contributes the
maximal strength with minimum mass. The epiphysis is the enlarged end of the long bones produced
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by trabecular bone. Any disorganization of this net structure implicates not only bone deformities
but also a smaller amount of adaptation to stress forces and more chances to bone fractures[14].

Structure and components of long bone
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Figure 4. Structure and components of long bone. Long bones consisting of a long shaft (the
diaphysis) plus two articular (joint) surfaces, called epiphyses. They are comprised mostly of compact
bone, but they also contain spongy or trabecular bone and marrow in the hollow center (the medullary
cavity). The diagram shows the main structural features of bone as well as a magnified view showing
some of the finer detail of trabecular (A) cortical bone (B) and growth plate (C). Created with
BioRender.com.

2.3. Endochondral Ossification, by Which the Long Bones Are Form

Endochondral ossification starts with a cartilage matrix, GP, aggregated in cluster in continuous
cell division of chondrocytes [17,18]. Chondrocytes form a column-like structure with an orientation
that directs the lengthening of the bone along a particular axis. Then, cartilage is eroded by osteoclasts
and replaced by bone. Consequently, when a bone has reached its full size, its GP is converted into
bone [19]. Endochondral ossification is a dynamic process that requires coordinated cellular activities
among all cells. Therefore, the nature of growing entails tightly regulated mechanisms of intercellular
recognition and communication that permit the cells to sort and migrate, synchronize activity,
differentiate, equalize hormonal responses, and diffuse locally generated signals. Consequently, any
miss regulation in any of the process could produce a growth defect.

Given the gradual progress of skeletal evolution over millions of years, it is not surprising that
different cell lineages contribute to different parts of the mammalian skeleton. Skeletal tissue may be
broadly classified as into two different types, bone and cartilage and the basic cell type which
produces these mineralized tissues are: osteoblast (bone producing cell) and chondroblast (cartilage
producing cell)[20]. According to previous dogma, chondrocytes and osteoblasts came from
independent lineages derived from a common osteochondro-progenitor (Figure 1). The proposal for
the existence of a population of MSC was first postulated by Friendenstein and colleagues [21] who
reported a population of bone marrow stromal cells capable of generating bone following heterotopic
transplantation. This cell has the ability to differentiate into osteoblasts, adipocytes and chondrocytes.

2.4. Skeleton Development and Growth Rely on the Coordinated Interaction of Cartilage and Bone Cells

Development and growth of the skeleton occur through the coordinated interaction of cartilage
and bone cells. HC in the GP are the greatest contributors to lengthening of the cartilage template,
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therefore better understanding of how hypertrophic chondrocyte interacts with bone tissue will be
critical to comprehend growth defects.

During bone growth, changes in both the cartilage and the bone compartments occurs, and for
that, exist a close interaction between chondrocytes an osteoblast cells lineage. The idea that
chondrocytes and bone cells talk to each other in the GP exists for decades [22]. However, until
recently there has been little functional evidence that chondrocytes can directly control the
differentiation and activity of either osteoclasts or osteoblasts. Nowadays we know that cell
enlargement is not the only important function of hypertrophic chondrocytes. In vivo and ex vivo
studies has shown that small molecules can transit between these tissues. In fact, several studies
pointed out that osteocytes produce cytokines, as receptor activator of nuclear factor kappa-f ligand
(RANKI), essential for the osteoclast differentiation and function and survival in mature bone [23-
25]. Now we also know that the whole joint is involved in the development of articular cartilage (AC).
In particular, the interaction (crosstalk) between cartilage and subchondral bone is a central feature
for osteoarthritis (OA) progression.

To understand the crosstalk between cartilage and bone cells, it is necessary to know the GP
development. Both AC and the GP arise in part from the embryonic growth zone and are regulated
by the axis involving Indian Hedgehog and Parathyroid hormone related protein (IHH-PTHrP) [26].
The proliferative chondrocytes express PTHrP and colonize both the forming articular cartilage and
GP structures. Once the secondary ossification center (SOC) is formed, PTHrP is detected in the
resting zone of the GP and in the superficial region of the AC. It is believed that PTHrP and its
receptor retards chondrocyte hypertrophy preventing their mineralization. In the other size, Ihh
produced by prehypertrophic chondrocytes has an opposite function, and blocks proliferation
promoting final differentiation and hypertrophy.

After birth and during normal growth, the epiphyseal plate will expand in length by continuous
cell division of chondrocytes in the proliferative zone, which is accompanied by further secretion of
extracellular matrix. Then chondrocytes in the hypertrophic zone begin to increase in size
(hypertrophy), stop secreting collagen and other proteoglycans, and begin secreting alkaline
phosphatase, an enzyme essential for mineral deposition. Final step is the replacement of
hypertrophic cartilage by bone. This requires vascular invasion, a step initiated and controlled by the
interaction of angiogenic and anti-angiogenic factors [27,28]. Hypertrophic chondrocytes attract
blood vessels into the center of the cartilage template, leading to the formation of a highly
vascularized endosteum within the nascent marrow space, stimulated primarily by the secretion of
vascular endothelial growth factor (VEFG)[29].

Osteoblasts, accompanying vascular invasion, lay down endochondral bone to replace cartilage.
Bone tissue formation takes place through a series of phases, osteoblast proliferation, followed by
extracellular matrix maturation and matrix mineralization [30]. A range of transcription factors are
known to be involved in the regulation of osteogenesis but two of the most broadly studied are Runt-
related transcription factor 2 (Runx2) and Osterix (Osx) [31,32]. Runx2 is considered the major
transcription factor controlling osteoblast commitment and differentiation. Runx2 expression is
upregulated in several murine OA models, suggesting a role in disease pathogenesis [33]. In fact,
overexpression of Runx2 can induce osteogenesis in vitro and in vivo, demonstrated by increased
osteoblastic markers, Osteopontin and Osteocalcin [34,35]. Contrary, Runx2 null mice show a
complete absence of ossification, owing to the maturational arrest of osteoblasts [36]. Osx is another
important transcription factor, since Osx-deficient mice show an absence of osteoblasts and defective
bone formation [37]. Other transcription factors of interest in relation to osteogenesis are the distal
less gene family. Overexpression of DIx5 can accelerate osteoblast differentiation in vitro. Osteocytes
derive from osteoblasts, being essentially osteoblasts surrounded by the products they have
previously secreted. Osteocytes surrounded by matrix have an extensive canalicular network
connecting them to each other and to bone surface (Figurel).

Sclerostin is another regulator factor controlling osteocyte differentiation. The loss of sclerostin,
derived from the inactivation of the SOST gene, leads to sclerosteosis, a skeletal disorder
characterized by high bone mass due to increased osteoblast activity. Several studies have suggested
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that sclerostin may be an osteocyte-derived factor that is transported to osteoblasts at the bone surface
and inhibits bone formation [38,39]. Osteoclasts are multinucleated cells that resorb the bone matrix
and degrade the cartilage during the endochondral ossification. They arise from the monocyte-
macrophage lineage present in the hematopoietic marrow, under the stimulation of two pivotal
cytokines: macrophage-colony stimulating factor (M-CSF) and RANKL, both mainly produced by
osteoblasts [35] (Figure 1). Osteoblasts also produce osteoprotegerin (OPG) that acts as a decoy
receptor for RANKL, inhibiting its binding to RANK expressed and negative regulation osteoclast
maturation [40]. Studies have established those HC also express RANKL/OPG and support osteoclast
formation [40,41]. Osteoclasts break down the newly formed bone to open up the medullary cavity
and trabecular formation.

For years, we thought that death is the ultimate fate of terminally differentiated HCs. However,
now we know that HC can become into osteoblasts and contribute to the full osteogenic lineage [38].
Chondrocytes transdifferentiate into osteoblasts that make new bone matrix during development
[39]. This process occurs in a region it is known as “the transition zone or ossification zone” that is
located adjacent to the hypertrophic zone. HC located in the transition have two fates. Some of them
die, while others re-enter the cell cycle, switch off the chondrogenic program, activate the molecular
program associated with pluripotency, and with osteogenesis, and they become osteoblasts able to
synthesize new bone matrix. Support comes from imaging, morphological, and ultrastructural
studies in vivo as well as linear tracing studies. Yang et al. [30] genetically labeled either hypertrophic
chondrocytes (HC) by Coll0al-Cre or chondrocytes by tamoxifen-induced Agcl-CreERT2 using
Enhanced green fluorescent protein (EGFP), LacZ or Tomato expression. Both Cre drivers were
specifically active in chondrocytic cells and not in perichondrium, in periosteum or in any of the
osteoblast lineage cells. After labeling, these cells were distributed throughout trabeculae surfaces
and, in the endosteum, embedded within the bone matrix. In vitro studies demonstrated that a
proportion of the non-chondrocytic cells derived from chondrocytes labeled by Col10al-Cre or by
Agcl-CreERT2 were functional osteoblasts [42]. HC can also instruct adjacent perichondrial cells to
differentiate into osteoblasts [43]. Cell chondrocyte transdifferentiation has also been described in the
literature in multiple times. Rat chondrocytes have been shown, when stimulated by Fibroblastic
growth factor 23 (FGF-23), Neurobasal-A, epidermal growth factor (EGF), and insulin-like growth
factor-1 (IGF-1) they can transdifferentiate into stellate neuronal cells [44]. Another example is what
happens in atherosclerotic lesions. It was described in mice that they presented what seems to be the
transdifferentiation of vascular smooth muscle to chondrogenic tissue via increased expression of
tissue non-specific alkaline phosphatase and bone morphogenetic protein (BMP-2) activation [45].
Beyond these examples is important to know that transdifferentiation is not limited to artificial cell
culture settings, or to a pathology but is also a natural phenomenon.

Besides transdifferentiation into bone-forming cells, HC induce bone formation at their adjacent
regions by secreting matrix proteins, including type X collagen, and critical paracrine factors. As
previously described, HC secrete VEGF that induce invasion of blood vessels from the
perichondrium, and IHH hat regulate proliferation and differentiation and directs perichondrial cells
to become osteoblasts. In addition, IHH acts further on periarticular chondrocytes at the end of the
cartilage and therefore promotes the production of parathyroid hormone-related peptide
(PTHrP)[46]. PTHrP acts opposite as Ihh and delays the chondrocyte differentiation into
hypertrophic chondrocytes. These series of interactions establish the PTHrP-Ihh feedback loop that
is essential to maintaining the GP structure and AC health (Figure 3). Actually, deletion of either the
PTHrP gene or the PTH/PTHrP receptor gene leads to acceleration of differentiation of GP
chondrocytes, bones exhibit a striking increase in osteoblast number and matrix accumulation and a
reduction of vascular invasion [47,48]. Wnt signaling also plays an important role, studies have
shown that misexpression of Wnt-4 accelerates the nonhypertrophic to hypertrophic transition and
results in slightly advanced ossification [49]. Matrix metalloproteinase (MMP13) is expressed by
hypertrophic chondrocytes and osteoblasts. We demonstrate that MMP13 is required for proper
resorption of hypertrophic cartilage. Another pathway that has been recently implicated in the
communication between cartilage and other bone cells is the epidermal growth factor receptor
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(EGFR) pathway. EGFR on chondrocytes activates the induction of matrix metalloproteinases
(MMPs) as well as RANKL (Figure 5).
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Figure 5. Molecular expression of the main factors involved in the dynamics of the postnatal
growth plate. Colored bars mean that the protein is expressing in that region. If the bar does not have
color and is only with oblique stripes, means that it is that it is not expressed in that area, but it is
where it performs its function. When the bar has color and stripes means that it is expressed there,
and the cell also has receptors for the protein.

In this process, a-parvin, an integrin-associated focal adhesion protein, plays a significant role,
regulating a-parvin the rotation of chondrocytes, which is an essential process for chondrocytes to
form a columnar structure. The loss of this protein in animal models increases binucleation, raises
cell death, and causes dilation of the resting zones of mature GP. Single-cell RNA-seq analyses
revealed alterations in the transcriptome in all three zones (i.e., resting, proliferative, and
hypertrophic zones) of the GP [50]. In conclusion, HC can recruit osteoclasts and osteoblasts to sites
of cartilage remodeling. Thus, they can be considered as master regulators of endochondral bone
formation.

In the other hand, articular cartilage, molecular crosstalk between chondrocytes and
osteoblasts/osteocytes are likely of primary importance during bone growth. Osteocytes form an
interconnected network throughout the cortical and trabecular bone, and these cells act as
mechanosensory. Cytokine-sized and larger molecules can traverse between bone and cartilage in
either healthy or diseased joints. These molecules are able to traverse osteocyte canaliculi, and this
transport is increased by bone loading [51,52]. During the osteoarthritic process marked alterations
in the composition of the cartilage matrix occurs, resulting in swelling of the matrix, and increased
metabolic activity of chondrocytes and inducing hypertrophy and apoptosis. Production of matrix
modifying factors such as MMPs by chondrocytes induce the response of load-sensing osteocytes.
IGF-1 is an important factor in GP development, it is transported into cartilage mainly from
osteocytes into the circulation. This transport occurs partly by diffusion across a concentration
gradient but, in addition, mechanical loading has been shown to enhance the transport and promote
growth [50]. Osteocytes also secrete FGF-23. FGF-23 suppressed chondrocyte proliferation and
maturation via Indian hedgehog. FGF-23 is well established to play crucial roles in X-linked
hypophophatemia (XLH) and growth retardation [53], actually inhibition of FGF23 partially rescued
XLH phenotype [54] promoting growth. Inhibiting FGF-23 sems to be a crucial factor in OA disorders
however this phenomenon is not completely explored.
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GH interacts with growth plate through GH receptors (GHRs) located in chondrocytes and,
indirectly, through systemic and local stimulation of IGF-1. Upon binding to GHR at the growth
plate’s chondrocytes, it induces dimerization of the receptor, resulting in tyrosine phosphorylation
of Janus-associated kinase 2 (JAK?2), a tyrosine kinase associated with the intracellular domain of the
receptor. Phosphorylation induces the kinase activity of JAK2, which in turn
phosphorylates/activates a group of molecules known as signal transducers and activators of
transcription (STATs). Upon activation, the STATs dimerize and translocate to the nucleus, where
they regulate the expression of target genes responsible for GH action, including IGF-1 [55].

3. Defects in Interaction Lead to Growth Disorders

Many human skeletal growth disorders are due to abnormalities in the endocrine regulation
system. One example can be Jansen Metaphyseal Chondrodysplasia (JMC) [56], an autosomal
dominant disease caused by activating PTH/PTHrP receptor (PTHIR) in the GP (Figure 1). GP
chondrocytes are a major player in the process of endochondral ossification that contributes to the
longitudinal growth of the skeleton, the determinants of chondrocyte shape and the coordination of
GP function with the development bone is currently under study.

An elevated number of inherited human conditions presents by defects in osteoclasts (e.g.,
osteopetrosis, pycnodysostosis) [56]. However, the phenotype in many osteoclast diseases is a
combination of osteosclerosis with osteolytic lesions. In such conditions, the primary defect is
hyperactivity of osteoclasts.

Several skeletal dysplasias are associated with defects in differentiation or function of
chondrocytes, osteoblasts and osteoclasts, which will cause defects in production or functionality of
cartilage and/or bone matrix. Any alteration of one of these three cell types always results in
compromised skeletal growth and mineralization defect. Bone growth disorders in children can
result from injury, chronic diseases and sometimes by specific genetic disorders affecting GP or bone
development led to abnormalities in the endochondral ossification and growth impairment.

Although diagnoses of a skeletal dysplasia can be made frequently in the newborn period, there
actually may be no short stature at that time, but by 1 year of age the growth differential between the
skeletally dysplastic child and a normal child becomes apparent.

An imbalance between the different cellular actors leads to poor plate function, which leads to
growth failure that is reflected as a structural alteration of the GP. Many pathologies that occur during
childhood can have an incidence and affect final height in an evident way.

The GP can have different thickness, and some abnormalities associated with a defect of
mineralization are associated with thicker GPs with persistence of cartilage in the hypertrophic zone
and adjacent metaphysis [57]. Interference with the hypertrophy progression of GP chondrocytes,
leads to abnormal cartilage formation, ossification, and modifications in the rates of bone formation,
leading in the end to growth problems, as for example rickets and dwarfism [58]. In the other hand,
GH/IGF-1 pathway is the key regulator of hypertrophy. The identification of IGF1 as a key regulator
of hypertrophy is not a surprise, given the GP phenotype of IGF-1 KO mice where they have a
markedly reduced chondrocyte proliferation, increased apoptosis, and delayed maturation and
differentiation of chondrocytes, resulting in a severely shortened and under mineralized skeleton
[59]. Some children have growth failure, despite normal or even high levels of GH. In some of these
children has abnormally low levels of IGF-1, this condition is called Primary Insulin-like Growth
Factor Deficiency (PIGFD). Others have shown, in both that nutritional deficiency inhibits IGF-1
signaling in the GP and reduces final adult height [60]. While a degree of circulating IGF-1 is
necessary [61], local action of IGF-1 may be more critical for longitudinal bone growth. IGF-1
expression it has been observed in the HZ of epiphyseal GPs and in bone [55]. In mice carrying liver-
specific IGF-1 deletion, which display a reduction in serum IGF-1, a decreased cortical bone is
demonstrated [62]. The systemic IGF-1 contributes to cortical bone integrity, while the bone
trabecular integrity is sustained by the locally produced skeletal IGF-1. This points out that local
regulation of growth, is crucial for final length [48].
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4. What We Already Know about Clinical Conditions That Associate Growth Retardation

Disorders associated with a defect in the GP and bone are numerous. Among these, we can find
congenital/hereditary disorders (complex syndromes, dysplasias, rickets) or acquired conditions
(Chronic Kidney Disease (CKD), malnourished) [63]. Genetic disorders can affect different phases of
the maturational cycle of chondrocytes and then, alterations may occur in the growth plate at the
various zones, reserve, proliferative, hypertrophic, and at the border of the growth plate. These
disorders influence chondrocyte activity and extracellular matrix content which subsequently
disrupts growth plate performance and decreases its ability to properly develop and lengthen the
bones. There are similarities in growth plate anomalies observed in clinical conditions associated with
growth impairment. These disruptions may arise from various factors, including genetic
abnormalities, hormonal imbalances, nutritional deficiencies or other medical conditions
(Supplemental tables: Table 51, S2 and S3). By studying these similarities, researchers aim to better
understand the underlying mechanisms of growth impairment and develop more effective
treatments.

The precise mechanism behind growth delay in children with chronic inflammation, remains
intangible. While inflammation is a normal immune response to protect the body from harmful
stimuli, chronic inflammation occurs when the immune system remains activated for prolonged
periods, leading to tissue damage and long-term health issues. Chronic inflammation in children are
present in several conditions such as, allergies, infections, environmental triggers or autoimmune
disorders, where there exist elevated serum levels of main pro-inflammatory cytokines such as
interleukin 6 (IL-6), tumor necrosis factor-a (TNF-a), and interleukin 13 (IL-1f) [64]. Thus, besides
malnutrition, chronic stress, and prolonged use of glucocorticoids, are known conductors to
longitudinal growth retardation, it has been observed that these cytokines also lead to abnormal bone
development by impairment the activity of the GH/IGF-1 axis [65-71]. It should be considered that
IGF-1 as a valuable laboratory indicator of nutritional status could be decreased in states of poor
nutrition due to limited nutrient intake and malabsorption, which often accompany chronic
inflammation [69,72,73]. Serum levels of IGFBP-3 do not seem to be as dependent on nutritional
deprivation as IGF-1, and they better reflect GH signaling [74]. Experimental studies have also
confirmed that IL-6 could act locally at the growth plate chondrocytes [75-78]. Moreover, IL-1§, IL-
6, and TNF-a could affect the function of the growth plate by suppressing IGF-1 intracellular
signaling and by inhibiting the effect of IGF-1 on chondrocytes proliferation and differentiation at the
growth plate [67,68,79].

In a model of cultured fetal rat metatarsal bones, it was seen that TNF-a and IL-1f3 could act in
synergy at the growth plate chondrocytes to inhibit longitudinal growth due to a decrease in
chondrocyte proliferation and an increase in its apoptosis [80]. However, it is worth noting that both
TNF-a and IL-1p, produced endogenously in growth plate chondrocytes, appear to play a role in
normal growth, while negative effects before mentioned of these cytokines on chondrocytes are
observed at supraphysiological levels [81,82]. Current data indicate that IL-6, TNF-«, and IL-1f3 could
affect the GH/IGF-1 axis through both systemic and local mechanisms, acting individually or in
combination. Systemic action of pro-inflammatory cytokines leads mainly to hepatic GH resistance
and suppression of IGF-1 action in target tissues, while their local action directly affects the growth
plate [(65,68,83-85). It has been confirmed that IL-6 could suppress GH action leading to reduction in
JAK/STAT signaling by induction of suppressor of cytokine signaling (SOCS)-3 protein (68,84]. Based
on recent research, it's important to highlight the role of microRNAs as potential additional factors
connecting chronic inflammation with growth retardation seen in childhood-onset chronic
inflammatory diseases[71]. Multiple studies suggest that miRNAs, acting as post-transcriptional
regulators of gene expression, may influence various proteins and cytokines involved in controlling
the GH/IGF-1 axis [86-88].

CKD-Metabolic bone disease (MBD) is assumed as a systemic disorder defined by at least one
of these features: (i) abnormal calcium, phosphorus, PTH, FGF23, and/or vitamin D metabolisms; (ii)
impaired bone formation and maintenance translated into short stature, reduced mineralization and
increased risk of fractures and (iii) extra skeletal calcifications [89]. While impairment of body growth
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is a main manifestation in pediatric patients with CKD-MBD, the achievement of a normal final
height is a major challenge in their management [90]. Experimental young murine models with renal
insufficiency, present a reduction in length gain and growth velocity due to a delay of the GP
calcification-vector known as osseous front advance (OFA) [55,91]. That OFA formation correlates
directly to final size of the hypertrophic chondrocytes at the growth cartilage, is well known. Thus,
the delay in cartilage calcification in uremia is associated to a lower gain in volume and density by
terminal chondrocytes. There are three main molecules, directly involved in improving the
proportions of chondrocytes: Aquaporin (Aqpl) and Na-K—-Cl cotransporter 1 (Nkecl), involved in
track water and solutes through the plasmatic membrane for volume and density gain at first
hypertrophic steps. The third factor, IGF-1, leads the real hypertrophy at final phase depending on
the JACK-STATS signal transducers and activators of transcription of GH pathway [92]. In uremia,
probably as consequence of abnormal modulation of IHH or WNT signals, a poor expression of Aqpl
impairs normal volume increment at the first hypertrophic levels. Curiously, and maybe in a try to
compensate this scenario, Nkccl maintains its expression along he whole HZ and facilitating the
cellular growth by augmenting cytoplasm density. However, the reduced IGF-1 local production for
inducing the real hypertrophy at last steps, results irremediably in the inappropriate final
chondrocyte size observed in uremic growth plates.

But it is also necessary to think that CKD associates a miss-balance of systemic factors such as
GH, vitamin D, glucocorticoids, estrogens, thyroid hormones, cytokines... Thus, as in juvenile
idiopathic arthritis (JIA) other inflammatory conditions, uremia could be favoring an inflammatory
scenario supporting the consequences associated to the disease. Thus, besides the abnormal final
chondrocytes size, uremia must create an inflammatory scenario in the hypertrophic zone of the
growth plate, dysregulating local transcription factors (FGF23 and receptors, PTHrP, MEPE) and a
modifying the expression patterns of matrix proteins (Coll0al, MMP13/9) that, combined with
altered behaviors of SOX9 and RUNX2/3 [93,94], may orchestrate the dysfunction of local factors
directly involved in new bone progression (VEGF, BMPs or HMGBP1).

Hereditary hypophosphatemias, are a group of genetic disorders involving renal phosphate loss,
characterized by hypophosphatemia, rickets, and normal serum calcium levels. The characteristic
clinical features include rickets, slow growth/stature shortening, bone pain, and bone deformities.
Hypophosphatemic rickets typically presents in infancy or early childhood with skeletal deformities
and GP abnormalities. The most common is X-linked hypophosphatemia (XLH) [63]. The genetic
basis for XLH is the loss of function of the PHEX gene, located in chromosome Xp22; this loss results
in an elevation of the serum levels of fibroblast growth factor 23 (FGF23), and impaired renal
production of 1,25-dihydroxyvitamin D (1,25(OH)2D3). FGF-23 and its growth plate local receptors
are increased in hypophosphatemic animal models and has been reported to be responsible for
hypophosphatemia and reduced 1,25-(OH)2D3 levels [64,65], while in vitro analyses of primary
murine chondrocytes, have demonstrated that phosphate mediates hypertrophic chondrocyte
apoptosis by activating the caspase-9-dependent mitochondrial pathway [67].

Children with XLH show an over-activation of both extracellular signal-regulated kinase (ERK)
and pERK1/2, leading to an expansion of the hypertrophic chondrocyte layer and a decrease in type
I collagen in vitro, as well as an upregulation of the mitogen activated protein kinase (MAPK)
signaling pathway in the GP, while serum calcium levels remain normal. In this regard, pERK1/2
inhibition activity in Hyp mice relates a partial recovery of cartilage deformities and skeletal
abnormalities [66]. It has been observed that excess FGF23, which is characteristic of rXLH, can
influence the signaling of pathways involved in terminal hypertrophy of chondrocytes. FGF23 may
interact with other signaling pathways, such as the IGF signaling pathway, altering chondrocyte
terminal hypertrophy and repercuting over the expression of other factors at the osteochondral
junction (MMP9, MMP13, VEFG, OCN, ALP, TRAP...).

As we have seen, in various clinical conditions characterized by growth retardation, whether
originating from genetic factors or acquired conditions, there is a convergence of molecular changes
occurring in the hypertrophic zone of the growth plate and the osteochondral junction. Abnormal
expression of IGF1 is likely one of the contributors.
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The coupling between osteoblast, osteoclast and chondrocytes functions is critical for skeletal
growth, remodeling, and repair. However, although the general principles and mechanisms of
endochondral bone formation are well established, many details remain to be well defined, such as
the mechanisms by which chondrocytes send signals to adjacent tissue to trigger bone growth.

In conclusion, while significant advances have been made in understanding the intricate
communication between chondrocytes, osteoblasts, and osteoclasts during skeletal growth, there are
still gaps in our knowledge. The precise mechanisms by which chondrocytes signal to adjacent tissues
to stimulate bone growth remain an active area of research. Addressing these unknowns will not only
enhance our fundamental understanding of skeletal development but also open avenues for more
effective treatments for growth-related disorders. Continued exploration into the molecular
interactions at the growth plate will be key to unlocking new therapeutic strategies.

5. Conclusions and Future Directions

In conclusion, while significant advances have been made in understanding the intricate
communication between chondrocytes, osteoblasts, and osteoclasts during skeletal growth, there are
still gaps in our knowledge. The precise mechanisms by which chondrocytes signal to adjacent tissues
to stimulate bone growth remain an active area of research. Addressing these unknowns will not only
enhance our fundamental understanding of skeletal development but also open avenues for more
effective treatments for growth-related disorders. Continued exploration into the molecular
interactions at the growth plate will be key to unlocking new therapeutic strategies.
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