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Abstract

Parathyroid glands are endocrine organs which
are located posterior to thyroid glands and
control secretion of parathyroid hormone
(PTH) in order to regulate blood calcium
level. PTH maintains calcium homeostasis by
acting on the bone, kidney, and small intestine.
PTH deficiency leads to chronic hypocalce-
mia, organ calcinosis, kidney and heart failure,
painful muscle spasms, neuromuscular
problems, and memory problems. Since para-
thyroid cells have inadequate proliferation
potential in culture conditions, their utilization
as a cellular therapy option is very limited.
Although studies conducted so far include
parathyroid cell differentiation from various
cell types, problems related to successful
cellular differentiation and transplantation
still remain. Recently, parathyroid tissue engi-
neering has attracted attention as a potential
treatment for the parathyroid-related diseases
caused by hypoparathyroidism. Although
major progression is made in the construction
of tissue engineering protocols using parathy-
roid cells and biomaterials, PTH secretion to
mimic its spontaneous harmony in the body is

a challenge. This chapter comprehensively
defines the derivation of parathyroid cells
from various cell sources including pluripotent
stem cells, molecular mechanisms, and tissue
engineering applications.
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Abbreviations

BMP4 Bone morphogenetic protein 4
CaSR Calcium-sensitive receptor
CCL21 C-C motif chemokine ligand 21
CRISPR Clustered regularly interspaced short

palindromic repeats
dTMSC Differentiated TMSC
EBs Embryoid bodies
ECF Extracellular fluid
EYA1 EYA transcriptional coactivator and

phosphatase 1
FGF23 Fibroblast growth factor 23
FOXN1 Forkhead box N1
GATA3 GATA binding protein 3
GCM2 Glial cells missing transcription

factor 2
GFP Green fluorescent protein
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GHH Gelatin-hydroxyphenyl propionic
acid (GH) hydrogels

hESC Human embryonic stem cell
HOXA3 Homeobox A3
iPSCs Induced pluripotent stem cells
IWP-2 Inhibitor of Wnt productions-2
MAFB MAF BZIP transcription factor B
MEFs Mouse embryonic fibroblasts
PAX1 Paired box 1
PAX9 Paired box 9
PKA Protein kinase A
PTH Parathyroid hormone
PTH1R Type 1 parathyroid hormone receptor
PTH2R Type 2 parathyroid hormone receptor
PTHrP Parathyroid hormone-related protein
RA Retinoic acid
SHH Sonic hedgehog
TALEN Transcription activator-like effector

nucleases
TBX1 T-box transcription factor
TGFs Transforming growth factors
TMSC Tonsil-derived mesenchymal stem

cells
Wnt3a Wnt family member 3A

1 Introduction

Parathyroid glands are small endocrine organs
which are located at the posterior part of the
thyroid gland. Parathyroid glands secrete parathy-
roid hormone (PTH) in response to low calcium
levels to regulate calcium metabolism (Cipriani
2014). Two different cell types such as chief cells
and oxyphil cells are present in the parathyroid
glands (Taterra et al. 2019). Although the func-
tion of oxyphil cells is unknown, several
investigations indicate that oxyphil cells contrib-
ute to PTH secretion in secondary hyperparathy-
roidism (Tanaka et al. 1996). Chief cells produce
PTH in response to low calcium which triggers
the calcium-sensitive receptor (CaSR) and
initiates the G-protein messenger pathway. In
contrast, the G-protein messenger pathway is

blocked and PTH secretion is diminished when
the blood calcium level is high which is related to
the secretion of calcitonin from the thyroid gland
(Brown and Limaiem 2020). Calcium is one of
the most widely distributed inorganic elements
which regulates bone development and mainte-
nance in mammals by targeting kidney and intes-
tine for reabsorption of calcium (Khan and
Sharma 2018). Calcium homeostasis is driven
by four important factors such as PTH, calcitonin,
metabolic D3, and fibroblast growth factor
23 (FGF23) (Shaker and Deftos 2013).

PTH is the hormone which raises the blood
calcium concentration by three main mechanisms:

• PTH induces the generation of the active form
of vitamin D, calcitriol, which plays role in the
intestines to enhance calcium absorption.

• PTH simplifies the transportation of calcium
from bone into the blood by stimulating
osteoclasts when the blood calcium concentra-
tion is decreased.

• PTH increases the reabsorption of calcium
directly in the kidney tubule. Therefore, the
loss of calcium in the urine is decreased
(Talmage and Mobley 2008).

Along with calcium homeostasis, PTH
contributes to phosphate homeostasis. PTH
inhibits phosphate reabsorption from the proxi-
mal tubule of the kidney, resulting in increased
phosphate excretion through the urine. PTH, on
the other hand, increases the absorption of phos-
phate from the stomach and bones into the blood.
The final result of PTH release is a decrement in
serum phosphate concentration (Jayakumar
2012). Parathyroid is a small endocrine organ
that plays crucial roles in calcium and phosphate
metabolism and regulates bone, kidney, and intes-
tine tissue metabolism (Bro and Olgaard 1997). In
the current chapter, we reviewed the differentia-
tion of parathyroid cells from stem cells. We
organized the current literature on development,
molecular mechanism, differentiation, function,
and tissue engineering of the parathyroid tissue.
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2 PTH Mechanism
and Biosynthesis

PTH is the main hormone which regulates cal-
cium and phosphate homeostasis by acting on
bone and kidney cells in the body (Renkema
et al. 2008). PTH is a 115-amino acid precursor
peptide that is extended at the amino (NH2)-
terminus by a “pre” sequence that facilitates
entry into the secretory system of cells.
Propeptide PTH(1–84) is the main secreted and
circulating form of the hormone, while the leader
sequence is cleaved in the cell, giving rise to a
straight peptide chain containing 84 amino acids,
PTH(1–84). Ionized calcium, Ca+, in the extra-
cellular fluid (ECF), appears to be the primary
regulator of PTH generation and secretion.

Type 1 parathyroid hormone receptor
(PTH1R) and type 2 parathyroid hormone recep-
tor (PTH2R) which belong to the G-protein-cou-
pled receptors family have been identified for
PTH and parathyroid hormone-related protein
(PTHrP) binding. PTHrP is secreted by a diverse
range of cells throughout the life, including fetal
and postnatal developmental stages. Surface epi-
thelium of developing organs, mesenchyme, vas-
cular smooth muscle, and the central nervous
system are among the tissues that have been
shown to release this hormone (Strewler 2009).
PTH1R is activated by both PTH and PTHrP.
Binding to this receptor triggers N-terminal
PTH-like domain of the receptor which stimulates
the cyclic AMP/Protein kinase A (PKA) pathway
or calcium-dependent pathway (Mannstadt et al.
1999). PTH1R mRNA is mostly expressed in
bone and renal tubules (Clemens et al. 2001).
On the other hand, PTH2R has a very low affinity
for PTHrP while it binds to PTH. Similar to
PTH1R, it activates adenylyl cyclase and this
causes an increase in intracellular cyclic AMP
concentration (Mannstadt et al. 1999). PTH2R
mRNA is expressed predominantly by adipocytes
and keratinocytes in the skin (Sato et al. 2016).

By acting on the bone, kidney, and small
intestine (Khan and Sharma 2018), PTH
maintains calcium homeostasis. PTH exerts its
effects on all bone cell types including osteocytes,

osteoblasts, and osteoclasts. PTH first induces
osteocyte osteolysis, resulting in the disintegra-
tion of the bone surface (Bellido et al. 2013). Ca is
transported from the bone canalicular fluid into
the osteocytes and then into the extracellular fluid
as a result of this process. Then, PTH stimulates
osteoclasts to promote bone resorption, releasing
calcium and phosphate into the extracellular fluid.
PTH exerts both anabolic and catabolic effects on
bone tissue. PTH’s catabolic effect on bone is an
increase in bone resorption (Silva et al. 2011) in
response to hypocalcemic stimuli. Numerous
in vivo and in vitro studies have shown that
PTH indirectly increases bone resorption via oste-
oclast activation (Chambers et al. 1985;
McSheehy and Chambers 1986). On the other
hand, preclinical and clinical investigations have
demonstrated PTH’s anabolic effect on bone tis-
sue. In these studies, it was discovered that the
use of PTH stimulates bone development (Neer
et al. 2001; Greenspan et al. 2007; Iwaniec et al.
2007). The anabolic effect of PTH treatment is
inversely proportional to the osteoblastic lineage
in terms of bone mass (Yang et al. 2007). The
hormone PTH, as previously stated, promotes and
improves the growth of osteoblasts in primary
calvarial cells as well as bone marrow-derived
cells. Additionally, it has been demonstrated that
intermittent PTH promotes the production of
ossicles in immunodeficient animals following
the implantation of bone marrow-derived cells
on the dorsal surface of each mouse;
mid-longitudinal skin incisions of approximately
1 cm in length were created (Pettway et al. 2005).

Physiological calcium reabsorption in the
nephron occurs in the proximal convoluted tubule
as well as the ascending Henle loop in the
kidneys. By targeting the distal convoluted tubule
and collecting duct, circulating PTH directly
increases calcium reabsorption. In the proximal
convoluted tubule, PTH inhibits phosphate reab-
sorption. Phosphate ions in serum form insoluble
salts with calcium, lowering plasma calcium. As a
result, phosphate ion reduction results in more
ionized calcium in the blood (Khan and Sharma
2018). PTH increases the formation of 1-alpha-
hydroxylase in the proximal convoluted tubule of
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the kidneys. This enzyme, 1-alpha-hydroxylase,
is essential for the catalysis of the conversion of
25-hydroxycholecalciferol to active vitamin
D-1,25-dihydroxycholecalciferol. Vitamin D is
active and participates in calcium reabsorption
in the distal convoluted tubule. Vitamin D
facilitates calcium absorption in the small intes-
tine via an active transcellular pathway and a
passive paracellular mechanism. The transcellular
route demands energy, but the paracellular route
allows calcium to pass past tight junctions (Khan
and Sharma 2018).

3 Development of Parathyroid
Glands

The 4 parathyroid glands are divided into pairs –
upper parathyroid glands and lower parathyroid
glands – which are located in close proximity to
thyroid glands in the adult body (Rosen and
Bordoni 2020). The parathyroid glands are
originated from the endoderm layer of the third
and fourth pharyngeal pouches (Casale and Giwa
2019). The third pharyngeal pouch and the fourth
pharyngeal pouch give rise to the lower parathy-
roid glands and the upper parathyroids respec-
tively. The third pharyngeal pouch is split into
dorsal and ventral parts. The dorsal part leads to
the lower parathyroid gland, while the ventral part
leads to the formation of the thymus. In the sev-
enth week of gastrulation, the lower parathyroid
glands separate from the posterior pharyngeal
wall and follow the thymus tract to reach their
final destination in the posterior thyroid (Rosen
and Bordoni 2020). The fourth pharyngeal pouch
is divided into dorsal and ventral parts. The dorsal
part differentiates into the superior parathyroid
gland and the ventral part differentiates into the
ultimobranchial body. The parathyroid glands are
separated from the pharyngeal wall and attached
to the posterior surface of the thyroid when the
seventh week of development is completed
(Rosen and Bordoni 2020).

In the pharyngeal endoderm, 4 main transcrip-
tion factors are responsible for the development
of parathyroid precursor. These are Homeobox
A3 (HOXA3), Paired box 1 (PAX1), EYA

Transcriptional Coactivator And Phosphatase
1 (EYA1), and Paired box 9 (PAX9), all of
which are involved in thymus development at
the pharyngeal endoderm stage (Bingham et al.
2009). HOXA3 is expressed in both the third
pouch endoderm and the neural crest mesen-
chyme, and its function has been demonstrated
to be upstream of PAX1 and PAX9 (Su et al.
2001). PAX1 and PAX9 are members of the
paired-box gene family, which is involved in the
development of numerous organs (Neubueser
et al. 1995). PAX9 deficiency results in an
early failure of thymus, parathyroid, and
ultimobranchial body development (Peters et al.
1998), whereas PAX1 deficiency results in hypo-
plastic parathyroid and thymus, as well as abnor-
mal thymocyte maturation (Su et al. 2001). At
E9.5–10.5, Eya1 is highly expressed in the pha-
ryngeal arches, pouch endoderm, and surface
ectoderm, including pharyngeal clefts. Following
that, expression of Eya1 was detected in
structures arising from the pharyngeal area,
including the thymus and parathyroid. Without
Eya1, the thymus and parathyroid fail to develop
concurrently with the early activation of organo-
genesis (Xu et al. 2002).

Parathyroid glands are developed in the third
pharyngeal pouches in mice at E11.5 (Cordier
and Haumont 1980) whereas in both third and
fourth pouches in humans starting at 5–6 weeks
(Gilmour 1937; Liu et al. 2010). The cell fate
decision starts in E11.5 for parathyroid and thy-
mus. Primordium cells located at the third pha-
ryngeal pouches differentiate into the parathyroid
and the thymus in the presence of glial cell miss-
ing 2 (GCM2) and forkhead box N1 (FOXN1),
respectively (Gordon et al. 2001). Additionally,
FGF (Gardiner et al. 2012) and bone morphoge-
netic protein 4 (BMP4) (Gordon et al. 2010)
signaling pathways regulate the differentiation
of the parathyroid-thymus complex from the
pharynx. FOXN1 expression is seen in the ven-
tral/posterial prospective third pharyngeal pouch,
also known as the anterior thymus mass, at E10.5
through E12.5, with BMP4 expression found in
the surrounding mesenchyme (Bleul and Boehm
2005). A recent study has shown that FGF feed-
back antagonists from the sprouty gene family are
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important regulators of parathyroid organogene-
sis (Mason et al. 2006). During thymus/parathy-
roid organogenesis, sprouty proteins block FGF
signaling at the cellular level. A decrease in the
induction of GCM2 expression is caused by
increased FGF signaling in the absence of sprouty
proteins, which leads to the creation of a small
GCM2+ domain by E11.5. GCM2 deficiency
may be the cause of sprouty protein mutants’
hypoplasia of the parathyroid gland (Gardiner
et al. 2012).

GCM is a transcription factor which was first
identified in Drosophila which regulates the
determination of neuronal or glial fate (Hosoya
et al. 1995). GCM1 and GCM2 were
characterized in mammalians as homologs of
GCM in Drosophila (Kim et al. 1998). GCM2 is
slightly expressed in second and third dorsal
pouches at E9.5 and upregulated at E10.5
followed by limited expression in dorsal-anterior
of the third pouch endoderm (Gordon et al. 2001).
GCM2 is important for the survival and differen-
tiation of parathyroid cells. When GCM2 is
upregulated, PTH and CaSR which are down-
stream of parathyroid development pathways are
activated. In the absence or reduced expression of
the parathyroid GCM2 gene, as seen in GCM2
knockout mice (Günther et al. 2000) or cultured
human parathyroid cells treated with GCM2
siRNA (Mizobuchi et al. 2009), CaSR expression
is reduced too. CaSR is a marker for early para-
thyroid differentiation (Liu et al. 2007). GCM2
activates the CaSR gene by binding to GCM
response elements in the CASR promoters P1
and P2, which are located in the CASR promoter
(Canaff et al. 2008). Thus, GCM2 and CaSR are
mechanistically linked to the evolutionarily
related parathyroid glands (Okabe and Graham
2004).

Besides, C-C motif chemokine ligand
21 (CCL21) activates the parathyroid domain of
the receptor which is expressed at E11.5, and it is
responsible for appealing lymphoid progenitors
into the thymus domain (Liu et al. 2006). The
conservation of CaSR and CCL21 expression in
the parathyroid domain is a GCM2-dependent
process, whereas the expression of CaSR and
CCL21 is GCM2-independent. In discrepancy,

PTH initiation and maintenance is a GCM2-
dependent process at E12 (Liu et al. 2007).
Because PTH is the primary target of GCM2,
PTH expression was never observed in GCM2
null mice and parathyroid cells apoptosis was
detected in GCM2 null mice (Liu et al. 2007).
As a result of the absence of parathyroid glands in
GCM2 null mice, it is believed that GCM2 gene
is required for parathyroid gland development
and survival at the earliest stage following organ
specification during embryogenesis (Günther
et al. 2000). Additionally, it is predicted that
GCM2 plays a critical role in parathyroid function
during mineral homeostasis. A series of analyses
indicated that GCM2, in conjunction with MAF
BZIP transcription factor B (MAFB) and GATA
binding protein 3 (GATA3), regulates serum cal-
cium concentration via CaSR binding (Mizobuchi
et al. 2009) and followed by promoting PTH
secretion (Yamada et al. 2019).

4 Derivation of Parathyroid Cells
from Pluripotent Stem Cells

Elimination of parathyroid glands during thyroid
surgery or radiotherapy of neck cancers results in
parathyroid-related diseases such as hypoparathy-
roidism and hypocalcemia (Marx 2000). The lack
of parathyroid glands and the resulting disorders
lead to heart and kidney failure, painful muscle
spasms, and neuromuscular problems (Khan and
Sharma 2018). Development of parathyroid
tissue engineering strategies, cellular therapy
solutions, and successful treatment strategies is
required to reduce or completely eliminate the
hypoparathyroidism-related problems.

Therefore, derivation of parathyroid cells with
parathyroid hormone production capacity in a
laboratory might be a cell therapy-based solution.
The recent studies on patient-specific therapies
using human induced pluripotent stem cells are
potential candidates for treatment (Fig. 1).

The molecular pathways that underlie parathy-
roid development were discovered using pluripo-
tent stem cells by Bingham and colleagues in
2009. These molecular pathways can be used to
mimic parathyroid development in vitro and
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generation of cells for cellular replacement ther-
apy. In vitro parathyroid regeneration was
investigated using human embryonic stem cell
(hESC) lines. BG01 cells were chosen as a
model system because of their capacity to express
several endoderm development markers during
undirected differentiation into EBs, indicating
that the cell line has not acquired abnormalities
that would impair its ability to differentiate into
endoderm. They optimized the expression of
definitive markers of parathyroid development
by modifying and extending existing techniques
for the differentiation of mouse embryonic stem
cells into definitive endoderm. The suitable tech-
nique was employing 100 ng/mL Activin A for
5 days with BG01 cells cultured on murine
embryonic fibroblasts under circumstances of
rising serum concentration. After 5 days in tissue
culture, the cells were allowed to develop further
without the addition of murine fibroblasts but
with the presence of continuous Activin A. The
differentiation protocol was known as Bingham
protocol and cells were seeded onto mouse
embryonic fibroblasts (MEFs) as feeder layer
and treated with Activin A and SHH for a total
of 26 days to obtain parathyroid-like cells (Fig. 1)
(Bingham et al. 2009). Another study conducted
by the same group found that another human
embryonic stem cell line (H1) had comparable
outcomes to their first findings with BG01 cells.
According to the findings, differentiated cells
exhibited parathyroid-related markers such as

CasR, GCM2, and PTH and produced PTH hor-
mone (Fig. 1) (Woods Ignatoski et al. 2010).

In a thesis study published in 2016, induced
pluripotent stem cells (iPSCs) were
reprogrammed from patients’ somatic cells and
then differentiated into parathyroid progenitors
for personalized cellular therapy. The advantages
of the utilization of iPSCs were to diminish
immune rejection in this study. Clustered regu-
larly interspaced short palindromic repeats
(CRISPR) and transcription activator-like effec-
tor nucleases (TALEN) gene-editing technologies
were used to insert green fluorescent protein
(GFP) reporter into GCM2, PTH, and CasR regu-
latory sequences to detect differentiation of iPSCs
into parathyroid gland cells and progenitors. They
hypothesized that iPSCs were directly
differentiated through the endodermal lineage
with main parathyroid cell characteristics such
as PTH secretion in low calcium level, CaSR,
and vitamin D receptor expression. Additionally,
GATA3 (+/�) mouse model was used to observe
the effect of treatment for hypoparathyroidism.
The functional efficacy of hypoparathyroidism
in the GATA3 (+/�) mouse is critical to aid the
production of parathyroid progenitors for trans-
plantation. This model holds promise as the basis
for developing a patient-specific cell-based ther-
apy for hypoparathyroidism (Fig. 1) (Sargent
2017).

Lawton and coworkers developed parathyroid
hormone expressing cells from hES and hiPS

Fig. 1 The schematic representation of parathyroid cell differentiation from pluripotent stem cells
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cells in 2020. Definitive endoderm, anterior fore-
gut endoderm, and pharyngeal endoderm differ-
entiation were conducted at different time points
of the protocol by using various differentiation
medium cocktails. For definitive endoderm differ-
entiation, Activin A, Wnt family member 3A
(Wnt3a), PD0332991, and retinoic acid
(RA) were added for 5 days. Between day 6 and
9, SB431542, Noggin, PD0332991, and inhibitor
of Wnt productions-2 (IWP-2) were utilized for
anterior foregut endoderm differentiation.
Finally, in order to reach pharyngeal endoderm
differentiation, LY364947, RA, FGF10,
cyclopamine, BMP4, Noggin, and dexametha-
sone were used from day 10 to day 37. Each
differentiation was confirmed with gene expres-
sion, immunofluorescence, flow cytometry, and
PTH secretion analysis. This differentiation pro-
tocol allowed the proper treatment choices for

patients through recognition of biological
determinants of secretion and expression of PTH
(Fig. 1) (Lawton et al. 2020).

5 Derivation of Parathyroid Cells
from Various Cell Sources

In addition to pluripotent stem cells, various cell
types including tonsil-derived mesenchymal stem
cells (Park et al. 2015) and thymus epithelial cells
(Ignatoski et al. 2011) have been used in the
derivation of parathyroid-like cells, and these dif-
ferentiation protocols were indicated in Table 1.
Park et al. showed the differentiation of tonsil-
derived mesenchymal stem cells into parathyroid-
like cells. The differentiation was performed with
Bingham protocol as described above. Briefly,
Activin A and SHH combination was applied

Table 1 Parathyroid cell derivation from various sources

Differentiation
conditions Cell source Duration

Ex vivo/
in vivo/in vitro References

Activin A
Sonic Hedgehog

H1 cells 26 days In vitro Woods Ignatoski
et al. (2010)

Activin A
Sonic Hedgehog

Thymus epithelial cells 21 days In vitro Ignatoski et al.
(2011)

Activin A
Sonic Hedgehog

hiPSC – In vitro Shandiz et al.
(2013)

Activin A
Sonic Hedgehog

Tonsil-derived MSC 21 days In vivo Park et al. (2015)

Activin A
LY294002
BMP4
SB431542
Noggin
FGF8
Wnt3a
EGF
Shh

hiPSC 32 days Ex vivo Sargent (2017)

Activin A
Wnt3a
PD0332991
ATRA
SB431542
Noggin
IVP2
LY364947
FGF10
Cyclopamine
BMP4
Dexamethasone

WA09 (H9) human ES cells, Y6-iPSCs, and
CHOPWT10.2 iPSC

37 days In vivo Lawton et al.
(2020)
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for 21 days (Bingham et al. 2009). Differentiated
cells secreted PTH and also when these cells were
injected into rats that were fed a calcium-free diet,
PTH level was renovated, and the survival rate
was increased. This study has shown that these
differentiated cells were new cell sources for
parathyroid cell function restoration and osteopo-
rosis therapy in the future for the first time in the
literature (Park et al. 2015).

Ignatoski and colleagues indicated the new
cell source as thymus epithelial cells for the dif-
ferentiation of parathyroid-like cells by Bingham
protocol (Bingham et al. 2009). This differentia-
tion process was established based on the thymus
development process in which thymus and para-
thyroid glands are arised from the same primor-
dium. The important points of this protocol were
summarized as follows. Firstly, this study had
used human tissue and had controlled calcium-
regulated PTH secretion. Finally, there is no
genetic manipulation of cells. Taken together,
this study had a potential candidate for the
replacement of parathyroid function of patients
by in vitro trans-differentiated cells (Table 1)
(Ignatoski et al. 2011).

In 2016, Zhao and his coworker stated that
adipose-derived stem cells can be used as a proper
cell source for differentiation into parathyroid-
like cells to treat hypoparathyroidism with autol-
ogous cell therapy. The reason for choosing the
adipose tissue was their immunomodulatory
effect and differentiation potential. The hypothe-
sis of this study was the differentiated cells

expressed PTH-related markers and composed
blood calcium level (Table 1) (Zhao and Luo
2016).

6 Preclinical and Clinical
Applications of Parathyroid
Tissue Engineering

In 2020, 200.000 patients suffered from hypo-
parathyroidism in the United States, Europe,
Japan, and South Korea (New Survey on World
Hypoparathyroidism 2021). Only in the United
States at least 80.000 patients had hypoparathy-
roidism in 2020 (New Survey on World Hypo-
parathyroidism 2021). Pre-clinical and clinical
studies about parathyroid tissue engineering
were summarized in Table 2.

Gökyürek and her co-workers managed to iso-
late parathyroid cells from human parathyroid
tissue and created hydrogel scaffolds via 3D
bioprinter in 2020. Because of the spherical
shape of the parathyroid gland and the polygonal
shape of the chief cells, cylindrical architecture
with honeycomb design was picked for the scaf-
fold rather than cornered designs such as square.
To further reduce cell leakage and promote cell
adherence to the scaffold, a close-pored first layer
of the scaffold was printed on the first layer of the
scaffold and broader pores were printed on the
remaining two layers. The parathyroid cells were
grown on alginate scaffolds that were 3D printed
and had structural and mechanical qualities that

Table 2 Tissue engineering models for parathyroid-related diseases

Clinical application
types of parathyroid
glands Cell source Materials References

Scaffold Parathyroid cells Hydrogel Gökyürek (2020)
Allogenic
transplantation

Allogeneic tissue particles
(1–2 mm)

– Agha et al. (2016)

Allogenic
transplantation

Autologous and allogeneic
parathyroid tissue fragments

Polytetrafluoroethylene membrane
and a nonwoven polyester mesh

Khryshchanovich
and Ghoussein
(2016)

Macroencapsulation Cells derived from adenoma 1.3% (w/v) sodium alginate Picariello et al.
(2001)

Embedded Human tonsil-derived
mesenchymal stem cells

Gelatin-hydroxyphenyl propionic
acid hydrogels

Park et al. (2018)

20 S. Şenkal and A. Doğan



were similar to those of the natural tissue. The
capabilities of these 3D printed tissues substitute
to support cell survival and PTH secretion. As a
result, it has been demonstrated that functional
parathyroid gland substitutes can be produced
using autologous cells and 3D printing to replace
the natural parathyroid gland (Table 2)
(Gökyürek 2020).

Allotransplantation of parathyroid was suc-
cessfully done from a 32-year-old woman to a
living donor. There were no complications for
both donor and recipient. After allotrans-
plantation, the calcium level in serum and PTH
secretion increased progressively. This study is
one of the examples for transplantation of the
parathyroid gland from healthy donors properly
(Table 2) (Agha et al. 2016).

In another study, for severe hypoparathyroid-
ism, allotransplantation of macroencapsulated
parathyroid is a better option than substitution
drug therapy. A 27-year-old male with renal
failure-induced parathyroid hyperplasia donated
his parathyroid tissue for study. Macroencap-
sulation was designed with 157 μM thick from
polyvinylidene difluoride artificial membrane.
This encapsulated graft was injected into the
lumen of the deep femoral artery. After this
allotransplantation, calcium level and PTH secre-
tion turned to normal levels. Also, grafts still
had functionality after 3 months (Table 2)
(Khryshchanovich and Ghoussein 2016).

Picariello and co-workers conducted the
microencapsulation of human parathyroid cells
with alginate-polylysine-alginate membranes.
45 patients with primary and secondary
hyperparathyroidism had surgery to collect path-
ological parathyroid tissues. Following the micro-
encapsulation of cells, there was evidence of
long-term survival, cell proliferation, and PTH
secretion in vitro. This study is a potential candi-
date for patients suffering from hypoparathyroid-
ism (Table 2) (Picariello et al. 2001).

In 2015, Park and colleagues showed that
novel mesenchymal stem cells generated from
human tonsillar tissues (tonsil-derived mesenchy-
mal stem cells TMSC) were differentiated into
PTH-secreting cells. As reported previously,
differentiated TMSC (dTMSC) was only able to
restore parathyroid function in vivo when placed

on a Matrigel scaffold. In 2018, Park et al.
improved gelatin-hydroxyphenyl propionic acid
(GH) hydrogels (GHH) instead of Matrigel
scaffolds in order to embed their PTH-producing
TMSC for successful transplantation and thera-
peutic effects. Continuous PTH release from
TMSC-embedded GHH sustained stable serum
Ca2+ levels in transplanted mice. Taken together,
their findings indicate that a GHH-based system
is a more promising and superior stem cell scaf-
fold than other hydrogels which is a requirement
for successful clinical applications (Table 2)
(Park et al. 2018).

In addition to cell therapy-based approaches,
PTH itself is used in the treatment of many
conditions. There is another approach for directly
utilizing PTH in clinical trials for the treatment of
bone and skeletal-related diseases (Arthur and
Gronthos 2020). A previously submitted research
showed the effect of PTH on bone fractures and
mineralization capacity in postmenopausal
women with osteoporosis. PTH was injected in
1637 postmenopausal women subcutaneously at
two different doses. According to results, PTH
injection caused decrement in risk of bone
fractures and increment in the bone mineral den-
sity of total body (Neer et al. 2001).

Another study had developed the cell-free scaf-
fold model to regenerate bone defects. For the first
time in the literature, local pulsatile PTH delivery
system was developed for supporting bone regen-
eration by mimicking bone remodeling. The daily
PTH delivery was realized in a cell-free biomi-
metic nanofibrous scaffold for 21 days. This
study is a novel model for local bone defects
based on the significant results of enhancing
bone regeneration (Dang et al. 2017).

Additionally, Ishizuya et al. demonstrated that
the PTH had affected the osteoblast differentiation
in a dose and time-dependent manner. Isolated
osteoblastic cells from newborn rat calvaria were
treated with PTH at a different time interval for
48 h. According to results, 6 h administration of
PTH caused the osteoblast differentiation mostly
compared to other groups. To conclude, PTH treat-
ment affects the osteoblast differentiation based on
the exposure time (Ishizuya et al. 1997).

Generation of parathyroid cells from pluripo-
tent stem cells and other cell types might be a
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source to produce PTH for clinical purposes. Pro-
duction of the high amount of PTH in culture and
further purification might be used in addition to
cell therapy for therapeutic purposes.

7 Conclusion

Cell therapy is an emerging field for regenerative
medicine in recent years. Stem cells, tissue-
specific progenitors, stem cell-derived products,
organoid systems, and tissue engineering
applications are of great importance for clinical
applications. Development of organ systems in
controlled culture systems might be a solution
for future organ replacement therapies. Parathy-
roid glands are small organs which could be a
suitable target for cell and organ transfer
therapies. Derivation of functional parathyroid
cells and organ-like structures from appropriate
cell sources are required to establish clinically
relevant protocols for therapeutic applications.
Pluripotent stem cells including embryonic stem
cells and induced pluripotent stem cells, as
remarkable cell sources with unlimited prolifera-
tion and differentiation potential might be used
for parathyroid cell engineering. Derivation of
induced pluripotent stem cells from adult cell
sources enables the patient-specific cell therapy
strategies. Even more crucially, because the
donor cells and the tissues generated from iPSCs
have identical genetic profiles, the immune sys-
tem does not reject them (Taylor et al. 2011).
ESCs, which are gold standard pluripotent stem
cells, have limitless proliferation capacity and can
transform into a variety of cell types (Zakrzewski
et al. 2019). Understanding the molecular
mechanisms of pluripotent stem cell fate decision
might allow derivation of clinically relevant cell
sources for regenerative medicine.

Investigation of culture and differentiation
conditions might enable obtaining fully func-
tional parathyroid cells, parathyroid organoids,
and establishment of organ-like structures in scaf-
fold systems. Because parathyroid is a small
endocrine organ, transplantation of in vitro
derived cells, organoids, and tissue engineering
constructs might be a prospective solution.

In this chapter, we summarized the current
literature for parathyroid cell differentiation
from various sources which might help
researchers and clinicians in the near future.
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