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Antipsychotics are commonly used in treating psychiatric disorders. These
medications primarily target dopamine the serotonin receptors, they have
some affinity to adrenergic, histamine, glutamate and muscarinic receptors.
There is clinical evidence that antipsychotic use decreases BMD and
increases fracture risk, with dopamine, serotonin and adrenergic receptor-
signalling becoming an increasing area of focus where the presence of these
receptors in osteoclasts and osteoblasts have been demonstrated.
Osteoclasts and osteoblasts are the most important cells in the bone
remodelling and the bone regeneration process where the activity of
these cells determine the bone resorption and formation process in order
to maintain healthy bone. However, an imbalance in osteoclast and
osteoblast activity can lead to decreased BMD and increased fracture risk,
whichis also believed to be exacerbated by antipsychotics use. Therefore, the
aim of this review is to provide an overview of the mechanisms of action of
first, second and third generation antipsychotics and the expression profiles
of dopamine, serotonin and adrenergic receptors during osteoclastogenesis
and osteoblastogenesis.

KEYWORDS
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1 Introduction

Antipsychotics are the first line treatment in schizophrenia (Lally and MacCabe,
2015). Schizophrenia is a state whereby patients lose connection with reality. This can be
in the form of hallucinations, delusions and disorder of thoughts with far-reaching
effects on individuals, their families and society (Howes et al., 2009; Patel et al., 2014).
Global statistics has shown that schizophrenia is the eighth leading cause of disability in
people aged 15-44 years (Haddad and Correll, 2018). Antipsychotics are also used oft-
label in the treatment of anxiety, borderline personality disorder, substance use
disorders, eating disorders, post-traumatic stress disorder, obsessive-compulsive
disorder, mood disorders, insomnia, agitation and attention deficit hyperactivity
disorder (Wang et al., 2021a; Azimi Manavi et al., 2023). Between 2005-2014, the
prescription rate of antipsychotic use overall has increased in 10 out of 16 countries, with
the atypical antipsychotics, quetiapine, olanzapine and risperidone being most
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FIGURE 1

Percentage of patients prescribed antipsychotics from 1992-1993 to 2020-2021; Data adopted from mental health services in Australia: Mental
health related prescriptions Australian Institute of Health and Welfare (Australian Institute of Health and Welfare, 2022).

prescribed (Halfddnarson et al., 2017). The Australian Institute
of Health and Welfare has reported that 17.7% of Australians
received mental health-related medications between 2020 and
2021 where the highest prescription rates were 8.9% and 8.7% for
antidepressants and antipsychotics, respectively (Australian
of Health and Welfare, 2022). the
prescription of antipsychotics has increased by 10.5% from
1992-93 to 2020-21 (Australian Institute of Health and
Welfare, 2022) (Figure 1).

The use of antipsychotics is associated with a number of side

Institute Moreover,

effects including tardive dyskinesia (repetitive, involuntary
movements commonly in areas of the face, eyes, and mouth),
dystonia (involuntary muscle movements that can affect the
head, face, and neck), akathisia (inability to remain still),
weight gain, hyperglycaemia, type 2 diabetes and adverse
cardiovascular impacts including sudden cardiac death (De
Hert et al, 2011). There is a growing body of evidence
suggesting that
negative, off-target side effects that include reductions in bone

antipsychotics are also associated with
mineral density (BMD) and increased fracture risk (Kishimoto
et al., 2008; Crews and Howes, 2012; Fraser et al., 2015; Bolton
et al., 2017; May et al., 2019; Paschou et al., 2019; Azimi Manavi
et al,, 2023). The mechanism(s) by which antipsychotics induce
bone loss are yet to be fully explored and understood. This has led
to an emerging area of research to understand the underlying
mechanisms by which antipsychotics negatively impact bone.
Bone is a multicellular organ consisting of different cell
types,  namely,:
chondrocytes,

osteoclasts,  osteoblasts,  osteocytes,

bone lining cells, and bone-resident
macrophages known as osteal macrophages or osteomacs
(Florencio-Silva et al.,, 2015; Miron and Bosshardt, 2016;
Kenkre and Bassett, 2018; Mohamad et al., 2021). Old and

damaged bone is resorbed by osteoclasts while new bone is
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formed by osteoblasts, which, when entombed in newly formed
bone become osteocytes, the most prevalent cells in bone tissue
(~90-95%) that act as a master regulator of osteoclast and
2019).
Chondrocytes form the cartilage matrix which is later
replaced by osteoblasts to undergo endochondral ossification
(Chen et al., 2021), while resting osteoblasts are known as bone

osteoblast function (Metzger and Narayanan,

lining cells (Lee et al., 2021). Osteomacs also regulate bone
modelling and remodelling by acting as potential osteoclast
precursors and secreting oncostatin M to promote bone
formation by osteoblasts (Walker et al, 2010; Mohamad
et al.,, 2021; Hioki et al., 2022). The fine balance between
osteoclast and osteoblast activity is central to maintaining
normal bone homeostasis and resultant healthy bone
(Florencio-Silva et al., 2015).

Antipsychotics target different receptors including dopamine,
serotonin and adrenergic receptors, which are predominantly
located in the brain, but have recently been shown to be present
in osteoclasts and osteoblasts (Aringhieri et al., 2018). Therefore,
this review summarises commonly prescribed antipsychotics and
details their mechanisms of action, in addition to how they may
influence various dopamine, serotonin and adrenergic receptors
shown to be expressed in osteoclasts and osteoblasts that may

ultimately lead to bone loss.

2 Antipsychotics

Initially, antipsychotics categorised as either “typical” or
“atypical.” This has changed first-generation antipsychotics
(FGA), (SGA) and third-
generation antipsychotics (TGA). These categories are primarily
based on their affinity to dopamine and serotonin receptors, where

second-generation antipsychotics
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TABLE 1 Receptor binding profiles for commonly prescribed antipsychotics.

Antipsychotics

FGA | Chlorpromazine

Therapeutic plasma level

23-600 ng/mL Chetty and Miller. (1991)

Haloperidol

Periciazine

Loxapine

Zuclopenthixol

2-12 ng/mL Van Putten et al. (199). Above
18 ng/mL counter therapeutic Coryell et al.
(1998)

1-5 nmol/L Omérov et al. (1989)

D, D, D3 D, 5HT;a  5HT;g  5HT,a  5HT,s  5HT,c  5HTg  5HT;  Adrail Adra2a  Adra2b  Adra2c  Adrb2  H1 H2 H3 M1 M3

(A) Receptor binding profiles for commonly prescribed first generation antipsychotics

Flupentixol

Trifluoperazine
Perphenazine

Thiothixene

Antipsychotics

0.53-3.09 ng/mL Midha et al. (1983)

1-5 nmol/L Omérov et al. (1989)

Therapeutic plasma level

-
—

D, D, D3 D; 5HT;a 5HTig  5HToa  5HTos  5HToc  5HTs  5HT,  Adral  Adra2a  Adra2b  Adra2c  Adrb2  H1  H2  H3 M1

(B) Receptor binding profiles for commonly prescribed second generation antipsychotics

SGA | Clozapine

350-420 ng/mL Papola et al. (2018)

+

- o

+

Olanzapine 20-80 ng/mL May et al. (2019)
Quetiapine 100-500 ng/mL Houseknecht et al. (2017)
Amisulpride 100-319 ng/mL Kawamura et al. (2011)
Risperidone 20-60 ng/mL Papola et al. (2018)
Lurasidone No data available

Ziprasidone 50-130 ng/mL Stubbs et al. (2015)
Paliperidone 20-60 ng/mL Cohen et al. (2019)
Tloperidone >4 ng/mL provide clinical efficacy

Clinical Trials.gov. (2014)

Asenapine

Antipsychotics

Therapeutic plasma TAAR

level 1

D, D, D3 D, 5HT;a  5HT;g  5HT,a  5HTs 5HT, e 5HTg  5HT;,  Adral  Adra2a  Adra2b  Adra2c  Adrb2  H1

(C) Receptor binding profiles for commonly prescribed third generation and other antipsychotics

TGA Aripiprazole

150-300 ng/mL Lahdelma et al.
(2010)

Cariprazine

Brexpiprazole

++++ ++++ ++ +++ ++ ++
bt o+ ? ?
e et +HH

(Continued on following page)
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TABLE 1 (Continued) Receptor binding profiles for commonly prescribed antipsychotics.

D,

TAAR

Therapeutic plasma

Antipsychotics

Ropinirole

0.4-6.0 ng/mL Motyl

Undergoing clinical trials

Ulotaront

Other

Moderate association (10-91); +++

week association (Ki value 100-1,000); ++

strong association (Howes et al., 2009; De Hert et al., 2011; Patel et al., 2014; Fraser et al., 2015; Lally and MacCabe, 2015; Hélfdénarson et al., 2017; Haddad and Correll, 2018; Wang et al., 2021a; Australian Institute of Health and Welfare, 2022; Azimi Manavi et al., 2023);

++++ = very strong association (Ki < 1); ? = unknown.
TAARI = Trace amine associated receptor 1, D

Antagonism and inverse agonism are indicated by blue, agonism by green and partial agonism by yellow. Data taken from (34,64,140-142,147-184). Binding affinity for receptors: +

Histamine receptor, M = Muscarinic receptor.

Serotonin receptor, Adr = Adrenergic receptor, H=

Dopamine receptor, 5SHT =

10.3389/fcell.2023.1184550

either agonist, partial agonist, antagonist or an inverse agonist
(Strange, 2008). First generation antipsychotics are dopamine D,
(D,) antagonists, which have been effective in the treatment of
positive symptoms while less effective in the treatment of negative
symptoms (Mailman and Murthy, 2010; Li et al., 2016). Positive
symptoms include hallucinations, delusions and disorder of
thoughts while the negative symptoms cause dysfunction in
personal, social and occupational functioning through means
such as anhedonia, avolition and social withdrawal, as well as,
cognitive dysfunction (Winship et al., 2019). The first generation
antipsychotic “chlorpromazine” was the first to be recognised as a
psychotropic drug in 1952 by Henri Laborit (Laborit et al., 1952;
Ban, 2007). Following chlorpromazine, other FGAs including
haloperidol, trifluperazine, thioridazine and fluphenazine were
introduced (Ramachandraiah et al, 2009). First generation
antipsychotics are associated with a number of undesirable side
effects including hyperprolactinemia, sedation, weight gain,
autonomic and cardiovascular effects, akathisia, parkinsonism,
dystonia and tardive dyskinesia (Mailman and Murthy, 2010),
thus, spurring on the development of second generation
antipsychotics. Second generation antipsychotics are D, and
serotonin (5HT) antagonists with affinity ratio greater than
1.12 for D,/5HT,, which have been more effective in reducing
negative and cognitive symptoms compared to FGAs, but associated
with greater weight gain and metabolic syndromes such as
hypertriglyceridemia, elevated glucose, insulin and low-density
lipoprotein cholesterol levels (Lieberman, 2004; Mailman and
Murthy, 2010; Pillinger et al., 2020; Kiss et al., 2022). A third
generation of antipsychotics such as aripiprazole, cariprazine and
brexpiprazole were introduced most recently and have been
successful in treating positive, negative and cognitive symptoms
(Vasiliu, 2022). These predominantly act as pre-synaptic and post-
synaptic D, partial agonists rather than receptor antagonists, as well
as D; and 5HT, 4 partial agonists, while simultaneously acting as a
serotonin 5HT,, and 5HT,p antagonist (Li et al., 2016; Kiss et al.,
2022). Current research is focusing on Dj; targeting antipsychotics
due to their higher affinity for dopamine than D, receptors
(Maramai et al, 2016). Moreover, Dj; are predominantly
expressed in the limbic system, which is involved in
schizophrenia pathology (Kiss et al., 2022) and the blockage of
the D; is associated with pro-cognitive effects in rats (Watson et al.,
2012). As shown in Table 1, antipsychotics possessaffinity affinity to
other receptors including adrenergic, histamine and muscarinic
receptors (Table 1).

3 Schizophrenia and bone health:
epidemiological findings

There is a growing body of evidence to show that schizophrenia
is associated with osteoporosis, a degenerative bone disease
characterised by low BMD and increased fracture risk (Jung
et al,, 2011; Lally, 2020; Forns et al., 2021; Azimi Manavi et al.,
2023). The onset of schizophrenia occurs primarily in adolescents
and young adults, where peak bone mass is yet to be achieved (Forns
et al,, 2021; Zhu and Zheng, 2021). Patients with schizophrenia are
possibly vulnerable to bone defects due to lifestyle factors such as a
reduced physical activity, smoking, alcohol consumption, vitamin D

frontiersin.org
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deficiency and poor dietary habits in addition to genetic and
biological factors (Coentre et al., 2009). A study has shown that
smoking and alcohol consumption also leads to further reduced
BMD in patients with schizophrenia compared to those who do not
smoke or drink alcohol (Jung et al., 2011). Moreover, studies show
that the use of antipsychotics further exacerbates bone loss and
fracture risk in patients with schizophrenia (Oderda et al., 2012;
Rigler et al., 2013; Fraser et al., 2015; Bolton et al., 2017; May et al,,
2019; Paschou et al., 2019; Shen et al., 2019). Similarly, studies have
shown that increased bone fractures are linked with schizophrenia
compared to controls (Tsai et al.,, 2014; Stubbs et al., 2015; Tseng
et al.,, 2015).

4 Antipsychotic use and bone health:
epidemiological, in vitro and in vivo
findings

Epidemiological evidence is growing to suggest antipsychotic
use (independent of schizophrenia) is associated with lower BMD,
increased fracture risk (Oderda et al., 2012; Rigler et al., 2013; Fraser
etal., 2015; Bolton et al., 2017; May et al., 2019; Paschou et al., 2019;
Shen et al., 2019; Azimi Manavi et al., 2023) and occurrence of re-
fracture (Shen et al, 2019). Some studies suggest typical
antipsychotics have a higher fracture risk compared to atypical
antipsychotics (Ching-Min et al, 2020), while others suggest
there is no difference with regards to the type of antipsychotics
and associated fracture risk (May et al., 2019; Shen et al,, 2019).
Risperidone has been shown to reduce BMD in children and young
adults (Calarge et al., 2010; Rosenbloom, 2010) with a significant
decrease in BMD compared to olanzapine or other SGAs (Becker
et al,, 2003; Clapham et al., 2020). It has been reported that patients
receiving either FGAs or SGAs are at higher fracture risk as
antipsychotics in these categories such as chlorpromazine,
risperidone and zotepine increased incident fracture, as well as,
re-fracture (Ching-Min et al., 2020). A meta study concluded that
FGA users show a 77% increase in hip fractures compared to non-
users, while SGA users show a 41% increase. This study also noted
that associated fracture risk is 29%, 46%, 49% and 94% for
risperidone, olanzapine, quetiapine and haloperidol, respectively
(Papola et al., 2018; Shen et al,, 2019). Interestingly, research has
shown that antipsychotics can accumulate up to 15-fold higher
concentration in bone marrow compared to plasma (Houseknecht
et al., 2017; May et al., 2019).

Evidence from in-vitro (Lahdelma et al., 2010; Kawamura et al.,
2011; Motyl etal,, 2012; Li et al., 2019) and in-vivo bone models (Oh-
ie et al., 2002; Kunimatsu et al., 2010; Kawamura et al., 2011; Motyl
etal, 2012) support these findings. In experiments conducted in rat
primary cells, clozapine inhibited osteoblast mitogenesis and
differentiation, as well as, osteoclast formation, whereas
haloperidol had no effect (Costa et al, 2011). In mouse bone

(BMSCs), chlorpromazine
inhibiting the
calmodulin pathway (Kawamura et al, 2011). Risperidone

marrow mesenchymal stem cells
inhibited osteoclastogenesis via intracellular
significantly stimulated osteoclast differentiation without affecting
osteoblast differentiation (Motyl et al., 2012). In vitro studies on
antipsychotic-related bone defects in primary human cells are scant.
A study showed clozapine has cytotoxic effects on primary cultures
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of human BMSCs (Lahdelma et al., 2010). A study using the human
osteoblast cell line hFob1.19 showed that risperidone, amisulpride,
olanzapine and aripiprazole inhibited osteoblasts cell viability and
caused apoptosis in a dose dependent manner (Li et al., 2019).

In vivo evidence has similarly shown negative effects of
antipsychotics on bone. Risperidone reduced trabecular and
with
differentiation and resorption using bone marrow derived cells
(Motyl et al,, 2012). Chlorpromazine and haloperidol have also

cortical bone mass in mice increased osteoclast

been shown to decrease BMD in trabecular bone of mice via
increased resorption (Oh-ie et al., 2002; Kunimatsu et al., 2010).
However, this induced bone loss through dopamine blockers is
considered to be rodent specific (Kunimatsu et al., 2010). Clozapine,
but not haloperidol, decreased BMD in-vivo in mice and reduced
osteoclast and osteoblast activity in-vitro (Kawamura et al., 2011).
Chlorpromazine also reduce osteoclast formation and osteoclastic
gene expression in mouse BMSCs (Lahdelma et al., 2010).

5 Antipsychotics and bone cell
function: importance of dopamine
receptors/signalling in osteoclasts and
osteoblasts

Dopamine is a neurotransmitter that controls sleep, motivation,
reward, attention, voluntary movements, vision, hormonal
regulation and motor functions (Hornykiewicz, 2017; Yang and
Tsai, 2017; Wang et al,, 2020). Abnormalities in the dopamine
system are associated with schizophrenia and psychosis, where
positive symptoms are linked with increased dopamine levels in
the mesolimbic pathway associated with dopamine D, hyper-
activity (McCutcheon et al., 2018; Stahl, 2018; McCutcheon et al.,
2019). Accordingly, most antipsychotics have been developed to
target dopamine D,. Decreased levels of dopamine in cortical
pathway has also been observed using PET scanning in patients
with schizophrenia, which needs further study as it is believed that
hypo-activity of the mesocortical pathway is associated with
negative and cognitive symptoms in schizophrenia (Li et al,
2016; Weinstein et al.,, 2017). Even though this theory has been
accepted for decades, recent data indicate the involvement of dorsal
striatum in pathophysiology of schizophrenia (McCutcheon et al.,
2019).

Dopamine receptors are G-protein-coupled receptors (GPCR),
which belongs to GPCR alpha subunits G (stimulatory receptors)
and G; (inhibitory receptors) (Zhang and Shi, 2016; Martel and Gatti
McArthur, 2020). There are five dopamine receptors, which are sub-
categorised as D;-and D,-like, depending on pharmacology and
ability to regulate cyclic adenosine monophosphate (cAMP) (Martel
and Gatti McArthur, 2020). Dopamine D, and D5 belong to D;-like
receptors that modulate signalling pathways via G, and increase
cAMP production while D,, D3 and D, belong to D,-like receptors
that modulate via G; and inhibit cAAMP production (Figure 2) (Neve
et al., 2004; Martel and Gatti McArthur, 2020). Moreover, D,-like
receptors have 10- to 100-fold higher affinity for dopamine than D, -
like receptors (Martel and Gatti McArthur, 2020). This leads to the
assumption that extracellular dopamine levels or changes to
dopamine levels from antipsychotic use may have different
impacts on D,-like receptors compared to D;-like receptor
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FIGURE 2

Signalling cascades regulated by dopamine, serotonin and adrenergic receptors. G-protein coupled receptor stimulation by different
neurotransmitters such as dopamine, serotonin and adrenergic receptors regulate different signalling cascades. Activation of G; receptors such as D,-like
receptors, 5HT; 5HTs and Adra2 inhibit adenylate cyclase (AC), while activation of G receptors such as D;-like receptors, 5HT,4, 5HTe, 5SHT; and Adrb
stimulate AC to increase cAMP levels, which in turn activate the PKA/CREB pathway (Zhao et al., 2016; Ramaswamy et al., 2017; Wang et al., 2018;
Martel and Gatti McArthur, 2020). Gq/11 receptors activate PLC-IP3 and DAG-PKC signalling pathways, which activate the mitogen-activated protein
kinase (MAPK)/ERK signalling cascade (Gustafsson et al., 2006a; Dai et al., 2014; McCorvy and Roth, 2015). Activation of MAPK/ERK also stimulates
Runx2 and beta-catenin in osteogenesis while activation of Protein kinase C (PKC) stimulates nuclear factor kappa-light-chain-enhancer of activated
B cells (NFkB), important in osteoclast differentiation (Abu-Amer, 2013; Zhao et al., 2016; Kim et al,, 2019).

signalling (Martel and Gatti McArthur, 2020). Dopamine has been
found in bone marrow in higher concentrations (~10 uM) than
typically found in circulation (Matt and Gaskill, 2020). Moreover,
hypothalamic neurons produce dopamine to regulate bone
metabolism  via hypothalamic-pituitary-gonadal ~axis while
sympathetic nerves also contain dopamine which can penetrate

to bone marrow (Wang et al., 2021b).

5.1 Dopamine signalling in osteoclasts

Dopamine has been demonstrated to inhibit osteoclastogenesis
in a dose-dependent manner using osteoclast precursors derived
from: i) human CDI14" cells isolated from peripheral blood
mononuclear cells (PBMCs) (Hanami et al,, 2013); ii) murine
BMSCs (Yang et al, 2016); and iii) RAW 264.7 cells (Wang
et al, 2021b). There are limited studies showing links between
dopamine and bone cell function. Studies have reported that
dopamine can interact with receptors in osteoclasts derived from
human BMSCs to inhibit resorption via nuclear factor of activated
T-cells cytoplasmic 1 (NFATc-1) and c-Fos signalling pathways
(Hanami et al,, 2013; Wang et al, 2020). Hanami et al. (2013)
showed that dopamine D,-like signalling inhibits osteoclastogenesis
in-vitro, which could be a protective mechanism against bone
resorption while Wang et al. (2021) showed that dopamine
inhibits osteoclastogenesis via D,R/cAMP/protein kinase A
(PKA)/cAMP response element-binding protein (CREB) pathway
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in primary mice BMSCs (Wang et al., 2021b). In contrast, it has been
shown that D,-like receptor antagonist SCH23390 inhibits
osteoclastogenesis in mice bone marrow-derived macrophages
(Nakashioya et al., 2011).

Expression of dopamine receptors in osteoclast has been
reported in a number of animal and human models (Table 2).
The presence of all five dopamine receptors and the dopamine
transporter (DAT) have been reported in human CD14" monocytes
at both transcriptional and protein levels (Gaskill et al, 2012;
Hanami et al, 2013). Maximum expression was observed in the
early stages of osteoclastogenesis, decreasing after day 7 (Hanami
etal,, 2013). Similarly, all five dopamine receptors were identified in
RAW 264.7 cells and in primary mice bone marrow derived
macrophage-lineage cells from C57BL/6] mice (Wang et al,
2021b), in addition to mouse BMSCs, where increased expression
of Dy, D, and D; was observed during osteoclastogenesis (Cheong
et al., 2018).

5.2 Dopamine signalling in osteoblasts

The effects of dopamine on osteoblasts is more contentious. A
study by Lee et al. (2015) reported that dopamine enhances
osteoblast proliferation and mineralisation in-vitro in a MC3T3-
E1 pre-osteoblastic murine cell line (Lee et al., 2015), while another
study by Motyl et al. (2017) directly refuted these findings, reporting
suppression of osteoblast mineralisation and osteoblast markers of

frontiersin.org
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TABLE 2 Dopamine receptor expression in osteoclasts and osteoblasts.
Type of dopamine receptor Experiment cell type

Osteoclasts (OC)

10.3389/fcell.2023.1184550

References

Dy, Dy, D3, Dy and Dy RAW 264.7 cells

Dy, Dy, D3, D, and D5 Primary mice BM cells

Dy, Dy, D3, Dy, Ds and DAT Human PBMC derived CD14" cells

Wang et al. (2021b)
Berger et al. (2009), Motyl et al. (2017), Cheong et al. (2018), Wang et al. (2021b)

Gaskill et al. (2012), Hanami et al. (2013), Wysokinski et al. (2021)

Osteoblasts (OB)

Dy, Dy, D3, D, and Ds MC3T3-E1 cells

Lee et al. (2015), Motyl et al. (2017), Zhu et al. (2022)

D, and D, Rat BMSCs

Dy, D, D5, Dy and D5 Mice primary BM derived OB

Cheong et al. (2018), Wang et al. (2020)

Motyl et al. (2017), Handa et al. (2019)

D, and D, Human BMSCs

gene expression (Motyl et al,, 2017). The expression of all five
dopamine receptors in osteoblasts has been shown at both
mRNA and protein levels in MC3T3-E1 cells (Lee et al., 2015;
Zhu et al,, 2022). Dopamine (50 pM) did not affect osteoblast cell
proliferation but increased mineralisation, compared to control,
whereas concentrations above 100 uM induced cell death (Lee
et al, 2015). Bone marrow mesenchymal stem cells can be
differentiated into cartilage, tendon, muscle, fat and osteoblasts
(Caplan, 1991; Pittenger et al., 1999; Sacchetti et al., 2007;
Méndez-Ferrer et al., 2010; Wang et al.,, 2020). Primary murine
BMSCs-derived osteoblasts express dopamine receptors, which
regulate proliferation and differentiation (Motyl et al, 2017;
Cheong et al,, 2018; Handa et al., 2019; Wang et al.,, 2020). The
expression of D, and D, was significantly increased from day 3 to
day 7 in rat BMSCs (Wang et al., 2020). Wang et al. (2020) showed
the presence of dopamine receptors D; and D, in human BMSCs
where the expression of D; increased until day 5 and the expression
of D, decreased from day three to day 5 (Wang et al, 2020).
Moreover, alkaline phosphatase activity (ALP), mineralisation
and expression of bone sialoprotein, runt-related transcription
factor 2 (Runx2), and osteocalcin were stimulated with dopamine
(5nM). This stimulation was lost at 50 uM, whereas 500 uM was
toxic (Wang et al, 2020). This study also demonstrated that
dopamine-induced osteogenic differentiation of human BMSCs
was mediated through D; receptor activation via extracellular
signal-regulated kinase (ERK) 1 and 2 signalling pathways and
activation of Runx2 transcriptional activity, while the suppression
of cAMP/PKA pathway may inhibit dopamine-induced human
BMSCs differentiation (Wang et al., 2020).

Antipsychotics targeting D; receptors have gained more
attention in treating impaired cognitive, social, and motor
functions associated with schizophrenia. To our knowledge, there
are no studies on the effects of D3 on bone remodelling. Hence, it is
important to investigate the effects of D5 in bone cells function, due
to its similarity to D,, which can also activate ERK/MAPK signalling
pathway (Kiss et al., 2022), which is important in bone homeostasis
and skeleton development (Kim et al., 2019). Moreover, both D, and
Dj; activate their signalling cascades in GPCR independent manner
via beta arresting mediated pathways (van Gastel et al, 2018).
Studies show that beta arrestin 2 is involved in regulating
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MAPK/AKT/glycogen synthase kinase 3 (GSK3) pathways
downstream of the dopamine receptors (Del’Guidice et al., 2011).
Glycogen synthase kinase 3 is expressed in the brain and important
in psychiatric diseases such as schizophrenia (van Gastel et al,
2018). Interestingly, both D, and Dj are positively coupled to beta
arrestin/ AKT/GSK3 pathway (van Gastel et al,, 2018). Beta arrestin
2 stimulates mice trabecular bone formation but not bone resorption
indicating the importance of this pathway in bone homeostasis
(Gesty-Palmer et al., 2009).

In summary, the presence of all dopamine receptors in
osteoclasts has been shown using RAW 264.7, primary mice
BMSCs and human CDI14" cells where expression increased
during osteoclastogenesis (Table 1). The presence of dopamine
receptors in osteoblasts has also been shown in MC3T3-E1 (with
no difference in expression level for 14 days), rat BMSCs (with
increased D; and D, from day 3 to 7) and human BMSCs (with
increased D; expression until day 5 while D, expression decreased
after day 3) (Lee et al,, 2015; Wang et al.,, 2020). It has also been
demonstrated that low concentrations of dopamine (5nM) can
increase osteoblast marker expression (Wang et al, 2020).
Moreover, dopamine regulates osteoclastogenesis via nuclear
factor of activated T Cells 1 (NFATc1), cFOS, cAMP/PKA/CREB
via D, receptor while dopamine regulates osteoblastogenesis via
ERK 1 and 2, Runx2 and cAMP/PKA via the D, receptor (Wang
et al., 2020; Wang et al,, 2021b). However, there is limited data
available on the effect of dopamine on human models. As all
antipsychotics primarily target dopamine receptors as antagonists
or partial agonists it is important to understand the dopamine
receptor expression profile in bone cells to understand the
complex mechanism of antipsychotics-induced bone loss.

6 Antipsychotics and bone cell
function: importance of serotonin
receptors/signalling in osteoclasts and
osteoblasts

Serotonin is a product of tryptophan metabolism and is
produced both in the central nervous system and peripherally in
gastrointestinal tract and in platelets, where it does not cross the
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blood brain barrier (Brenner et al., 2007; Kanova and Kohout, 2021).
Peripheral serotonin accounts for the majority of serotonin
produced in the body (~95%), while the brain is responsible for
only a minor fraction (Ducy and Karsenty, 2010; EI-Merahbi et al.,
2015). Centrally, serotonin acts as a neurotransmitter, while
peripherally its role is as a hormone (Kanova and Kohout, 2021).
As a neurotransmitter, serotonin regulates mood, reward, anger,
perception, appetite, aggression, attention, memory and sex drive.
Peripherally, serotonin regulates major organ functions including
glucose homeostasis and lipid metabolism (Berger et al., 2009;
Kanova and Kohout, 2021). It has been reported that serotonin
acts centrally to inhibit bone resorption and increase bone
formation, whilst peripherally it acts to directly inhibit bone
formation (Ducy and Karsenty, 2010; El-Merahbi et al., 2015). Tt
has been reported that osteoclasts can synthesise serotonin in the
presence of receptor activator of nuclear factor kappa-B ligand
(RANKL). Osteoblast-derived RANKL stimulates the expression
of tryptophan hydroxylase 1 (TPH;) by osteoclasts, which results
in serotonin synthesis that may then play a role as a paracrine/
autocrine factor to further regulate osteoclast formation and
resorption (Chabbi-Achengli et al., 2012).

There are seven types of serotonin receptors, 5HT; to 5HT,
which are all GPCRs, except 5HT; (Nichols and Nichols, 2008;
McCorvy and Roth, 2015). These receptors modulate different
signalling pathways via G;, guanine nucleotide binding protein
alpha 11 (Gg/11), and G (Figure 2) (McCorvy and Roth, 2015).
The receptors 5HT, and 5HT5 belong to the G; protein-coupled
receptors, while the 5HT,,, 5HT,p and 5HT,¢ receptors belong to
the Gg/q; protein-coupled receptors and 5HT,, 5HTs and 5HT;
belong to Gy protein-coupled receptors (Dai et al., 2014; McCorvy
and Roth, 2015). The G; protein-coupled receptors 5HT; and 5HTS
suppress the cAMP/PKA pathways, inhibiting bone formation
(Yadav et al., 2008; Dai et al.,, 2014; McCorvy and Roth, 2015). It
has also been shown that activation of the cAMP/PKA pathway is
associated with increased osteogenesis in-vitro and increased bone
formation in-vivo (Siddappa et al., 2009). In contrast, in OC, the
inhibition of PKA leads to the phosphorylation of activating
transcription factor 4 (ATF4), which stimulates osteoclast
differentiation (Kode et al, 2012). Ggu
receptors, 5HT,,, 5HT,p and 5HT,c activate phospholipase
C-inositol phosphate 3 (PLC-IP3) and diacylglycerol-protein

protein-coupled

kinase C (DAG-PKC) signalling pathways, which promote
osteoblast differentiation and bone formation while G protein-
coupled receptors 5HT,, 5HT¢ and 5HT; increase cAMP levels
(Gustafsson et al., 2006a; Dai et al., 2014; McCorvy and Roth, 2015).

6.1 Serotonin signalling in osteoclasts

The localisation of serotonin receptors has been extensively
reported in animal and human in-vitro and in-vivo bone cell
models, with varying expression profiles of serotonin receptors in
osteoclasts (Table 3). Expression of 5HT,, 5HT,,, 5HT, and
serotonin  transporter (SLC6A4) has been reported in
differentiated RAW264.7-derived osteoclasts (Battaglino et al,
2004), while the presence of all serotonin receptors (5HT;-
5HT;) have been demonstrated in mouse BMSCs, suggesting a
role for these receptors in osteoclasts differentiation (Park et al.,
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2018). The presence of 5HT;p, 5HT,,, and 5HT,5 was shown in
osteoclast precursors from mice spleen cells and not 5HT;, and
5HT, (Chabbi-Achengli et al., 2012). The expression level changed
with RANKL exposure where 5HTp receptor expression increased
and 5HT,p expression decreased with no change in the 5HT,A
receptor expression (Chabbi-Achengli et al, 2012). This could
suggest that 5HT;5 may be important in osteoclast differentiation
from precursors to mature osteoclasts while 5HT,, may act before
osteoclasts lineage begins (Chabbi-Achengli et al., 2012). Gustafsson
et al. (2006) showed the presence of 5HT,,, 5HT,p, 5HT,c,
SLC6A4 and TPH; but not 5HT,;, in human PBMC-derived
osteoclasts (Gustafsson et al,, 2006b). The presence of 5HT,p,
5HT,p, SLC6A4 and TPH; in human umbilical cord blood-
derived osteoclast precursors have been shown, while the level of
5HT,p expression increased in mature osteoclasts (Hodge et al.,
2013).

Serotonin has been shown to increase osteoclastogenesis by
stimulating both osteoclast formation and resorption in human
PBMC derived osteoclasts (Gustafsson et al., 2006b). It has been
reported that RANKL induces serotonin synthesis in mice osteoclast
precursors whereas serotonin synthesis decreased as osteoclasts
matured (Chabbi-Achengli et al, 2012). The study by EI-
Merahbi, Loffler et al. (2015) also found that 5HT, and 5HT,,
are involved in mediating serotonin in osteoclast differentiation.
Moreover, selective blockage of 5HT;, 5HT,p and 5HT, did not
affect osteoclastogenesis in RAW264.7 cells (Battaglino et al., 2004).
In contrast, antagonism at 5HT;5 and 5HT, in mouse BMSCs-
derived osteoclasts inhibit osteoclast marker expression (Battaglino
et al, 2004). This may be because RAW264.7 cells are more
differentiated than osteoclast precursors used in bone marrow
cell preparation, also suggesting the importance of 5HT,p and
5HT, in mediating osteoclast differentiation (Battaglino et al,
2004). The osteoclasts activity was inhibited by serotonin or
serotonin agonists for 5HT;, 5HT,, and 5HT,, with no effect on
osteoclasts activity with 5HT, and 5HTs agonists in mice BMSCs
(Park et al, 2018). Serotonin has been shown to increase
osteoclastogenesis at concentrations of 10 uM or below in mice
BMSC:s derived osteoclasts, with 5HT, being more significant (Park
et al., 2018). Moreover, it has been reported that mast cells release
serotonin locally at high concentration (Battaglino et al., 2004). Mast
cells in bone marrow are reported to increase in ovariectomised rats
that suffered rapid bone loss (Lesclous et al., 2001). These data
suggest that serotonin may modulate osteoclastogenesis in-vivo.

6.2 Serotonin signalling in osteoblasts

The expression of SLC6A4, 5HT,,, 5HTp, 5HTp, 5HT,a,
5HT,g, 5HT,c and TPH, have been reported in primary cultures
of rat osteoblasts, in addition to the osteoblastic cell lines; ROS 17/
2.8, UMR 106-H5, Pyla, MLO-Y4 and MC3T3-E1, with the highest
expression of 5SHTp and 5HT,4 observed in both the early and late
stages of differentiation (Bliziotes et al., 2001; Dai et al., 2014). The
presence of TPH, indicates that these cell lines may have the
capacity to synthesise serotonin that may subsequently act in a
paracrine/autocrine manner on bone cells in the bone remodelling
space. Receptor 5SHT,p has been demonstrated in fetal chicken bone,
where this receptor had the highest mRNA expression in skeleton
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TABLE 3 Serotonin receptor expression in osteoclasts and osteoblasts.

Type of serotonin receptor

Osteoclasts (OC)

Experiment cell type

10.3389/fcell.2023.1184550

References

SHT,p, 5HT,p, 5HT, and SLC6A4

5HT,p, 5HT,, and 5HT,p, but not 5HT,, and 5HT,

RAW264.7

Primary mice spleen cell cultures composed mainly of monocytes/
macrophages

Battaglino et al. (2004)

Chabbi-Achengli et al. (2012)

5HT,- 5HT, Mice BM derived macrophages Park et al. (2018)
5HT,4, 5HT,p, and 5HT,¢c, SLC6A4, and TPHI, but = Human PBMC Gustafsson et al. (2006b)
not 5HT ;5

5HT,;p, 5HT,p, SLC6A4 and TPHI, but not 5HT,, Human CBMC Hodge et al. (2013)

Osteoblasts (OB)
SLC6A4, 5HT),, 5HT,, and TPH1
SLC6A4, 5HT 5, 5HTp, 5HT,4 and 5HT,p

5HT,,, 5HT,p and 5HT,¢

SHT,p

5HT;a, 5HTp, 5HT,4 and 5HT,5 5HTg

5HT, 5, 5HT p, SHTp, 5HT,,, 5SHT,5 5HToc

MLO-Y4 and MC3T3-E1
Primary rat OB, ROS 17/2.8, UMR 106-H5, and Pyla

Mouse OB from the limbs (tibiae, femurs, humeri) of adult swiss
albino mice

Fetal chicken calvarial bones

Primary mouse OB

Primary rat OB

Bliziotes et al. (2006)
Bliziotes et al. (2001)

Westbroek et al. (2001)

Collet et al. (2008), Yadav et al. (2008), Yun et al.
(2016)

Dai et al. (2014)

TPHI, SLC6A4,5HT 5, SHT,4 and 5HT,p

Primary Human OB from trabecular bone samples

Hodge et al. (2013)

tissue compared to the other tested tissues (Westbroek et al., 2001).
The presence of 5HT, 5, 5SHT,p and 5HT,¢ also observed in murine
osteoblasts, where 5HT,, and 5HT,5 had higher mRNA expression
compared to 5HT,c (Westbroek et al., 2001). Serotonin decreased
osteoblast proliferation and mineralisation from 1 nM to 10 uM,
where there is an increased trend of proliferation and mineralisation
after 1 uM (Dai et al.,, 2014). Collet et al. (2008) reported 5HT,p
receptor expression increased during osteoblast differentiation in
bone marrow derived mouse osteoblasts while 5HT,5" leads to
osteopenic phenotype (Collet et al., 2008). Yadav et al. (2008) also
reported the presence of 5HT,p, 5HT,5 and 5HT,p receptors in
primary mouse osteoblasts and that serotonin inhibited osteoblast
proliferation via 5HT 5 by inhibiting cAMP/PKA/CREB while there
was no effect of 5HT, 4 and 5HT,g on bone mass (Yadav et al., 2008).
In contrast, it has been shown that 5SHT,p receptor activation was
responsible for increased ALP activity and mineralisation in mice
(Baudry et al., 2010). Hodge et al. (2013) reported the presence of
TPH1, SLC6A4, 5HT;p, 5HT,, and 5HT,p in mature primary
human osteoblasts with the highest expression of TPH;. Yun
et al. (2016) showed that 5HT, ; expression is higher in bone
compared to brain, where the 5HT4 expression was the highest
followed by 5HT), in primary mice calvarial osteoblasts where 5HTg
inhibited osteoblast differentiation via Jabl in BMP2 signalling but
not PKA and ERKI1/2 (Yun et al, 2016). This data suggest the
possible role of 5HTs in regulating abnormal osteoblasts
differentiation.

In summary, expression of serotonin receptors has been clearly
demonstrated in both animal and human models of osteoclast- and
osteoblastogenesis. Receptors 5HT, 5HT,,, 5HT,5 and 5HT, are
found to be implicated in regulating osteoclast and osteoblast
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activity and more specifically the loss of 5HT,p leads to
decreased bone formation (Battaglino et al., 2004; Collet et al,
2008; Baudry et al, 2010; Chabbi-Achengli et al., 2012; Hodge
et al, 2013; Park et al, 2018) while 5HTs may important in
regulating osteoblasts differentiation (Yun et al., 2016). There are
relatively few reports available, however, that detail associated
signalling pathways downstream of serotonin receptor binding in
bone cell function, especially in human models. Therefore, it is
important to further investigate serotonin receptor expression
profile in human bone cells to better understand antipsychotic-
induced bone loss as SGA and TGA have varying affinities to these
receptors.

7 Antipsychotics and bone cell
function: importance of adrenergic
receptors/signalling in osteoclasts and
osteoblasts

Adrenergic receptors (adrenoceptors) are GPCRs that are

involved in activating neurotransmitters;  noradrenaline
(norepinephrine) and adrenaline (epinephrine) (Graham, 1990).
These receptors are expressed in the peripheral and central
nervous system as hetero receptors inhibiting the release of
neurotransmitters such as serotonin, gamma-aminobutyric acid
(GABA) and dopamine (Cruz Grecco Teixeira et al, 2016).
There are two main types of adrenergic receptors; alpha (a) and
beta (B), with multiple subtypes. Alpha receptors have subtypes al
(Adral) and a2 (Adra2) with further sub-categories alA (Adrala),

alB (Adralb), alD (Adrald), and a2A (Adra2a), a2B (Adra2b),
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TABLE 4 Adrenergic receptor expression in osteoclasts and osteoblasts.
Type of adrenergic receptor Experiment cell type

Osteoclasts (OC)

10.3389/fcell.2023.1184550

References

Adrala, Adra2a Adra2b and Adra2c RAW 264.7 cells
Adrb2 in mature OC

Adra2a, Adra2b and Adra2c Primary BM cells from C57BL/6] mice

BM cells collected from male C57BL/6] mice and RAW264.7 cells

Suga et al. (2010), Hamajima et al. (2018)
Kondo et al. (2013)

Hamajima et al. (2018)

Adralb, Adra2b and Adrb2 Human BM derived OC- like MNCs

Adralb, Adra2b and Adrb2 Human BM derived OC

Arai et al. (2003)

Togari (2002)

Osteoblasts (OB)

Adralb, Adrald and Adrb2 MC3T3-E1 osteoblastic cell line

Nishiura and Abe (2007), Moriya et al. (2015)

Adrbl, Adrb2 and Adrb3 Primary mice OB

Adrbl, Adrb2 and Adrb3

Female Sprague-Dawley rat condylar subchondral bone

Ma et al. (2011)

Jiao et al. (2015)

Adralb, Adrbl, Adrb2 and Adrb3

Adrbl and Adrb2 Human OB cell line

Human SaM1, Sa0S2, HOS and MG63

Togari et al. (1997), Togari (2002)

Khosla et al. (2018)

Adralb, Adra2a and Adrb2

a2C (Adra2c) (Perez, 2020) while beta receptors have subtypes 1
(Adrbl), p2 (Adrb2) and B3 (Adrb3). The Adral, Adra2 and Adrb
modulate signalling pathways through Gg/11, G; and G, respectively
(Figure 2) (Bylund et al., 2013).

7.1 Adrenergic signalling in osteoclasts

Mammalian bone is innervated by sympathetic nerves (Hill and
Elde, 1991; Khosla et al, 2018). In normal bone remodelling,
noradrenaline is released by sympathetic nerves, which are
known to inhibit bone formation and stimulate bone resorption
(Khosla et al., 2018). Adrenergic receptor expression has been shown
in human osteoclasts and osteoblasts (Table 4). The expression of -
adrenergic receptors have been demonstrated in both osteoclasts
and osteoblasts (Kondo et al, 2013). Activation of P-adrenergic
receptors regulate the secretion of cytokines by osteoblasts, which
indirectly stimulated osteoclast activity in human bone marrow-
derived osteoclast-like mononuclear cells (Arai et al., 2003; Zhong
and Xia, 2021). Activation of Adrb2 inhibited CREB
phosphorylation and subsequent osteoblast proliferation, which
result and RANKL
expression leading to increased osteoclast activity and bone
resorption (Elenkov et al.,, 2001; Kajimura et al., 2011; Zhong and

in increased ATF4 phosphorylation

Xia, 2021). It has been suggested that B-adrenergic receptor
stimulation may also increase RANKL production by T cells,
which also may drive osteoclastogenesis (Elenkov et al., 2001;
Bonnet et al., 2008).

Animal studies have shown that B-receptor agonists increase the
levels of prostaglandin 2 and interleukin-6 (IL-6), which promotes
osteoclast proliferation and resorption in mice skulls, thereby
decreasing bone mass (Zhong and Xia, 2021). The mouse
osteoclast precursor cell line RAW264.7 expresses Adrb2 and
these receptors stimulate osteoclastogenesis via reactive oxygen
species production (Zhong and Xia, 2021). The presence of all
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three Adra2 receptors in RAW264.7 cells have been reported on
days 0, 2 and 4 after administration of RANKL while there was no
significant difference in receptor expression between days 0, 2 and 4
(Hamajima et al., 2018). In contrast, in mice primary bone marrow
cells, Adra2b showed to be upregulated after RANKL administration
Adra2a and Adra2c
downregulated (Hamajima et al, 2018). Similarly, expression of
Adrb2, but not Adrbl and Adrb3, is detected in mature osteoclasts
derived from mice BMSCs (Zhong and Xia, 2021). It has also been
reported that Adra2 agonists suppress osteoclastic gene expression

while expression was significantly

in RAW264.7 cells and in primary bone marrow cells, namely;
NFATcl, tartrate-resistant acid phosphatase (TRAP) and cathepsin
K, with a corresponding decrease in TRAP positive multi-nucleated
osteoclast number in mouse BMSCs (Hamajima et al.,, 2018).

7.2 Adrenergic signalling in osteoblasts

Receptor Adrb2 is thought to be the main receptor expressed
in sympathetic nerves responsible for the regulation of bone mass
via osteoblasts (Zhong and Xia, 2021). Adrb2 negatively impacts
bone formation by inhibiting the cAMP/CREB pathway, which is
important in osteoblast activity (Dimitri and Rosen, 2017; Zhong
and Xia, 2021). It has also been shown that parathyroid hormone
(PTH) suppresses the MC3T3-El
osteoblastic cell line mediating phosphorylation of CREB

Adrb2 expression in
(Moriya et al, 2015). In bone cells, the major pathway
involved in PTH is via cAMP/PKA/CREB where the
phosphorylation ~ of  CREB upregulates osteoblasts
differentiation and bone formation (Zhang et al, 2011).
Moreover, in animal studies, Adrb2-deficient mice have shown
higher osteoblast activity and high bone mass with decreased
resorption (Takeda et al., 2002; Elefteriou et al., 2005; Zhong and
XKia, 2021). Other studies have also shown that blocking
Adrb2 increases bone mass (Pasco et al., 2004; Sato et al., 2010).
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Receptors Adralb and Adrald was strongly expressed in
MC3T3-E1 cells (Nishiura and Abe, 2007). Likewise, Adralb and
Adrb2 were detected in human osteoblasts and MG63 cells, whereas
expression of Adra2a was relatively weak, with low levels of
expression of Adra2c only in demonstrated in MG63 cells
(Huang et al.,, 2009). This study also showed the expression of
Adralb to be three-fold higher than Adrb2 expression in human
osteoblasts. It has been reported the expression of Adrbl, Adrb2,
Adrb3 and Adralb receptors in human periosteum-derived
osteoblastic cells (SaM1) and human osteosarcoma-derived cells:
Sa082, HOS and MG63 (Togari et al., 1997; Togari, 2002).

In human osteoblasts, both Adral and Adrb2 agonists stimulate
RANKL and soluble decoy RANK receptor osteoprotegerin (OPG)
mRNA expression, where Adral agonists stimulated proliferation and
OPG mRNA expression at lower concentration than required for
RANKL stimulation. The Adrb2 agonists predominantly upregulated
resorption signals by increasing RANKL expression at lower
concentration than required for OPG stimulation. Moreover, beta
blockers inhibited Adrb2 induced RANKL mRNA expression, but not
OPG mRNA expression (Huang et al., 2009), which could result in
higher BMD and protection against fracture, which has also been
shown by Pasco et al. (2004) (Pasco et al,, 2004). This suggests the
possibility that Adral and Adrb2 may be intimately involved in
regulating bone turnover. It has also suggested that the PKC and
ERK signalling pathways may mediate RANKL expression via
Adral receptors (Huang et al., 2009).

There is a lack of data on adrenergic receptor expression profile
in bone cells, particularly in primary human cells, where adrenergic
receptors, especially Adrb2, are associated with bone mass
regulation. In summary, both osteoclasts and osteoblasts express
adrenergic receptors including Adralb, Adra2a, Adra2b, Adra2c,
Adrald, Adrbl, Adrb2 and Adrb3 (Table 1). Among these receptors,
Adrb2 is highly implicated in regulating bone mass, where Adrb2-
signaling increases resorption in osteoclasts via prostaglandin 2 and
IL-6, while decreasing bone formation via cAMP/PKA/CREB/
AP1 signalling leading to overall decrease in bone mass
(Kellenberger et al., 1998; Arai et al., 2003; Zhong and Xia,
2021). Moreover, Adral also regulates osteoclast resorption via
PKC/ERK pathway (Huang et al., 2009).

8 Conclusion

In light of the emerging clinical evidence that schizophrenia and
antipsychotics both independently decrease BMD and increase
fracture risk, there remains a need to build on the existing
evidence identifying the presence of dopamine, serotonin and
adrenergic receptors in bone. The evidence to date indicate that
dopamine directly inhibits osteoclastogenesis via the D,/cAMP/
PKA/CREB pathway (Wang et al., 2021b). In contrast, dopamine
stimulates osteoblastogenesis via the D;/ERK 1 and 2/
Runx2 pathway while inhibition of cAMP/PKA can inhibit
dopamine-induced osteogenesis (Wang et al., 2020). Centrally-
produced serotonin decreases bone resorption and increases bone
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formation. However, in the periphery, serotonin directly acts on
osteoblasts to inhibit bone formation (Ducy and Karsenty, 2010).
Data indicate that 5HT,5 and 5HTs play an important role in
maintaining bone mass. It has been suggested that bone turnover
is regulated by Adrb2 and Adral by regulating RANKL and OPG
levels (Huang et al., 2009). Further, activation of Adrb2 inhibits
CREB phosphorylation leading to decreased osteoblast proliferation
and Adrb2 can activate cAMP/PKA/AP1 pathways to regulate bone
formation (Kellenberger et al., 1998; Arai et al., 2003; Zhong and Xia,
2021).

Therefore, we assume that antipsychotics may cause
imbalance in bone formation and resorption via dopamine,
serotonin and adrenergic receptors through cAMP/PKA/
CREB, ERK 1/2, AP1 and Jabl/Smadl, 5, 8/BMP2 pathways.
Further studies are required in animal and human models of
bone formation and resorption to help characterise the role of
associated signalling pathways and the direct impact of
antipsychotics on different receptors present in bone cells.
Given antipsychotics largely target dopamine and serotonin
receptors, as well as, albeit to a lesser extent adrenergic
receptors, it is important to explore the mechanism(s) of
action by which antipsychotics impact bone loss.
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