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ABSTRACT

Wounds are a disruption to the continuity of cells that is repaired through well-coordinated
steps including inflammation, proliferation and extra-cellular matrix (ECM) remodeling.
Often these processes are dysregulated, resulting in either impaired wound healing seen in
chronic diabetic wounds, or excessive healing seen in hypertrophic scarring. The
serotoninergic system is historically known for its action in the central and peripheral nervous
systems, but its role in wound healing is recently coming to light. Serotonin (5HT) has an
important role in the promotion of wound healing, particularly in the inflammatory and
proliferative stages. In this review, we discuss the role of serotonergic agents and serotonin
receptor antagonists in wound healing. Moreover, we discuss the potential mechanisms of
actions, and the advantages and limitations of these drugs in the treatment of acute wounds,
chronic wounds, and hypertrophic scarring. Since the effects of the serotoninergic pathway in
the context of wound healing is largely unexplored, we also discuss where future research in
the field is warranted.

Keywords: Serotonin, SHT receptors, Selective serotonin reuptake inhibitors (SSRIs),
Ketanserin, Wound healing, Chronic wounds, Hypertrophic scarring.

INTRODUCTION

The healing process of cutaneous wounds involves restoration of the integrity and
continuity of skin cells that is disrupted due to nocuous or traumatic stimuli. Proper wound
healing response requires achieving hemostasis, activation of the innate and adaptive immune
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responses, infiltration and proliferation of fibroblasts to the wound site, adequate collagen
deposition and remodeling, and ultimately keratinocyte migration and restoration of the
epidermis (Guo, et al., 2010 and Portou, et al., 2015). Wound healing is deficient especially
in the case of chronic diabetic wounds (Blakytny, et al., 2006) or excessive in the case of
hypertrophic scarring, which is very common in burn wounds (Finnerty, et al., 2016). The
advancement in the understanding of the pathways contributing to normal, deficient and
excessive healing will aid in the development the appropriate pharmacological management
of these conditions. One such novel pathway is the serotoninergic system.

Serotonin is most commonly known for its association with psychiatric conditions
including major depressive disorder (MDD); however, serotonin also plays an important role
in hemostasis and tissue healing (Duerschmied, et al., 2009). Serotonin and its receptors are
widely found outside the nervous system, including platelets, immune cells, heart, lungs, liver
and skin cells. Serotonin’s healing potential in several organs systems has been well-
established (Sadri, et al., 2016 and Welsh, et al., 2004). For instance, platelet-mediated
serotonin plays an important role in liver regeneration, such that blocking serotonin signaling
by antagonizing serotonin receptors (SHTR) inhibits liver regeneration (Lesurtel, et al.,
2006). Although, serotonin signaling is important for initiating inflammation and post-wound
healing, alteration in its signaling can also result in aberrant healing and fibrosis in several
organs including the liver and lungs (Mann, et al., 2013). However, studies are still emerging
regarding serotonin’s role in skin healing. Recently, there is a growing interest to study the
role of common modulators of serotoninergic system in the context of wound healing,
including psychiatric medications including serotonin reuptake inhibitors (SSRIs), serotonin
receptor antagonists such as ketanserin and serotonin itself.

CUTANEOUS WOUND HEALING

Normal Stages of Wound Healing

Wound healing involves restoration of epidermal integrity that is disrupted due
to an acute or chronic insult. This proceeds in four major stages: homeostasis, inflammation,
proliferation and remodeling (Singer, et al., 1999). During the homeostasis phase activation
of clotting factors and activation of platelets result in the formation of provisional wound
matrix consisting of fibrin and fibronectin, which acts as a scaffold to direct leukocytes,
fibroblasts and endothelial and epidermal cells to the wound (Clark, et al., 1982; Olczyk, et
al., 2014 and Xue, et al., 2002) (Figure 1).

Platelets activation and aggregation occurs after disruption of skin and endothelial
continuity results in the exposure to collagen fibers and von Willebrand Factor (VWF). Upon
activation, platelets secrete a number of pro-inflammatory mediators and cytokines such as
bradykinin, prostaglandins, platelet derived growth factor (PDGF), transforming growth
factor- § (TGF- ), and vascular endothelial growth factor (VEGF) causing inflammation and
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allowing inflammatory cells to home to the site of injury (Golebiewska, et al., 2015). Among
other pro-inflammatory factors released by platelets, platelets also release serotonin from
dense granules, which also enhances the recruitment of neutrophils to sites of acute
inflammation and injury (Duerschmied, et al., 2013) (Figure 1).
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Figure 1: Stages of wound healing.

Immediately following injury, activated platelets initiate hemostasis by clot
formation. Serotonin is released by activated platelets, which enhances platelet aggregation
and activation. In the early phases of the inflammatory phase, platelets secrete serotonin and
platelet-derived growth factor (PDGF), which promote the recruitment and activation of
neutrophils and macrophages. Activation of neutrophils and macrophages results in the
upregulation of key inflammatory cytokines including TNF-a and IL-12 that further
perpetuate the inflammatory phase. The proliferative phase is marked by increased
differentiation, proliferation and migration of keratinocytes and fibroblasts. Upregulation of
TGF- B by inflammatory cells promotes fibroblast mediated collagen deposition. During the
remodeling phase, type II collagen fibers are replaced by mature type | collagen fibers. Light
black arrows are used for labelling purposes.

During the inflammatory phase, neutrophils and natural-killer (NK) cells
enter the wound as first-line of defense against microbes and foreign debris (Portou, et al,
2015 and Schneider, et al, 2011), followed by macrophages becoming the most dominant
inflammatory cell in the wound 3 days post-injury (DiPietro, et al., 1995) (Figure 1). Apart
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from providing defense against microbes, macrophages release several pro-inflammatory
cytokines including tumour necrosis factor o (TNF- o) and interleukin 1 (IL-1), and several
growth factors including, basic fibroblast growth factor (bFGF), keratinocyte growth factor
(KGF), VEGF, and TGF- B (Rodero, et al, 2010). The adaptive immunity cells such as T-
helper 1 (Th1) cells also contribute by stimulating macrophage, fibroblasts and keratinocyte
function (Eming, et al, 2009 and Stout, et al., 1997). This leads to the proliferative phase of
wound healing, which is defined by epithelialization, proliferation of mesenchymal-like
fibroblasts, deposition of type Il collagen and angiogenesis.

TGF- B1 promotes chemotaxis of fibroblasts to the site of injury, fibroblast-mediated
deposition of type Ill collagen, and also promotes their differentiation to myofibroblasts
(Penn, et al., 2012 and (Poon, et al., 2009). Myofibroblasts express a-smooth muscle actin
(a-SMA) and contribute to wound contraction and closure. Epithelialization occurs with the
differentiation and subsequent proliferation and migration of keratinocytes (Pastar, et al.,
2014). Lastly, the eventual remodeling of granulation tissue and organization of immature
type 111 collagen into mature type | collagen commences (Xue, et al., 2015). With collagen
fibers tightly packed and cross-linked together, the scar thickness reduces and the tensile
strength of the wound increases (Xue, et al., 2015).

ABNORMAL WOUND HEALING RESPONSE

Prolongation of inflammatory and proliferative phases in wound healing can
contribute to hypertrophic scarring, whereas a constant hyper-inflammatory state is seen in
chronic non-healing wounds. Hypertrophic scars are defined by excessive deposition of
extracellular matrix components such as collagen resulting in a greater than normal scar
thickness. Collagen synthesis in hypertrophic and keloid scars has been reported to be 7 times
and 20 times higher than normal respectively (Xue, et al., 2015). Some types of injuries,
especially burns, are more prone to hypertrophic scarring due to prolonged inflammatory
phase resulting in high expression of TGF-f1 (Penn, et al., 2012). Increased fibroblast
activity and excessive collagen deposition seen in burn correlates with increased expression
of TGF-B1 (Penn, et al., 2012). Interestingly, overexpression of TGF- B1 has also been
implicated in the pathogenesis of other prolific scarring disorders such as keloids (Lee, et al.,
1999).

Chronic wounds such as diabetic ulcers result from dysregulated hyper-inflammatory
response. This is noted by the sustained abundance of neutrophils and macrophages seen in
diabetic ulcers resulting in excessive proteolytic environment leading to tissue extra-cellular
matrix destruction (Menke, et al., 2007 and Wetzler, et al., 200). Moreover, aberrant
expression of key inflammatory cytokines such as TNF- o and IL-1 in chronic wounds, which
has been shown to be about 100 fold greater than acute wounds, perpetuates the inflammatory
response (Tarnuzzer, et al., 1996).
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SEROTONINERGIC PATHWAY

Serotonin or 5-hydroxytrptamine (5HT) is a monoamine neurotransmitter
biochemically derived from L-tryptophan. In the CNS, tryptophan hydroxylase (TPH) 1 and 2
are involved in the rate-limiting step of serotonin synthesis (Lv, et al., 2017). It has long been
implicated in the etiology and treatment of depression. In the central nervous system (CNS),
the initiating event of serotonin signaling pathway involves the release of serotonin from the
presynaptic neurons, thereby increasing serotonin concentration in the synaptic cleft (Figure
2). Serotonin then binds to several post-synaptic membrane-bound 5HT receptors (5HTR)
classified into seven classes from 5SHTR1 to 5SHTR7 receptors (Hoyer, et al., 2010). 5HT
receptors are G-protein coupled receptors (GPCR), and upon binding to serotonin can have
differing pharmacologic effects (Hoyer, et al., 2010). However, the duration of serotonin’s
action is limited by serotonin reuptake transporters (SERT), that transport serotonin along its
concentration gradient back into the presynaptic neuron, thereby decreasing its presence in
the synaptic cleft (Figure 2). Furthermore, monoamine oxidases (MAOQ) also limit serotonin
availability by breaking down serotonin in the mitochondria.
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Figure 2: Major proteins involved in the serotonin signaling pathway.

A stimulating cell, such as a pre-synaptic neuron in the CNS or platelets in the blood,
secrete serotonins stored in vesicles to the extracellular space following a stimulus. Serotonin
reuptake transporters (SERT) promote the uptake of serotonin from the extracellular space to
the intracellular space, decreasing the extracellular serotonin concentrations. Monoamine
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Oxidase (MAO) degrades serotonin in the extracellular space. Selective serotonin reuptake
inhibitors (SSRI) inhibit SERT transporters thus prolonging the duration of extracellular
serotonin. The target cells respond to serotonin via serotonin receptor (5HTR), which are
activated upon binding to serotonin. Selective inhibitors of 5HTRs, such as 5HTR2A
inhibitor ketanserin, inhibit 5SHTR signaling cascade. Light black arrows are used for
labelling purposes.

SEROTONINERGIC PATHWAY IN PERIPHERAL TISSUES

Apart from the CNS and peripheral nervous system (PNS), serotonin is synthesized in
the gastrointestinal mucosa (Stahl, et al., 1998) and various peripheral tissues. For instance,
tryptophan hydroxylase 1 (TPH1), a key peripheral serotonin synthesizing enzyme is
expressed in several lymphocytes including macrophages, mast cells, and T lymphocytes
(Ahern, et al., 2011) (Table 1). Furthermore, SERT and 5HTRs are also found in various
lymphocytes including macrophages, dendritic cells, B cells and T cells (Ahern, et al., 2011).
In the plasma, serotonin is taken up in platelets by the action of SERT and then subsequently
released upon platelet activation to cause vasoconstriction and to enhance platelet
aggregation for hemostasis (Duerschmied, et al., 2009). Platelet-mediated serotonin secretion
is also implicated in the pro-inflammatory response to acute injury, especially the recruitment
of neutrophils and proliferation of lymphocytes (Mauler, et al., 2016).

Table 1: The serotonergic system in the cellular components of wound healing in humans.

Stages of Wound | Cellular Components Serotonin Synthesis Receptors/Transporters
Healing Expression
Hemostasis Platelets No (Mercado, et al., 2010) | SERT and 5HTRs (Mercado,
et al., 2010)
Inflammation Neutrophils Yes (Ahern, et al., 2011) SERT and 5HTRs (Ahern, et
al., 2011)
Macrophages Yes (Ahern, et al., 2011) SERT and 5HTRs (Ahern, et
al., 2011)
Mast Cells Yes (Ahern, et al., 2011) SERT and 5HTRs (Ahern, et
al., 2011)
Dendritic Cells No (Ahern, et al., 2011) SERT and 5HTRs (Ahern, et
al., 2011)
T lymphocytes Yes (Ahern, et al., 2011) 5HTRs (Ahern, et al., 2011)
Proliferation/ Fibroblasts Yes (Slominski, et al., | SERT and 5HTRs (Slominski,
Remodeling 2002) et al., 2002)
Keratinocytes Yes (Slominski, et al., | SERT and 5SHTRs (Slominski,
2002) et al., 2002)

In human skin, serotonin reuptake transporters (SERT) and SHTRs are expressed on
various skin cells including keratinocytes, melanocytes, and dermal fibroblasts (Slominski, et
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al., 2003) (Table 1). Thus, along with platelets, lymphocytes, and macrophages that release
serotonin in inflammatory phase during acute injury, these cells are involved in modulating
the serotoninergic communication in the skin. The biosynthetic pathways of serotonin
including the expression of TPH1 and serotonin transporters have also been found in
cutaneous human fibroblasts and keratinocytes (Slominski, et al., 2002 and Slominski, et al.,
2005) (Table 1). Interestingly, the expression of MAO-A in human skin fibroblasts, a
subtype of MAOs that has a higher affinity for serotonin and norepinephrine, highlights the
presence of serotonin metabolism pathways in skin (Denney, et al., 1999). Furthermore,
inhibition of MAO in the murine skin results in diminished production of the byproducts of
serotonin metabolism further highlights the existence of the complete serotonergic system in
skin (Slominski, et al., 2003).

ROLE OF SEROTONINERGIC PATHWAY IN SKIN

Serotoninergic Pathway in Skin Pathology

Although the role of serotonin and 5HTRs in skin still largely remains elusive, their
role in normal skin physiology and pathology is emerging with time. Studies have shown that
aberrant overexpression serotonin signaling in skin may contribute to various pruritic
inflammatory skin conditions such as allergic contact dermatitis and atopic dermatitis
(Huang, et al., 2004; Lundeberg, et al., 1999; McAloon, et al., 1995 and Morita, et al., 2015).
However, as in the CNS, activation of the serotoninergic system has different effects based
on the type of receptor activated. For instance, buspirone, a 5SHTR1a agonist, has been shown
to promote anti-inflammatory effects by inhibiting leukocyte infiltration and reducing tissue
swelling in contact hypersensitivity reactions (McAloon, et al., 1995), whereas ketanserin, a
5HTR2a receptor antagonist, inhibits contact hypersensitivity reactions (Ameisen, et al.,
1989). The expressions of SHTR has also been implicated in psoriasis, where 5SHT1a—positive
and 5HTR3-positive cells are lower and 5SHTR2a-positive cells are more abundant in both
lesional and non-lesional psoriatic skin compared to skin of healthy controls (Nordlind, et al.,
2006). Moreover, in psoriatic skin, 5SHTR1a are localized to mast cells and melanocytes,
whereas 5HTR2a are primarily expressed in lymphocytes, suggesting a pro-inflammatory
role for 5HTR2a in the disease (Nordlind, et al., 2006). Moreover, SERT has also been
implicated in inflammatory skin diseases. SERT expression in psoriatic skin dendritic cells is
elevated compared to normal skin (Thorslund, et al., 2009), and the expression positively
correlates with disease severity (Thorslund, et al., 2013). Thus, drugs targeting 5SHTR and
SERT could have implications for future therapies for skin conditions.

SEROTONINERGIC PATHWAY IN WOUND HEALING

Serotonin’s healing potential is known in several organs such as the lungs and liver
(Lesurtel, et al., 2006; Martinez-de et al., 1997 and Sadri, et al., 2016), and recent studies are
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shedding light on its potential role in cutaneous wound healing. In regards to wound healing,
serotonin induces the release of VWF from endothelial cells, thus playing a role in promoting
platelet activation and hemostasis (Schluter, et al., 1999). Moreover, platelet-induced
serotonin release generates a pro-inflammatory response to acute injury, thus playing a major
role in the inflammatory stage of wound healing (Duerschmied, et al., 2013 and (Mauler, et
al., 2016). Dendritic cells also enhance the inflammatory response by sequestering serotonin
released from activated T lymphocytes via SERT, and subsequently exposing naive T cells to
promote their proliferation and differentiation (O’Connell, et al, 2006).

Apart from enhancing the immune response in acute injuries, serotonin has also been
shown to modulate the release of pro-inflammatory cytokines and inhibit apoptosis in human
monocytes (Durk, et al, 2005 and (Soga, et al., 2007), suggesting its possible role in chronic
inflammation or hypertrophic scarring. The presence of hyper-inflammatory and proteolytic
microenvironment in chronic wounds such as diabetic ulcers has been well-established
(Menke, et al., 2007 and Wetzler, et al, 2000). On the opposite spectrum, hyperplastic
changes in the skin are due to a sustained inflammatory phase leading to excessive fibroblast
proliferation and collagen deposition. Although it is possible that aberrant expression of
serotonin in wounds could lead to a hyper-inflammatory microenvironment that is
detrimental to skin healing; however, there is more evidence on serotonin’s role in excessive
wound healing and fibrosis. For instance, upon serotonin administration in normal skin in
vivo epidermal fibroblasts undergo proliferation and hyperplasia leading to skin fibrosis
(Macdonald, et al., 1958). Interestingly, serotonin has also been shown to promote in vitro
fibroblast proliferation in a dose-dependent manner, which suggests its role in the
proliferative and remodeling phase of wound healing (Slominski, et al, 2003). Furthermore,
TPH1-null mice with deficient serotonin synthesis showed significantly delayed wound
closure when compared to normal controls (Duerschmied, et al, 2013). Serotonin, via
5HTR2A and 5HTR2B receptor signaling, also promotes myofibroblast differentiation
(Lofdahl, et al, 2016 and (Mann, et al, 2013), which further highlights the serotoninergic
pathway’s role in achieving wound closure.

Since serotonin plays an important role modulating all stages of wound healing,
especially inflammation and fibrosis, drugs targeting 5SHTR and SERT could have enormous
implications for promoting wound healing or treating hypertrophic scarring conditions.

SEROTONIN REUPTAKE INHIBITORS (SSRI)

Several drugs that modulate the serotoninergic pathway have been used in the
treatment of major depressive disorder (MDD). These include non-specific ones such as
monoamine oxidase inhibitors (MAOI), that inhibits the breakdown of monoamine
neurotransmitters including serotonin, epinephrine, and norepinephrine. Other non-specific
drugs include tricyclic anti-depressants (TCA) and serotonin-norepinephrine (Feighner, et al,
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1999) reuptake inhibitors (SNRI) that target reuptake proteins to increase a high presence of
neurotransmitters in the synaptic cleft (Feighner, et al, 1999). More specific drugs belonging
to the selective serotonin reuptake inhibitors (SSRI) family, such as citalopram, paroxetine,
fluoxetine and fluvoxamine, decrease the affinity of serotonin binding to SERT thus
preventing intracellular reuptake of serotonin (Stahl, et al, 1998).

SERT plays a crucial role in the platelet-mediated inflammatory response. Platelets do
not synthesize serotonin but use SERT to uptake serotonin released by the gastrointestinal
tract into the plasma, which is subsequently stored in dense granules (Mercado, et al, 2010).
As SERT plays a crucial role in maintaining platelet intracellular stores of serotonin
(Mercado, et al, 2010 and Skop, et al, 1996), inhibition of SERT hinders the ability of
platelets to exert serotoninergic effects. Consequently, SSRIs are associated with decreased
platelet function and increased risk of bleeding (McCloskey, et al, 2008 and Tseng, et al,
2010) (Figure 3). Moreover, diminished serotonin secretion by platelets may also attenuate
platelet-induced inflammatory response in wounds. Furthermore, dendritic cells use SERT to
sequester serotonin released from activated T lymphocytes and subsequently exposing naive
T cells to serotonin, thereby activating them and amplifying the adaptive immune response
(O’Connell, et al, 2006). Thus, SSRIs administration could diminish the amplification and
prolongation of the inflammatory response in skin.

SSRIs are known to have systemic anti-inflammatory effects, which are particularly
demonstrated by fluoxetine’s ability to ameliorate graft-versus-host disease by T cell
immunosuppression (Gobin, et al, 2013). However, to examine the anti-inflammatory effects
of SSRIs in skin it is necessary to observe their effects on chronic inflammatory skin
conditions like atopic dermatitis (AD) and psoriasis. Interestingly, two commonly prescribed
SSRIs, paroxetine, and fluvoxamine have been shown to reduce pruritus in patients with
atopic dermatitis (AD) (Jiang, et al, 2007 and Sténder, et al., 2009). Furthermore, when mice
treated with 2,4-dinitrochlorobenzene (DNCB), a known inducer of AD-like pathology in
mice skin, had significantly reduced skin lesions and scratch behavior after co-treatment with
fluoxetine delivered intra-peritoneally (Li, et al, 2016). Moreover, fluoxetine also suppressed
the DNCB-mediated upregulation of inflammatory cytokines including IL-4 and interferon-y
(IF-y) in the spleen, demonstrating the anti-inflammatory effects of the drug (Li, et al, 2016).
Additionally, it has been suggested that SSRI use may attenuate psoriasis symptoms. For
instance, a population-based cohort study involving 69,830 psoriatic patients found that SSRI
use was associated with significant decrease in the need of systemic psoriatic treatment
(Thorslund, et al, 2013), thus further highlighting the potential anti-inflammatory effects of
systemic SSRI therapy. Other non-specific anti-depressants that also inhibit SERT also show
amelioration of psoriasis symptoms.
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Figure 3: The proposed effects and mechanism of action of systemic and topical SSRI
treatment on wound healing.

Since platelets rely on serotonin reuptake transporter (SERT) to uptake and maintain
their intracellular serotonin reserves, systemic administration of SSRIs will diminish platelet
serotonin action. Consequently, this may result in impaired platelet aggregation and impaired
immune response. Whereas, topical administration of serotonin may not diminish platelet
serotonin reserves. Perhaps, diminished locally reuptake of serotonin would increase
extracellular serotonin levels and enhance pro-inflammatory serotonergic effects. The dense
black arrows represent sequence of events. The light black arrows are used for labelling
purposes.

Previously it was suggested that SSRIs could have a role in wound healing on the
assumption that inhibition of SERT may prolong the extracellular concentration of serotonin
like in the CNS (Malinin, et al., 2004). However, considering that platelet and dendritic cell
serotonin signaling is impaired by SSRIs, systemic administration of SSRIs may not promote
wound healing (Figure 3). The key difference between SSRI effects in CNS and peripheral
tissues is that CNS neurons are able to synthesize serotonin via tryptophan hydroxylase
(TPH) (Lv, et al, 2017). Studies have also shown that SSRIs administration results in
enhanced TPH expression and serotonin synthesis (Kim, et al., 2002). Whereas in platelets,
intracellular serotonin levels are depleted to less than 2% of baseline after SSRI
administration (Javors, et al, 2000) (Table 2).

Furthermore, systemic SSRI administration significantly impairs the platelet-mediated
serotoninergic effects in the periphery (Duerschmied, et al, 2013; McCloskey, et al, 2008 and
Tseng, et al, 2010) that may affect in wound healing (Table 2).
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Table 2. Comparative summary of the effects of systemic SSRI treatment on central nervous system
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neurons and platelets, a key peripheral tissue serotonin regulator.

Systemic SSRI Effects on: | CNS Platelet
Serotonin TPH-mediated serotonin | Platelets do not synthesize
Synthesis synthesis  pathway is  not | serotonin, and rely on serotonin
impaired after SSRI | reuptake transporter (SERT) to
administration. maintain intracellular stores.
Concentration of | Increased concentration in the | Diminished platelet
Serotonin extracellular synaptic cleft due to | intracellular serotonin
decreased pre-synaptic reuptake | concentration due to inhibition
of serotonin uptake from
plasma.
Increased  overall  plasma
serotonin concentration due to
decreased platelet uptake.
Result Increased post-synaptic serotonin | Decreased  platelet-mediated

receptor occupancy

serotoninergic effects.

Functional outcome

Anti-depressant effects

Decreased platelet aggregation

and homeostasis, and reduced
platelet-induced inflammation.

Reduced lymphocyte
inflammatory cytokine
secretion.

Interestingly, systemic SSRI-induced impairment of inflammation and skin wound
healing has been previously documented and is comparable to that of TPH1-null mice that
lack peripheral serotonin (Duerschmied, et al, 2013). The similarity in the functional outcome
to acute injury in absence of peripheral serotonin and SSRI-induced platelet dysfunction
highlights the importance of platelets in mediating serotonergic pathway in peripheral tissues
(Duerschmied, et al, 2013).

SEROTONIN RECEPTOR (5HTR) MODULATORS

Furthermore, a previous study has shown that systemic SSRI administration in rats
did not affect the healing of acute and chronic wounds (Yuksel, et al., 2014). Since studies
have shown that bioavailability of topical fluoxetine is only 10% of that of oral route
(Ciribassi, et al., 2003), topical administration of SSRIs on wounds could avoid undesirable
systemic effects such as diminished platelet serotonin stores. Whether the amount of
serotonin synthesized by the local or recruited cells in the wound milieu is abundant enough
that will be affected by topical administration of SSRI is subject for further exploration. A
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theoretical mechanism by which topical SSRIs could promote wound healing is by
prolonging local extracellular serotonin concentration leading to increased serotonin-5HTR
interaction just like in the neuronal synaptic cleft (Schloss, et al, 1998) (Figure 3). However,
studies need to be done to evaluate the pharmacodynamics of topical SSRIs in wounds.
Moreover, due to its skin anti-inflammatory effects, systemic SSRIs may have a role in the
treatment of hypertrophic scarring and keloids, which result from prolonged inflammation.
Thus, future studies are warranted to investigate the effects of topical and systemic SSRIs on
wounds and hypertrophic scarring.

As mentioned previously, SHTR2a is implicated in the promotion of serotonin’s
inflammatory effects. Consequently, 5HTR2a antagonists disrupt the pro-inflammatory
serotoninergic signaling pathways and thus are a great way to decipher the role of the
serotoninergic pathway in wounds. Interestingly, topical administration of ketanserin,
5HTR2a-specific antagonist, has shown efficacy in the healing of chronic venous and
diabetic ulcers in human patients, demonstrated by accelerated wound closure and formation
of healthy granulation tissue (Apelgvist, et al, 1990; Janssen, et al., 1989; Martinez-de et al.,
1997 and Quatresooz, et al, 2006) (Table 3). Similar to SSRIs, in the context of acute
wounds, ketanserin administration did not show significant effects on wound healing rate
(Lawrence, et al., 1995). Serotonin promotes the production of pro-inflammatory cytokines
through macrophages (Bischoff, et al, 2009). However, ketanserin administration suppresses
the activation of macrophages and inhibits a key pro-inflammatory transcription factor
nuclear factor-xB (NF-xB) and its downstream inflammatory cytokines such as TNF-a and
IL-12 in macrophages (Xiao, et al, 2016). The mechanism behind the efficacy of SHTR2a
inhibition in chronic wounds is likely due to the attenuation of the hyper-inflammatory
microenvironment that perpetuates chronic wounds (Figure 4). Whereas, inhibition of pro-
inflammatory pathways should not promote wound healing in acute settings, as inflammatory
response is an essential part of wound healing. Further studies are warranted to investigate
the biochemical composition of wounds after ketanserin application to better understand its
mechanism of action.

Out of all 5HTRs, 5HT2 receptors are mostly strongly associated with
fibroproliferative changes. 5SHTR2a activation results in the induction of TGF-B1 signaling
and fibrotic changes in cardiac, hepatic, renal and pulmonary tissues. Not surprisingly,
inhibiting these signaling pathways results in the reversal of these effects. SHTR2a
antagonists have also shown efficacy in reducing inflammation and fibrosis in the liver.
Ketanserin inhibits the secretion of pro-inflammatory cytokine TGF-B1 by liver fibroblasts,
resulting in decreased fibroblast proliferation and collagen deposition. Similar effects of
ketanserin have been noted in cardiac fibroblasts, where ketanserin administrated inhibited
TGF-B1 secretion and migration of cardiac fibroblasts of cardiac fibroblasts. 5SHTR2b is also
associated with promoting pulmonary fibrosis.

www.ijdrt.com 91



Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106

ISSN 2277-1506

Table 3: Human and animal trials testing the efficacy of serotoninergic drugs in the
treatment of diabetic chronic wounds.

Drug Study Population Sample | Outcome Clinical Ref
Size Measure Efficacy
Topical Randomized Non-insulin 140 Reduction of | Average ulcer | (Martinez-de
Ketanserin single-blind - | dependent ulcer area over | reduction  of | etal., 1997)
(5HTR controlled diabetic 12 weeks 87% by 12
antagonist) study human weeks (vs.
patients 63% placebo)
Topical Randomized Insulin- 12 Reduction in | Average ulcer | (Quatresooz,
Ketanserin double-blind dependent ulcer area over 8 | reduction  of | etal, 2006)
(5HTR intra- human weeks 94% by 8
antagonist) comparative diabetics with weeks (vs.
controlled two  similar 32% placebo)
study leg ulcers
Topical Double-blind | Human 40 Number of | 58%  patients | (Apelqgvist,
Ketanserin controlled diabetics with patients with | achieved >50% | et al, 1990)
(5HTR study foot  ulcers >50% reduction | reduction in
antagonist) and  severe in ulcer area and | ulcer (37%
peripheral gangrene control).
vascular prevention in 3
disease months 56% of patients
(systolic  toe with toe
pressure pressure
<45mmHg) <30mmHg
achieved >50%
reduction  (vs.
11% control).
Incidence  of
gangrene:
10.5% (vs.
31.5% in
control)
Systemic Animal Rats with | 64 Wound No significant | (Yuksel, et
Paroxetine randomized streptozotocin epithelialization | difference with | al., 2014)
(SSRI) controlled trial | -induced control

(rats)

diabetes

Interestingly, bleomycin-induced pulmonary fibrosis is prevented with S5HTR2Db
receptor antagonism by SB215505. As mentioned previously, fibroproliferative disorders of
the skin such as hypertrophic scarring and keloids are also associated with overexpression of
TGF-B1 leading to excessive fibroblast proliferation and differentiation, and collagen
deposition. Apart from fibroblasts, macrophages also play an important role in the secretion
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of TGF-B1 and fibrosis. Since macrophages are an important mediator of inflammation in
wounds its excessive activation is implicated in the pathogenesis of hypertrophic scars (Zhu,
et al, 2016). Since 5HTR2a and 5HTR2b antagonism promotes anti-fibrotic
microenvironment, it is possible that ketanserin and SB215505 may also have a role in the
prevention or treatment of fibroproliferative disorders of the skin (Figure 4).

CHRONIC WOUNDS HYPETROPHIC SCARS
Epidermis (
Excessiveneutrophfl peutrephil tgr;l;?g::aSEE:c;::I:::sE 0 8<<>>’ ‘/ﬁbrob\asis

® -

d h P =

:2;.\,'::;:,” . @ O I / Prolonged mﬂammatorv—b TGF'B_'. %
response <:><:>

** ~ Excessive TGF-B
Dermis * TNF-ee—Inflammatory cytokine mediated fibroblast
IL-12 overexpression activation and collagen
macrophage /

deposition
( (/ K /

Subcutaneous Tissue

Figure 4: The proposed effects and mechanism of action of ketanserin in the context of
chronic wounds and hypertrophic scarring.

Chronic wounds are perpetuated by hyperinflammatory response resulting in a highly
proteolytic environment. Ketanserin has known anti-inflamamtory effects such as inhibiting
macrophage mediated pro-inflammatory cytokine production. The observed efficacy of
ketanserin in chronic wounds in human diabetic patients might be due to its anti-
inflammatory effects. In hypertrophic scarring, excessive fibroblast activation and collagen
deposition results from overexpression of TGF-f levels. Ketanserin also inhibits TGF-
concentration and thus may have efficacy in context of scarring. Light black arrows are used
for labelling purposes. Dense black arrows represent sequence of events. The T symbol
represents an inhibitory action.

In contrast to 5SHTR2, 5SHTR1-mediated signaling has been associated with anti-
inflammatory effects such as reducing levels of a key pro-inflammatory cytokine TNF-a,
reducing leukocyte infiltration in inflammatory conditions like contact hypersensitivity, and
having anti-fibrotic effects. The use of SHTR1 agonists has not been investigated in the
context chronic wounds or hypertrophic scarring and warrants future investigation.
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SEROTONIN MODULATION OF ESSENTIAL SIGNALLING
PATHWAYS DURING WOUND HEALING

Whnt//B-Catenin and Notch signaling are implicated in the wound healing process.
However, Notch signaling is comparatively less explored than Wnt/B-Catenin signaling
pathway in the context of wound healing. The importance of Wnt/B-Catenin signaling during
wound healing is well established. Wnt/pB-Catenin signaling has not only an essential role
during re-epithelialization of injured skin, but its activity also affects the formation of
granulation tissue, particularly during proliferative phase of skin healing. B-Catenin level
regulate scar size and can modulate the differentiation of mesenchymal cells such as Pax7-
positive stem cells to dermal fibroblasts. Recently, the role of serotonin pathway on Wnt/[3-
Catenin signaling is coming to light, especially in the context of cancer therapeutics. For
instance, S5SHT administration has been shown to enhance the expression of B-Catenin-
mediated activation of target genes and hepatocellular carcinoma (HCC) cell proliferation in
vitro (Fatima, et al., 2016). Studies that examined the effects of non-specific 5SHTR2a
receptor antagonizing agents such as olanzapine and spiperone showed inhibition of the
Whnt/p-Catenin signaling pathway (Lu, et al., 2009). However, because these drugs are non-
specific, and also have effects on dopamine receptor 2 (Gundlach, et al., 1984), it is hard to
conclude based on these results whether reducing in Wnt/B-Catenin is due to 5HT2a
antagonism alone. Moreover, it has been shown that selective 5HT1 and 5HT2 antagonism
does not inhibit Wnt activation, thus suggesting a limited role of Wnt/B-Catenin pathway in
the context of 5SHT1 and 5HT2 receptor function.

In the context of fibroproliferative disorders, Wnt/B-Catenin signaling could be an
important mediator since macrophages deficient in f-Catenin have impaired production of
TGF-B1 (Amini et al., 2014). Moreover, our group has shown that TGF-f1 stimulation
increases the expression of 3-Catenin in vivo (Amini et al., 2007), suggesting that both TGF-
B1 and B-catenin are important in promoting the expressions of one another. Since increased
serotonin levels has been shown to enhance Wnt/3-Catenin signaling (Fatima, et al., 2016),
perhaps topical SSRI administration could have a similar effect by inhibiting the reuptake of
extracellular serotonin. Theoretically, it is possible that topical SSRIs could lead to enhanced
wound closure but may increase the likelihood of hypertrophic scarring. Therefore, future
studies should also investigate the propensity of hypertrophic scarring in the topical
administration of topical SSRI treatment in acute wounds.

DISCUSSION

Serotonin plays an important role in key stages of wound healing including achieving
homeostasis, activating an inflammatory response in wounds, and promoting the
differentiation and proliferation of fibroblasts. Platelet-mediated serotonin release acts as a
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major immunomodulator, resulting in the recruitment of neutrophils to the site of injury.
Serotonin also results in the amplification of the adaptive immune response. Serotonin also
promotes fibroblast proliferation and myofibroblast differentiation via upregulating pro-
inflammatory cytokines such as TGF-B1, thus playing a crucial role in wound healing and
closure. Other important players in the peripheral serotoninergic system are local dendritic
cells, keratinocytes, T lymphocytes, and mast cells that are known to express key serotonin
synthesizing proteins, serotonin receptors (5SHTR), and serotonin reuptake transporters
(SERT).

Since serotonin promotes inflammation and fibroproliferative changes (Welsh, et al,
2004), modulators of serotonin signaling pathway may have enormous implications in the
context of wound healing. Among them are SSRIs that act by inhibiting SERT, thereby
prolonging the extracellular signaling action of serotonin. However, SERT are necessary for
platelet’s serotonin stores because platelets cannot synthesize serotonin (Mercado, et al,
2010). SERT inhibition will consequentially lead to diminished platelet-mediated serotonin
signaling that is necessary for promoting hemostasis inflammatory response in sites of acute
injury. Supporting this concept, systemic SSRI treatment does not promote wound healing in
rats (Yuksel, et al., 2014). However, to avoid anti-inflammatory systemic side effects of
SSRis, topical SSRIs applied locally to wound sites could be an alternative. We speculate that
topical application of SSRIs could prolong serotonin-5HTR signaling by inhibiting
intracellular uptake of serotonin by local lymphocytes, keratinocytes and fibroblasts. Future
studies need to investigate whether treatment of topical SSRIs in local wounds enhances
5HTR1 and 2 signaling during the inflammatory phase. Moreover, investigations are
warranted to determine the efficacy of topical serotonin and SSRI treatment in acute wounds.

Although SSRIs have shown to have some anti-inflammatory effects, SSRI treatment
has not been found efficacious in promoting chronic wound healing (Yuksel, et al., 2014).
Whereas, 5SHTR2A receptor antagonist, ketanserin, accelerates wound healing and closure in
human chronic wounds (Apelqgvist, et al., 1990; Janssen, et al., 1989; Martinez-de et al., 1997
and Quatresooz, et al., 2006). This may suggest that to ameliorate the hyper-inflammatory
conditions in chronic wounds, specific inhibition of serotonin’s pro-inflammatory signaling
cascade is more effective. SHTRA receptors are associated with pro-inflammatory effects of
serotonin, and thus its inhibition is more effective than SERT inhibition. Interestingly,
ketanserin does not show efficacy in promoting acute wound healing (Lawrence, et al.,
1995), supporting the idea that its efficacy in chronic wounds may primarily be due to its
anti-inflammatory effects, which do not play a role in acute wound healing.

Furthermore, SHTR2 antagonists may have a role in preventing hypertrophic scarring.
Hypertrophic scars are common post-burn injuries, and are associated with prolonged
inflammatory response and heightened TGF-B1-mediated fibrosis. 5HT2b antagonists are
associated with diminishing myofibroblast differentiation and fibrotic changes (Lofdahl, et
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al., 2016). Thus, by inhibiting 5HT2a-mediated inflammation and TGF-B1 upregulation,
ketanserin may be able to prevent the formation of hypertrophic scarring post-burn. While
5HTR2 is associated with inflammation and fibrosis, SHTR1 is associated with the reversal
of these effects (McAloon, et al., 1995; Raghunathan, et al., 2014 and Sharifi, et al., 2015).
Therefore, SHT1R agonists like buspirone, should be investigated along with SHTR2
antagonists in the context of chronic wounds and hypertrophic scarring.

CONCLUSION

Serotonin has an important role in the promotion of wound healing, particularly in the
inflammatory and proliferative stages. Drugs involved in the serotonin pathway especially
5HTR2 antagonists, such as ketanserin, may have an important role in mitigating the hyper-
inflammatory response seen in chronic wounds and ameliorating TGF-B1-mediated
fibroproliferative response leading to hypertrophic scarring. Systemic SSRIs lead to
diminished platelet-mediated serotonin signaling and have not shown to promote wound
healing. Topical SSRIs still remain a possible candidate for wound healing as it may act by
enhancing local serotonin-5HT signaling by inhibiting serotonin intracellular uptake.

ACKNOWLEDGEMENTS

EMH Seed grant and Toronto Hydro.
REFERENCES

1. Ahern, GP (2011) “5-HT and the immune system.” Curr Opin Pharmacol 11: 29-33.

2. Ameisen, JC; Meade, R and Askenase, PW (1989) “A new interpretation of the
involvement of serotonin in delayed-type hypersensitivity. Serotonin-2 receptor
antagonists inhibit contact sensitivity by an effect on T cells.” Journal Immunol 142:
3171-3179.

3. Amini Nik, S; Ebrahim, RP; Van Dam, K; Cassiman, JJ and Tejpar S (2007) “TGF-
beta modulates beta-Catenin sta- bility and signaling in mesenchymal proliferations.”
Exp Cell Res 313: 2887-2895.

4. Amini-Nik, S; Cambridge, E; Yu, W; Guo, A, Whetstone, H; Nadesan, P; Poon, R;
Hinz, B and Alman, BA (2014) “beta-Catenin-regulated myeloid cell adhesion and
migration determine wound healing.” J Clin Invest 124: 2599-2610.

5. Amini-Nik, S; Glancy, D; Boimer, C; Whetstone, H; Keller, C and Alman, BA (2011)
“Pax7 expressing cells contribute to dermal wound repair, regulating scar size through
a beta-catenin mediated process.” Stem cells 29: 1371-1379.

6. Apelqvist, J; Castenfors, J; Larsson, J; Stenstrom, A and Persson, G (1990)
“Ketanserin in the treatment of diabetic foot ulcer with severe peripheral vascular
disease.” Int Angiol 9:120-124.

www.ijdrt.com 96




Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106  ISSN 2277-1506

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Arno, Al; Amini-Nik, S; Blit, PH; Al-Shehab, M; Belo, C; Herer, E; Tien, CH and
Jeschke, MG (2014) “Human Wharton’s jelly mesenchymal stem cells promote skin
wound healing through paracrine signaling.” Stem Cell Res Ther 5: 28.

Baik, SY;Jung, KH, Choi, MR; Yang, BH; Kim, SH; Lee, JS; Oh, DY; Choi, IG;
Chung, H and Chai, YG (2005) “Fluoxetine-induced up-regulation of 14-3-3zeta and
tryptophan hydroxylase levels in RBL-2H3 cells.” Neurosci Lett 374: 53-57.

Bever, KA and Perry, PJ (1998) “Olanzapine: a serotonin-dopamine-receptor
antagonist for antipsychotic therapy.” Am J Health Syst Pharm 55:1003-1016.

Bielefeld, KA; Amini-Nik, S and Alman, BA (2013) “Cutaneous wound healing:
recruiting developmental pathways for regeneration.” Cell Mol Life Sci 70: 2059-
2081.

Bielefeld, KA; Amini-Nik, S; Whetstone, H; Poon, R, Youn, A; Wang, J and Alman,
BA (2011) “Fibronectin and beta-catenin act in a regulatory loop in dermal fibroblasts
to modulate cutaneous healing.” J Biol Chem 286: 27687-27697.

Bischoff, SC, Mailer, R, Pabst, O, Weier, G, Sedlik, W; Li, Z; Chen, JJ; Murphy, DL
and Gershon, MD (2009) “Role of serotonin in intestinal inflammation: knockout of

serotonin reuptake transporter exacerbates 2,4,6-trinitrobenzene sulfonic acid colitis

in mice.” Am J Physiol Gastrointest Liver Physiol 296: G685-G695.

Blakytny, R and Jude, E (2006) “The molecular biology of chronic wounds and
delayed healing indiabetes.” Diabet Med 23: 594-608.

Chen, L; Chen, G; Guo, Y;Liu, L; Xiao, L; Fan, W; Shi, B and Qian, Y (2014)
“Ketanserin, a serotonin 2A receptor antagonist, alleviates ischemia-related biliary

fibrosis following donation after cardiac death liver transplantation in rats.” Liver
Transpl 20: 1317-1326.

Ciribassi, J; Luescher, A; Pasloske, KS; Robertson-Plouch, C; Zimmerman, A and
Kaloostian-Whittymore, L (2003) “Comparative bioavailability of fluoxetine after
transdermal and oral administration to healthy cats.” Am J Vet Res 64.(8): 994-8.

Clark, RA; Lanigan, JM; DellaPelle, P; Manseau, E; Dvorak, HF and Colvin, RB
(1982) “Fibronectin and fibrin provide a provi- sional matrix for epidermal cell
migration during wound reepithelialization.” J Invest Dermatol 79: 264-269.

Denney, RM; Koch, H and Craig, IW (1999) “Association between monoamine
oxidase A activity inhuman male skin fibroblasts and genotype of the MAOA
promoter-associated variable number tandem repeat.” Human genetics 105: 542-551.

DiPietro, LA (1995) “Wound healing: the role of the macrophage and other immune
cells.” Shock 4: 233-240.

Duerschmied, D and Bode, C (2009) “The role of serotonin in haemostasis.”
Hamostaseologie 29: 356-359.

www.ijdrt.com 97



Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106  ISSN 2277-1506

20. Duerschmied, D; Suidan, GL; Demers, M; Herr, N; Carbo, C; Brill, A; Cifuni, SM;
Mauler, M; Cicko, S; Bader, M; Idzko, M; Bode, C and Wagner, DD (2013) “Platelet
serotonin promotes the recruitment of neutrophils to sites of acute inflammation in
mice.” Blood 121: 1008-1015.

21. Durk, T; Panther, E; Muller, T and Sorichter, S (2005) “5-Hydroxytryptamine
modulates cytokine and chemokine production in LPS-primed human monocytes via
stimulation of different 5-HTR subtypes.” Int Immunology 17: 599-606.

22. Eming, SA; Hammerschmidt, M; Krieg, T and Roers, A (2009) “Interrelation of
immunity and tissue repair or regeneration.” Semin Cell Dev Biol 20: 517-527.

23. Fabre, A; Marchal-Somme, J; Marchand-Adam, S; Quesnel, C; Borie, R; Dehoux, M;
Ruffié, C; Callebert, J; Launay, JM; Hénin, D; Soler, P and Crestani, B (2008)
“Modulation of bleomycin-in- duced lung fibrosis by serotonin receptor antagonists in
mice.” Eur Respir J 32: 426-436.

24. Fatima, S; Shi, X; Lin, Z; Chen, GQ; Pan, XH; Wu, JC; Ho, JW; Lee, NP; Gao, H;
Zhang, G; Lu, A and Bian, ZX (2016) “5-Hydroxytryptamine promotes hepatocellular
carcinoma proliferation by influencing beta-catenin.” Mol Oncol 10: 195-212.

25. Feighner, JP (1999) “Mechanism of action of antidepressant medications.” J Clin
Psychiatry 60.

26. Finnerty, CC, Jeschke, MG, Branski, LK, Barret, JP, Dziewulski, P and Herndon, DN
(2016) “Hypertrophic scarring: the greatest unmet challenge after burn injury.” Lancet
388: 1427-1436.

27. Gobin, V; Van Steendam, K; Fevery, S; Tilleman, K, Billiau, AD; Denys, D and
Deforce DL (2013) “Fluoxetine reduces murine graft-versus- host disease by
induction of T cell immunosuppression.” J Neuroimmune Pharmacol 8: 934-943.

28. Golebiewska, EM and Poole, AW (2015) “Platelet secretion: From haemostasis to
wound healing andbe- yond.” Blood Reviews 29: 153-62.

29. Grewal, JS; Mukhin, YV; Garnovskaya, MN; Raymond, JR and Greene, EL (1999)
“Serotonin 5-HT2A receptor induc- es TGF-betal expression in mesangial cells via
ERK: proliferative and fibrotic signals.” Am J Physiol 276: F922-F930.

30. Gundlach, AL; Largent, BL and Snyder, SH (1984) “125I-Spiperone: a novel ligand
for D2 dopamine recep- tors.” Life sciences 35:71981-1988.

31. Guo, S and Dipietro, LA(2010) “Factors affecting wound healing.” J Dent Res 89:
219- 229.

32. Hergovich, N;Aigner, M; Eichler, HG; Entlicher, J; Drucker, C and Jilma, B (2000)
“Paroxetine decreases platelet serotonin storage and platelet function in human
beings.” Clin Pharmacol Ther 68: 435-442.

www.ijdrt.com 98



Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106  ISSN 2277-1506

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Hoyer, D; Hannon, JP and Martin, GR (2002) “Molecular, pharmacological and
functional diversity of 5-HT receptors.” Pharmacol Biochem Behav 71: 533-554.

Huang, J; Li, G; Xiang, J; Yin, D and Chi, R (2004) “Immunohistochemical study of
serotonin in lesions of chronic eczema.” Int J Dermatol 43: 723-726.

Janssen, PA; Janssen, H; Cauwenbergh, G; De Doncker, P; De Beule, K; Lewi, P;
Tytgat, HF and Lapicre, CM (1989) “Use of topical ketanserin in the treatment of skin
ulcers: a double-blind study.” J Am Acad Dermatol 21: 85-90.

Javors, MA; Houston, JP; Tekell, JL; Brannan, SK and Frazer, A (2000) “Reduction of
platelet serotonin content in depressed patients treated with either paroxetine or
desipramine.” Int J Neuropsychopharmacol 3: 229-235.

Jiang, J; Kuhara, T; Ueki, R and Zheng, Y (2007) “Inhibitory effects of paroxetine on
the development of atopic dermatitis-like lesions in NC/Nga mice.” J Dermatol Sci,
47: 244-247.

Khalil, N; Bereznay, O; Sporn, M and Greenberg, AH (1989) “Macrophage
production of transforming growth factor beta and fibroblast collagen synthesis in
chronic pulmonary inflammation.” J Exp Med 170: 727-737.

Kim, DC; Jun, DW; Kwon, YI; Lee, KN; Lee, HL; Lee, OY; Yoon, BC; Choi, HS and
Kim, EK (2013) “5-HT2A receptor antagonists inhibit hepaticstellate cell activation
and facilitate apoptosis.” Liver Int 33: 535-543.

Kim, SW; Park, SY and Hwang, O (2002) “Up-regulation of tryptophan hydroxylase
expression and serotonin synthesis by sertraline.” Molecular pharmacology 61: 778-
785.

Lawrence, CM; Matthews, JN and Cox, NH (1995) “The effect of ketanserin on
healing of fresh surgical wounds.” Br J Dermatol 132: 580-586.

Lee, TY; Chin, GS; Kim, WJ; Chau, D; Gittes, GK and Longaker, MT (1999)
“Expression of transforming growth factor beta 1, 2, and 3 proteins in keloids.” Ann
Plast Surg 43: 179-184.

Lesurtel, M; Graf, R; Aleil, B; Walther, DJ; Tian Y; Jochum, W; Gachet, C; Bader, M
and Clavien, PA (2006) “Platelet-derived serotonin mediates liverregeneration.”
Science 312: 104-107.

Li, Y; Chen, L; Du, Y; Huang, D; Han, H and Dong, Z (2016) “Fluoxetine Ameliorates
Atopic Dermatitis-Like Skin Lesions in BALB/c Mice through Reducing
Psychological Stress and Inflammatory Response.” Front Pharmacol 7: 318.

Lofdahl, A; Rydell-Tormanen, K; Muller, C; Martina Holst, C; Thiman, L; Ekstrom,
G; Wengleén, C, Larsson-Callerfelt, AK and Westergren-Thorsson, G (2016) “5-HT2B
receptor antagonists attenuate myofibroblast differentiation and subsequent fibrotic
responses in vitro and in vivo.” Physiol Rep 4.

www.ijdrt.com 99



Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106  ISSN 2277-1506

46.

47.

48.

49,

50.

o1,

52.

53.

54,

55.

56.

S7.

58.

59.

Lu, D and Carson, DA (2009) “Spiperone enhances intracellular calcium level and
inhibits the Wntsignal- ing pathway.” BMC pharmacology, 9.

Lundeberg, L; Liang, Y;Sundstrom, E; Nordlind, K; Verhofstad, A; Lidén, S and
Johansson, O (1999) “Serotonin in human allergic contact dermatitis. An
immunohistochemical and high-performance liquid chromatographic study.” Arch
Dermatol Res 291: 269-274.

Lv, J and Liu, F (2017) “The Role of Serotonin beyond the Central Nervous System
during Embryogenesis.” Front Cell Neurosci 11.

Macdonald, RA; Robbins, SL and Mallory, GK (1958) “Dermal fibrosis following
subcutaneous injections of serotonin creatinine sulphate.” Proc Soc Exp Biol Med 97:
334-337.

Malinin, A; Oshrine, B and Serebruany, V (2004) “Treatment with selective serotonin
reuptake inhibitors for enhancing wound healing.” Medical Hypotheses 63: 103-1009.

Mann, DA and Oakley, F (2013) “Serotonin paracrine signaling in tissue fibrosis.”
Biochim Biophys Acta 1832: 905-910.

Martinez-de Jesus, FR; Morales-Guzman, M; Castaneda, M; Perez-Morales, A;
Garcia-Alonso, J and Mendiola-Segura, | (1997) “Randomized single-blind trial of

topical ketanserin for healing acceleration of diabetic foot ulcers.” Arch Med Res 28:
95-99.

Mauler, M; Bode, C and Duerschmied, D (2016) “Platelet serotonin modulates
immune functions.” Hamostaseologie 36: 11-16.

McAloon, MH; ChandraSekar, A; Lin, YJ; Hwang, GC and Sharpe RJ (1995)
“Buspirone inhibits contact hypersensi- tivity in the mouse.” Int Arch Allergy
Immunol 107: 437-438.

McCloskey, DJ; Postolache, TT; Vittone, BJ; Nghiem, KL; Monsale, JL; Wesley, RA
and Rick, ME (2008) “Selective serotonin reuptake in- hibitors: measurement of
effect on platelet function.” Transl Res 151:168-172.

Meijer, WE; Heerdink, ER; Nolen, WA, Herings, RM, Leufkens, HG and Egberts, AC
(2004) “Association of risk of abnormal bleed- ing with degree of serotonin reuptake
inhibition by antidepressants.” Arch Intern Med 164: 2367-2370.

Menke, NB; Ward, KR; Witten, TM; Bonchev, DG and Diegelmann, RF (2007)
“Impaired wound healing.” Clin Dermatol 25: 19-25.

Mercado, CP and Kilic, F (2010) “Molecular mechanisms of SERT in platelets:
regulation of plasma sero- tonin levels.” Molecular Interventions 10: 231-241.

Morita, T; McClain, SP; Batia, LM; Pellegrino, M; Wilson, SR; Kienzler, MA;
Lyman, K; Olsen, AS; Wong, JF; Stucky, CL; Brem, RB and Bautista, DM (2015)

www.ijdrt.com 100



Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106  ISSN 2277-1506

“HTR7 Mediates Serotonergic Acute and Chronic Itch.” Neuron, 87: 124-138.

60. Nordlind, K; Thorslund, K; Lonne-Rahm, S; Mohabbati, S; Berki, T; Morales, M and
Azmitia, EC (2006) “Expression of serotonergic receptors in psoriatic skin.” Arch
Dermatol Res 298: 99-106.

61. O’Connell, PJ, Wang, X, Leon-Ponte, M, Griffiths, C, Pingle, SC and Ahern, GP
(2006) “A novel form of immune signaling re- vealed by transmission of the
inflammatory mediator serotonin between dendritic cells and T cells.” Blood 107:
1010-1017.

62. Olczyk, P; Mencner, L and Komosinska-Vassev, K (2014) “The role of the
extracellular matrix components in cutaneous wound healing.” Bio Med Res Int.

63. Pastar, I; Stojadinovic, O; Yin, NC; Ramirez, H; Nusbaum, AG; Sawaya, A, Patel,
SB; Khalid, L; Isseroff RR3, Tomic-Canic M (2014) “Epithelialization in Wound
Healing: A Com- prehensive Review.” Adv Wound Care 3: 445-464.

64. Penn, JW; Grobbelaar, AO and Rolfe, KJ (2012) “The role of the TGF-beta family in
wound healing, burns and scarring: a review.” Int J Burns Trauma 2: 18-28.

65. Poon, R; Nik, S.A; Ahn, J; Slade, L. and Alman, B.A; (2009) “Beta-catenin and
transforming growth factor betahave distinct roles regulating fibroblast cell motility
and the induction of collagen lattice contraction.” BMC Cell Bio 10: 38.

66. Portou, MJ; Baker, D; Abraham, D and Tsui, J (2015) “The innate immune system,
toll-like receptors and dermal wound healing: A review.” Vascular pharmacology 71:
31-36.

67. Quatresooz, P; Kharfi, M; Paquet, P; Vroome, V; Cauwenbergh, G and Pierard, GE
(2006) “Healing effect of ketanserin on chronic leg ulcers in patients with diabetes.” J
Eur Acad Dermatol Venereol, 20: 277-281.

68. Raghunathan, S; Tank, P; Bhadada, S and Patel, B (2014) “Evaluation of buspirone on
streptozotocin in- duced type 1 diabetes and its associated complications.” BioMed
Research International pp: 948427.

69. Rodero, MPand Khosrotehrani, K (2010) “Skin wound healing modulation by
macrophages.” Int J Clin Exp Pathol 3: 643-653.

70. Ruddell, RG; Oakley, F; Hussain, Z; Yeung, I; Bryan-Lluka, LJ; Ramm, GA and
Mann, DA (2006) “A role for serotonin (5-HT) in hepaticstellate cell function and
liver fibrosis.” Am J Pathol, 169: 861-876.

71. Sadri, AR; Jeschke, MG and Amini-Nik, S (2016) “Advances in Liver Regeneration:
Revisiting Hepatic Stem/Progenitor Cells and Their Origin.” Stem Cells Int pp:
7920897.

72. Savitz, J; Lucki, I and Drevets, WC (2009) “5-HT(1A) receptor function in major

www.ijdrt.com 101



Int. J.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Drug Res. Tech. 2017, Vol. 7 (3),80-106  ISSN 2277-1506

depressive disorder.” Prog Neurobiol, 88: 17-31.

Schloss, P and Williams, DC (1998) “The serotonin transporter: a primary target for
antidepressant drugs.” J Psychopharmacol 12: 115-121.

Schluter, T and Bohnensack, R (1999) “Serotonin-induced secretion of von
Willebrand factor from human umbilical vein endothelial cells via the cyclic AMP-

signaling systems independent of increased cytoplasmic calcium concentration.”
Biochem Pharmacol 57:191-197.

Schneider, DF; Palmer, JL; Tulley, JM; Speicher, JT; Kovacs, EJ; Gamelli, RL and
Faunce, DE (2011) “A novel role for NKT cells in cutaneous wound repair.” J Surg
Res 168: 325-333.

Sharifi, H; Nayebi, AM; Farajnia, S and Haddadi, R (2015) “Effect of Chronic
Administration of Buspirone and Fluoxetine on Inflammatory Cytokines in 6-
Hydroxydopamine-lesioned Rats.” Drug Res 65: 393-397.

Singer, AJ and Clark, RA (1999) “Cutaneous wound healing.” N Engl J Med 341:
738-746.

Skop, BP and Brown, TM (1996) “Potential vascular and bleeding complications of
treatment withselective serotonin reuptake inhibitors.” Psychosomatics 37: 12-6.

Slominski, A; Pisarchik, A; Semak, I; Sweatman, T. and Wortsman, J (2003)
“Characterization of the serotoninergic system in the C57BL/6 mouse skin.” Eur J
Biochem 270: 3335-3344.

Slominski, A; Pisarchik, A; Semak, I; Sweatman, T; Wortsman, J; SzczesniewskKi, A;
Slugocki, G; McNulty, J; Kauser, S; Tobin, D.J. and Jing, C (2002) “Serotoninergic
and melatoninergic sys- tems are fully expressed in human skin.” FASEB J 16: 896-
898.

Slominski, A; Pisarchik, A; Zbytek, B; Tobin, DJ; Kauser, S. and Wortsman, J (2003)
“Functional activity of serotoninergic and melatoninergic systems expressed in the
skin.” J Cell Physiol 196: 144-153.

Slominski, A; Wortsman, J and Tobin, DJ (2005) “The cutaneous
serotoninergic/melatoninergic system: securing a place under the sun.” FASEB J 19:
176-194.

Soga, F; Katoh, N; Inoue, T and Kishimoto, S (2007) “Serotonin activates human
monocytes and prevents apoptosis.” J Invest Dermatol 127:1947-1955.

Stahl, SM (1998) “Mechanism of action of serotonin selective reuptake inhibitors.

Serotonin receptors and pathways mediate therapeutic effects and side effects.” J
Affect Disord 51: 215-235.

Sténder, S; Bockenholt, B; Schiirmeyer-Horst, F; Weishaupt, C; Heuft, G; Luger, TA

www.ijdrt.com 102



Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106  ISSN 2277-1506

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

and Schneider, G (2009) “Treatment of chronic pruritus with the selective serotonin
re-uptake inhibitors paroxetine and fluvoxamine: results of an open-labelled, two- arm
proof-of-concept study.” Acta dermato-venereologica 89: 45-51.

Stout, RD and Suttles, J (1997) “T cell signaling of macrophage function in
inflammatory disease.” Front Biosci 2: d197-d206.

Sui, H; Xu, H; Ji, Q; Liu, X; Zhou, L; Song, H; Zhou, X; Xu, Y; Chen, Z; Cai, J. and
Ji, G (2015) “5-hydroxytryptamine receptor (5-HT1DR) promotes colorectal cancer
metastasis by regulating Axinl/beta-catenin/MMP-7 signaling pathway.” Oncotarget
6: 25975-25987.

Tarnuzzer, RW and Schultz, GS (1996) “Biochemical analysis of acute and chronic
wound environments.” Wound Repair Regen 4: 321-325.

Thorslund, K; Amatya, B; Dufva, AE and Nordlind, K (2013) “The expression of
serotonin transporter protein correlates with the severity of psoriasis and chronic
stress.” Arch Dermatol Res 305: 99-104.

Thorslund, K; EI-Nour, H and Nordlind, K (2009) “The serotonin transporter protein
is expressed inpsoria- sis, where it may play a role in regulating apoptosis.” Arch
Dermatol Res 301: 449-457.

Thorslund, K; Svensson, T; Nordlind, K; Ekbom, A and Fored CM (2013) “Use of
serotonin reuptake inhibitors in patients with psoriasis is associated with a decreased
need for systemic psoriasis treatment: a population-based cohort study.” J Intern Med
274: 281-287.

Tseng, Y.L; Chiang, M.L; Huang, T.F; Su, K.P; Lane, H.Y. and Lai, YC (2010) “A
selective serotonin reuptake inhibitor, citalo- pram, inhibits collagen-induced platelet
aggregation and activation.” Thrombosis Res 126: 517-523.

Wang, J; Jiao, H; Stewart, TL; Shankowsky, HA; Scott, PG and Tredget, EE (2007)
“Increased TGF-beta-producing CD4+ T lym- phocytes in postburn patients and their

potential interaction with dermal fibroblasts in hypertrophic scarring.” Wound Repair
Regen 15: 530-539.

Welsh, DJ; Harnett, M; MacLean, M and Peacock, AJ (2004) “Proliferation and
signaling in fibroblasts: role of 5-hydroxytryptamine2A receptor and transporter.” Am
J Respir Crit Care Med 170: 252-259.

Wetzler, C; Kampfer, H; Stallmeyer, B; Pfeilschifter, J. and Frank, S (2000) “Large and
sustained induction of chemokines during impaired wound healing in the genetically
diabetic mouse: prolonged persistence of neutro- phils and macrophages during the
late phase of repair.” J Invest Dermatol 115: 245-253.

Xiao, J; Shao, L; Shen, J; Jiang, W; Feng, Y; Zheng, P. and Liu, F (2016) “Effects of
ketanserin on experimental colitis in mice and macrophage function.” Int J Mol Med
37: 659-668.

www.ijdrt.com 103



Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106  ISSN 2277-1506

97. Xu, J; Jian, B; Chu, R; Lu, Z; Li, Q; Dunlop, J; Rosenzweig-Lipson, S; McGonigle, P;
Levy, R.J. and Liang, B (2002) “Serotonin mechanisms in heart valve disease II: the

5-HT2 re- ceptor and its signaling pathway in aortic valve interstitial cells.” Am J
Pathol 161: 2209-2218.

98. Xue, M and Jackson, CJ (2015) “Extracellular Matrix Reorganization During Wound
Healing and Its Impact on Abnormal Scarring.” Adv Wound Care 4: 119-136.

99. Yabanoglu, S; Akkiki, M; Seguelas, M.H; Mialet-Perez, J; Parini, A. and Pizzinat, N
(2009) “Platelet derived serotonin drives the activation of rat cardiac fibroblasts by 5-
HT2A receptors.” J Mol Cell Cardiol 46: 518-525.

100. Yuksel, EP; llkaya, F; Yildiz, L; Aydin, F; Senturk, N; Denizli, H; Canturk, T.
and Turanli, AY (2014) “Effects of paroxetine on cutaneous wound healing in healthy
and diabetic rats.” Adv Skin Wound Care 27: 216-221.

101. Zhu, Z; Ding, J and Tredget, EE (2016) “The molecular basis of hypertrophic
scars.” Burns Trauma 4.

www.ijdrt.com 104



Int. J. Drug Res. Tech. 2017, Vol. 7 (3), 80-106 ~ ISSN 2277-1506

Correspondence Author:
Saeid Amini-Nik*
Department of Laboratory Medicine and Pathobiology (LMP), University of Toronto, Toronto, M5S1A8, Canada

E-mail: saeid.amininik@utoronto.ca

Tel: +1-416-480-6100 (ext. 85433)

Cite This Article: Shah A and Amini-Nik S (2017), “The role of serotoninergic system in
skin healing”, International Journal of Drug Research and Technology, Vol. 7 (3), 80-
105.

INTERNATIONAL JOURNAL OF DRUG RESEARCH AND TECHNOLOGY

www.ijdrt.com 105


mailto:saeid.amininik@utoronto.ca
http://www.ijdrt.com/
http://www.ijdrt.com/index.php

