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Synopsis

Beta2 adrenergic receptors were identified in keratinocytes more than 30 years ago, but their function
in the epidermis continues to be elucidated. Abnormalities in their expression, signaling pathway, or
in the generation of endogenous catecholamine agonists by keratinocytes have been implicated in
the pathogenesis of cutaneous diseases such as atopic dermatitis, vitiligo and psoriasis. New studies
also indicate that the beta2 AR also modulates keratinocyte migration, and thus can function to
regulate wound re-epithelialization. This review focuses on the function of these receptors in
keratinocytes and their contribution to cutaneous physiology and disease.
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Physiology of the beta2 adrenergic receptor in keratinocytes

Of the several identified classes of adrenergic receptors (alpha and beta, and their subtypes),

it is of particular interest to note that human keratinocytes, the cells the make up the majority
of the epidermis, express only beta2 adrenergic receptors (beta2 AR)[1-4]. The beta adrenergic
receptor is a classic seven transmembrane G protein coupled receptor. These receptors serve

as the endogenous receptor to the catecholamine hormones norepinephrine and epinephring,

and can be further subdivided into betal, beta2, and beta3 subtypes, based on their differential
pharmacological response to catecholamines and specific antagonists, as well as differences

in their protein sequences[5-7].

The first studies to suggest the presence of betaAR in the epidermis were functional ones that
demonstrated an increase in levels of cAMP in keratinocytes after stimulation with non-specific
betaAR agonists [8,9]. Subsequently, work using agonists and antagonists with specificity for
the different adrenergic receptor subtypes demonstrated that the increase in keratinocyte
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intracelluar cAMP levels was observed only with agents specific for the beta2AR, suggesting
that keratinocytes mainly expressed this receptor subtype[2]. This finding was confirmed by
later studies that investigated binding affinities of selective agonists and antagonists[10-12],
radioligand-binding assays of epidermal membrane fragments[3], and autoradiographic
mapping of the beta adrenergic receptor subtypes on epidermal keratinocytes[4]. Since only
the beta2 AR is expressed in keratinocytes, this review will focus on this receptor subtype and
its physiological role in the epidermis.

The beta2 AR transduces signals via a G-protein coupled signaling cascade that classically
includes adenylate cyclase-mediated increases in CAMP, although cAMP independent
signaling cascades have recently been described and their regulatory roles are becoming clearer
(reviewed in [13]). Stimulation of the beta2 AR leads to a transient increase in the keratinocyte
intracellular calcium concentration[14], and this likely occurs through several signaling
cascades (Figure 1). Activation of the cAMP-dependent pathway by direct activation of
adenylate cyclase has been shown to reproduce the increase in intracellular calcium that is seen
with ligand stimulation of the beta2AR[15,16]. Although beta2 AR activation in other cell
types, notably cardiac myocytes, results in modulation of activity of voltage-gated calcium
channels[17,18], only recently has the presence of a voltage gated calcium channel been
observed in keratinocytes[19]. Thus, the question of whether or not the beta2 AR-induced
calcium transient in keratinocytes is mediated by this channel has not yet been addressed. The
rise in intracellular calcium induced by beta2 AR activation in keratinocytes may also be the
result of release of intracellular stores, as suggested by Koizumi and colleagues[15,20], and
this intracellular release may in turn trigger calcium-activated calcium influx through as yet
unidentified store-operated calcium channel within the keratinocyte membrane (reviewed in
[21]). Regardless of the specific channels that mediate the calcium influx secondary to beta2 AR
stimulation, it is clear that an increase in intracellular calcium results from the activation of the
beta2 AR, and that this increase can alter keratinocyte differentiation. Increases in the
intracellular calcium concentration inhibit keratinocyte proliferation while increasing
phenotypic differentiation [22-24]. And indeed, Mammone and colleagues have demonstrated
that activation of the beta2 AR on a human keratinocyte cell line results not only in increases
in CAMP levels but also in increased expression of keratins 1 and 10, involucrin and
transglutaminase, all markers of terminal differentiation in keratinocytes[25]. Taken together,
the evidence suggests that beta2 AR activation can upregulate keratinocyte differentiation by
the cAMP-mediated signaling pathway, but does not rule out contributions of the less classical
non-cAMP mediated signaling pathway. Future work will be needed to clarify the role of each
signaling arm in the differentiation process.

In the epidermis, calcium concentrations are lower in the basal layer and increase toward the
stratum corneum[26,27], correlating with the level of keratinocyte differentiation.
Interestingly, it has been shown that keratinocytes are capable of producing epinephrine[28,
291, an endogenous adrenergic agonist with selectivity for the beta2 AR, and basal layer
keratinocytes produce higher levels of epinephrine than suprabasal keratinocytes[29]. Thus, it
has been proposed that epinephrine activates keratinocyte beta2 AR to modulate calcium influx
and begin the differentiation cascade crucial to the native architecture of the epidermis[29].
The beta2 AR desensitizes upon repeated activation through several mechanisms, including
downregulation of the number of beta2 AR receptors (reviewed in [30,31]). Indeed, beta2AR
expression is more highly expressed at the basal layers of the epidermis and decreases in
expression toward the stratum corneum[12], suggesting that epinephrine may be activating the
receptor to increase intracellular calcium levels and induce differentiation. However, further
studies will be needed to determine how essential the autocrine epinephrine/beta2 AR signaling
cascade is for keratinocyte differentiation and formation of the epidermal architecture.
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Several cCAMP-independent signaling pathways have also been described for the beta2 AR in
many cell types, and this is true in keratinocytes as well. Epinephrine stimulation of the
beta? AR has been shown to increase the activity of protein kinase C and formation of
inositol-1,4,5-trisphosphate[20] which can stimulate calcium release from internal reserves. In
keratinocytes, beta2 AR activation results in a decrease in the activity of extracellular signal-
related kinase (ERK), mediated not by the cAMP-dependent pathway, but rather by its
dephosphorylation which is accomplished through the action of beta2 AR-induced activation
of the serine/threonine phosphatase PP2A[32,33]. This is in contradistinction to beta2AR
activation in multiple other cell types, which typically results in ERK phosphorylation and
activation[34-37]. Classical, cAMP-dependent signaling with beta2AR activation has also
been described in keratinocytes[38,39]. Thus, both cAMP —dependent and independent signal
transduction govern keratinocyte physiology, and continuing investigations will clarify which
pathway controls which cellular functions.

Atopic Dermatitis

Numerous disparate theories have been proposed for the pathogenesis of atopic dermatitis in
the past decades. Although the definitive mechanism of atopic dermatitis remains uncertain,
the possible role of beta adrenoceptor has been implicated for many years. As early as 1968,
Szentivanyi hypothesized that the exaggerated vascular activity and increased sensitivity of
pilomotor smooth muscle seen in the skin of patients with atopic dermatitis could be attributed
to a decreased response to beta adrenergic receptor blockade, and he suggested that this was
like the result of a deficiency of adenylate cyclase [40]. An alternative explanation for the
reduced cAMP responsiveness to beta adrenergic agonists (such as isoproterenol) seen in
leukocytes from atopic individuals has been proposed by Hanifin and colleagues, who showed
an increase in cAMP-phosphodiesterase activity in these patients' leukocytes[41,42]. In vitro
studies by Reed et al. showed that beta adrenergic agonists inhibited DNA synthesis in normal
epidermis but had no inhibitory effect on DNA synthesis of either lichenified or normal-
appearing skin in atopic dermatitis patients[43]. Failure to evoke normal inhibition of cell
division of basal cells thus seems plausible in the pathogenesis of epidermal hyperproliferation
seen in atopic dermatitis. While some investigators proposed that there might be lower densities
of beta2 adrenergic receptors in undifferentiated keratinocytes [44], there is limited evidence
of this, and in fact, other investigators have found normal adrenoceptor densities but lower
receptor binding affinities, albeit on lymphocytes[45]. Nonetheless, these early studies have
provided provocative evidence suggesting the involvement of beta adrenoceptors as
contributing to the pathogenesis of atopic dermatitis.

Focusing on the keratinocyte defects, Schallreuter and colleagues have demonstrated that cell
extracts from epidermal suction blister roofs of the uninvolved skin of atopic dermatitis patients
have a significantly increased concentrations of norepinephrine and the cofactor (6R)-L-
erythro-5,6,7,8,-tetrahydrobiopterin (6BH4), required for the conversion of L-phenylalanine
to L-tyrosine, and for the subsequent conversion of L-tyrosine to L-dopa—two of the early
steps in the catecholamine synthetic pathway (Figure 2), compared to aged-matched controls
[44]. In addition, in this study there was a parallel threefold induction of the catecholamine
degrading enzyme monoamine oxidase-A (MAO-A) activity with half the normal activity of
the enzyme phenylethanolamine-N-methyl transferase (PNMT) required for conversion of
norepinephrine into epinephrine (figure 2) in patients with atopic dermatitis. A prior study
demonstrated an increase in the catecholamine degrading enzyme catechol-o-methyl
transferase (COMT) levels in atopic epidermis[46]. Although circulating levels of
norepinephrine have been reported to be between 1.5 to 2.5 fold increased in patients with
atopic dermatitis as compared to controls[44,47], given the increase in the catecholamine
degrading enzymes COMT and MAO-A in atopic epidermis, the source of the circulating
catecholamines is likely not epidermal. Taken together these results support earlier
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observations of a perturbed catecholamine/ beta adrenoceptor signaling in atopic dermatitis.
Moreover, since gene polymorphisms of the beta2 adrenergic receptor gene have been found
to influence the structure and function of the receptor in other tissues [48], it is possible that
these may also contribute to the altered responses in the beta2 AR pathway seen in atopic
epidermis. Inasmall preliminary study of 4 patients, this was found to be the case, with a single
nucleotide polymorphism of the beta2 AR noted in keratinocytes isolated from these patients,
and the investigators propose that this can alter binding and perhaps function in affected
keratinocytes[49]. Recently, Maestroni investigated the interplay between beta adrenergic
system and immune system[50]. He found that beta2 AR activation in skin and dendritic cells
results in downregulation of inflammatory cytokine production and receptor expression,
leading to reduced Tyl priming. He thus postulated that the beta adrenergic system plays a
key role in modulating cytokine production and antigen presentation and can contribute to
pathologic disorders of the skin such as atopic dermatitis. Overall, the evidence is suggestive
of a defect in the beta2 AR system as contributing to the pathogenesis of atopic dermatitis, but
the exact biochemical pathways remain to be clarified. Further investigation of beta
adrenoceptors of the skin and their interaction with the immune system may offer new
therapeutic approaches to atopic dermatitis.

Vitiligo and Beta2AR

Many theories have been proposed for the pathogenesis of vitiligo, including genetic,
autoimmune, and oxidative damage etiologies (reviewed in [13,51,52]). One pathogenic
mechanism advanced by the work of Schallreuter and colleagues implicates the beta2 AR
signaling pathway and catecholamine synthetic network within the epidermis (recently
reviewed in [13]). Both keratinocytes and melanocytes express beta2 AR [4,10,11,53], both
cell types have the enzymatic machinery for catecholamine synthesis[53,54], and indeed, both
have been demonstrated to generate norepinephrine (keratinocytes, but not melanocytes can
generate epinephrine) [53-55]. Stimulation of the beta2 AR on melanocytes results in an
increase in intracellular levels of cAMP, and subsequently, increased melanogenesis [53].
Since the normal epidermal keratinocytes can endogenously generate epinephrine, they may
be providing local stimulation of this beta2 AR-mediated pathway for melanogenesis in the
normal melanocyte. In vitiligo, there is accumulating evidence generated by the Schallreuter
group that implicates both the catecholamine synthetic pathway and subsequent beta2 AR
signaling in the pathogenesis of the disease. First, it is interesting to note that systemic beta
blockers can lead to exacerbation of vitiligo in some patients[56]. Since beta2 AR-stimulation
activates melanogenesis in vitro, it is tempting to propose that blockade of beta2AR on
melanocytes in vivo may contribute to the decrease in melanin synthesis seen in vitiliginous
skin. Second, patients with vitiligo exhibit increased plasma and urine concentrations of
norepinephrine and its degradation products[57-59]. One possible source may be from the
keratinocytes within the vitiliginous areas, that have increased levels of 6BH4[58,60](Figure
2). This defect, along with a concomitantly noted reduction in the activity of PNMT, in
keratinocytes in affected vitiliginous epidermis[58] (Figure 2) may explain, in part, the
accumulation of norepinephrine. Third, epidermal keratinocytes derived from the affected skin
of patients with vitiligo (and not the clinically normal appearing skin in these patients),
demonstrate increased expression of the beta2 AR in culture[12]. The expression of these
receptors on keratinocytes are regulated by extracellular levels of calcium[12] as well as by 6-
biopterin, the redox product of 6BHR, which is increased in the epidermis in patients with
vitiligo (reviewed in [13,61]). Since beta2AR activation by catecholamines also induces
calcium influx into keratinocytes[14], one might have anticipated that intracellular calcium
levels are increased in keratinocytes in vitiliginous epidermis. However, a defect in calcium
influx has been demonstrated in keratinocytes derived from involved vitiliginous epidermis
[62], although this data may be represented by a limited number of patient samples. How, or
if, this possible defect in keratinocyte calcium flux plays a role in the pathogenesis of vitiligo,
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is not clear at this time. Nevertheless, the cumulative evidence points to an associated defect
in the catecholamine synthetic pathway and to abnormal beta2 AR expression in the vitiliginous
epidermis, and it is likely that continued investigation will uncover the mechanisms by which
these converge to dysregulate melanogenesis in vitiligo. Pharmacological manipulation of the
beta2 AR may then offer another tool for the treatment of vitiligo.

Psoriasis is yet another disease in which the beta2AR has been implicated in its pathogenesis.
Studies by VVoorhees and colleagues and Flaxman and Harper over 30 years ago demonstrated
the regulation of keratinocyte proliferation by intracellular levels of cAMP, and that elevation
of intracellular cAMP by catecholamine stimulation resulted in a decrease in proliferation[8,
9,63-65]. Work by these laboratories also suggested that a decrease in the ability of psoriatic
keratinocytes to respond to beta adrenergic agonists with an increase in CAMP could be, in
part, responsible for the increase in cell proliferation characteristic of the disease[66-69]. These
studies relied on keratome sections of psoriatic epidermis, but a later study by lizuka and
colleagues demonstrated similar findings in epidermis microdissected from involved psoriatic
skin free of stratum corneum, dermis and appendages. These preparations also generated
decreased levels of CAMP after stimulation with epinephrine, when compared to epidermal
preparation microdisseccted from uninvolved skin[70]. Generation of cCAMP in response to
other activators of adenylate cyclase, such as histamine, was intact, suggesting that the defect
in the psoriatic epidermis resided in the beta adrenergic receptor pathway. Similar findings
were obtained by other investigators measuring the generation of CAMP in response to beta
adrenergic agonist stimulation of cell membrane fractions derived from psoriatic and normal
epidermis[71]. This reduced response is likely a function of decreased expression of receptors
on keratinocytes from involved psoriatic epidermis, as has been demonstrated by direct binding
studies[72]. Consistent with these finding is the more recent report of decrease expression of
beta 2 adrenergic receptor mMRNA in involved psoriatic epidermis shown by RT-PCR[73].
Together, these findings suggest that the downregulation of the number of beta adrenergic
receptors, rather than an inherent defect in the receptor itself, is the mechanism that is
responsible for the reduced beta-adrenergic responsiveness seen in psoriatic epidermis. This
decreased response to endogenous agonists then results in a decrease in intracellular cAMP
and thus an increase in keratinocyte proliferation.

Adding support to the hypothesis that beta adrenergic receptor dysregulation contributes to the
pathogenesis of psoriasis, are the multiple reports that beta adrenergic antagonists can
exacerbate the disease. Systemic use of beta blockers, a common approach for hypertension,
or even their topical use in eyedrops for glaucoma, has been reported to either exacerbate
existing psoriasis, or to initiate the disease (reviewed in [74,75]). The drug-induced psoriasis
often remits when the drug is withdrawn. A guinea pig model for psoriasis has been proposed,
using animals treated with systemic beta blockers[76,77], although not every histologic finding
of the disease is replicated in this model[78]. It has been speculated that in addition to the direct
effect of the beta blockers on keratinocyte proliferation, these drugs may be inducing an
immunologic component that exacerbates the disease[79] and in fact, in patients who have had
psoriatic exacerbations in response to treatment with the beta blocker propanol, a lymphocytic
hypersensitivity to the drug has been demonstrated[80,81].

Recently, data suggesting that beta2 AR polymorphisms may contribute to the pathogenesis of
some psoriatics by altering beta2 AR has been reported[82]. Polymorphisms that involve amino
acid substitutions at position 16 and 27 have previously been shown to alter functional
properties of beta2 AR in humans causing beta2 AR desensitization. The polymorphic Gly16
beta2 AR demonstrates prolonged downregulation following long-term agonist exposure as
compared to the wild type Argl6 receptor[83]. Interestingly, in a recent study of 50 subjects,
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it was found that the Arg16 allele frequency was significantly higher in the sporadic psoriasis
group as compared to controls[82]. Since increased circulating levels of catecholamines have
been observed in psoriatic patients[84], and a 10-fold increase in the expression of the
epinephrine sythetic enzyme PNMT is also found in basal keratinocytes in involved psoriatic
epidermis[85], it is tempting to propose that long-term exposure to increased levels of
catecholamines, in the circulation or locally derived by the keratinocytes themselves, in
combination with increased desensitization of beta 2AR in individuals with the Arg16 allele,
may predispose to psoriasis.

In view of the noted abnormalities in the beta2 AR response in psoriatic epidermis, it is
somewhat surprising that pharmacologic approaches addressing this target have not been
vigorously pursued. One U.S. patent for the use of isoproterenol for the treatment of psoriasis
was approved in 1977[86], but no commercial product appears to have resulted as a
consequence. However, it may be that currently utilized therapies also work by modifying this
signaling pathway. For example, vitamin D, currently used as a topical treatment of psoriasis,
has been shown to increase the generation of cAMP in response to betaAR agonists[87].
Glucocorticoids, the mainstay of topical therapy for psoriasis, increase both the expression of
beta2AR in keratinocytes, and the generation of cCAMP in response to agonists[88]. UVB
irradiation, another mainstay in the treatment of psoriasis, has been shown to increase beta2 AR-
mediated cAMP accumulation[89]. Thus it is possible that the various effective treatments for
psoriasis in some way improve the disease by modulating the beta2 AR response in
keratinocytes. Since the safety profiles of beta agonists are well-documented, it may be
worthwhile re-visiting this pharmaceutical class of drugs for efficacy in the treatment of
psoriasis, perhaps as adjunctive therapies.

Wound Healing

The identification of beta AR on keratinocytes in the 1970's was followed by studies that
focused on correlating their activation and subsequent generation of cAMP with cellular
consequences. Thus, early studies correlated beta AR agonist stimulation and intracellular
increases of CAMP in keratinocytes with a decrease in cell proliferation [9,63]. Studies by
Dunlap and Donaldson, demonstrated that incubation of newt keratinocytes with beta agonists
inhibited their migration [90,91], but other studies failed to confirm the presumed relationship
between the increase in intracellular cAMP and inhibition of cell migration in either human
[92] or newt keratinocytes[90,93,94]. Recent work in our laboratory has focused on the role
of the beta2 AR in keratinocyte migration, and particularly with respect to cutaneous wound
repair. We found that activation of the beta2 AR by isoproterenol both increased intracellular
CAMP concentrations and inhibited keratinocyte migration in a concentration-dependent
manner[32]. However, we demonstrated that the beta2 AR-mediated decrease in migration is
not regulated by the induced increase in cAMP, but rather by a cAMP-independent signaling
pathway (Figure 1). Evidence for this conclusion included the findings that adenylate cyclase
inhibitors that decreased intracellular cAMP failed to prevent the inhibition of keratinocyte
migration induced by isoproterenol, and agents that directly activate adenylate cyclase, such
as forskolin, induced an increase in intracellular concentrations of cAMP yet had no inhibitory
effect on migration. In keratinocytes, activation of the beta2 AR results in dephosphorylation
and inactivation of phospho-ERK MAP kinase, through the activation of the protein
phosphatase PP2A[33]. ERK is activated by wounding[95] and is required for wound repair
both in confluent keratinocyte cultures[96] and in human epidermis[97,98]. Thus, inactivation
of ERK by its dephosphorylation as a direct consequence of activation of the beta2 AR results
in a reduced capacity of the keratinocytes to migrate. This inability to migrate in the presence
of beta agonists then translates to in an inability to re-epithelialize a cutaneous wound, either
in ex vivo cultured human skin, or in vivo in a murine tail wound model[55]. Taken together,
these studies demonstrate that beta2 AR agonists impair cutaneous wound epithelialization.
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The finding that beta2 AR agonists impair wound healing prompted the logical question of
whether beta2 AR antagonists (beta blockers) can, on the other hand, improve it. This is indeed
the case. Cultured human keratinocytes treated with beta2 AR antagonists demonstrate an
increase in migratory speed, and this translates to better ability to re-epithelialize cutaneous
wounds in either ex vivo organ cultured human skin[28], or in vivo in murine wounded skin
[99,100]. As might be anticipated, in keratinocytes, beta blockers increase the activation of the
pro-motogenic ERK and its phosphorylation[28]. If beta blockers can improve wound
epithelialization, the question of what endogenous ligand they are blocking naturally ensues.
Two sources of ligand can be proposed. Circulating levels of epinephrine are increased post-
trauma[101,102] and thus exogenously added beta blockers could be preventing their action
on beta2AR in keratinocytes, thereby enhancing migratory speed and wound epithelialization.
Alternatively, since keratinocytes have the enzymatic machinery to generate catecholamines
[1,28], they can, and do synthesize endogenous epinephrine[28,103], which could be locally
secreted into the wound and function in an autocrine manner. In either scenario, the
pharmacologic use of beta blockers would result in the observed increase in wound
epithelialization.

Other studies have also provided additional evidence that beta blockers may be beneficial to
cutaneous wound repair. Recently, Denda and colleagues reported that beta2 AR antagonists
could repair the epidermal permeability barrier, a function required for the restoration of
epidermal integrity after wounding[104]. Additionally, beta blockers are also widely used in
the post-burn wound recovery period, and a retrospective outcome analysis by Arbabi et al.
has demonstrated a shorter time for burn wound healing in a cohort of patients that received
beta blockers during their hospital stay[105]. Thus, there are suggestions in the literature that
both the endogenous beta2 AR signaling network and exogenously supplied beta2 AR
antagonists may modulate wound repair in the clinical setting. Interestingly, preliminary
epidemiologic studies have suggested a decrease in the incidence of one type of chronic wound,
venous stasis ulcers, in patients in whom beta blockers are prescribed[106]. Clearly, this
provocative finding will need further investigation to determine if systemic or topically
administered beta blockers can be useful therapeutic approaches to healing chronic wounds.
A more systematic epidemiological analysis of wound healing in cohorts of patients treated
with beta2AR antagonists is warranted, and a clinical trial of these agents in patients with
chronic wounds could help answer the question of clinical usefulness of this class of drugs.
These studies may be on the horizon.

Beta2 adrenergic receptors were identified in keratinocytes more than 30 years ago, but their
function in the epidermis continues to be elucidated. Abnormalities in their expression,
signaling pathway, or in the generation of endogenous catecholamine agonists by keratinocyes
have been implicated in the pathogenesis of cutaneous diseases such as atopic dermatitis,
vitiligo and psoriasis. Though the keratinocyte defects appear to be similar in some of these
diseases, it may be that in patients with an associated defect in melanocyte beta2 AR signaling,
vitiligo ensues, while in patients with associated abnormalities in lymphocytic immunologic
function, atopic dermatitis is the outcome. New studies indicate that the beta2 AR also
modulates keratinocyte migration, and thus can function to regulate wound re-epithelialization.
Cumulatively, these studies suggest a role for beta 2AR active drugs in the management of
cutaneous disease and wound healing. It is interesting to note that there appear to be only three
U.S. patents registered for the use of beta adrenergic agents for skin disease: one for beta
agonists for the treatment of psoriasis[86], one for beta agonists to decrease skin edema in acute
surgical wounds[107], and a third for the topical use of beta agonists in cosmetics or topical
medications to decrease substance P-mediated pain or irritation [108]. Thus, ample opportunity
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exists for development of beta2 AR active drugs as therapeutic agents for a number of

de
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Figure 1. Keratinocyte Beta2 Adrenergic Receptor Signaling Pathways

(a) cAMP dependent signaling, (b) PP2A dependent pathway, (c) IP3 and PKC dependent
pathway, and (d) pathway for beta2 adrenergic receptor blockade. The signaling depicted in
the diagram is unique for keratinocytes. In other cell types, agonist activation of the receptor
results in different downstream effector cascades. Dotted lines indicate signaling pathways
where causal associations have been demonstrated but definitive mechanisms have not yet been
defined (described in text).
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Figure 2. Catecholamine synthesis pathway in atopic dermatitis and vitiligo

The solid arrows represent the normal pathway in the synthesis of norepinephrine and
epinephrine from L-phenylalanine. The dashed arrows represent how this pathway is
modulated in atopic dermatitis and vitiligo except that epidermal increases in the level COMT
and MAO-A have only been shown for atopic dermatitis.
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