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Abstract

Inherited ichthyoses are a group of etiologically heterogeneous diseases that affect the function of the skin and that are
classified as syndromic and non-syndromic entities. Irrespective of the type, all these disorders are generally produced by
mutations in genes involved in a variety of cellular functions in the skin. These mutations lead to disruption of the stratum
corneum and impairment of the skin barrier, producing clinical features such as hyperkeratosis, skin scaling, erythema, fis-
sures, pruritus, inflammation, and skin pain. Despite advances in the knowledge of the pathogenesis of ichthyoses, there is,
to our knowledge, no definitive cure for skin manifestations, and current treatments consist of moisturizers, emollients, and
keratolytic agents. In this respect, the development of new formulations based on nanotechnology could be useful to enhance
their therapeutic effectiveness. In this article, we provide a comprehensive description of pharmacological treatments for
cutaneous manifestations in patients with inherited ichthyosis and discuss novel approaches with therapeutic potential for

this purpose. Moreover, we offer an overview of toxicity concerns related to these treatments.
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Introduction

Inherited ichthyoses comprise a group of etiologically het-
erogeneous disorders that affect the function of the skin
with variable clinical harshness. These are generally clas-
sified into two large types: syndromic ichthyoses and non-
syndromic forms [1]. Syndromic ichthyoses, in addition to
affecting the skin, cause other disorders, such as endocrine,
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muscular, neurological, and hair or nail abnormalities. These
types of ichthyoses have relatively low prevalence in general
population, and representative syndromes described in the
literature include Netherton syndrome and Sjogren—Larsson
syndrome [2]. On the other hand, non-syndromic entities are
more frequent and produce clinical features solely observed
in the skin. The major non-syndromic ichthyoses include
recessive X-linked ichthyosis (RXLI), ichthyosis vulgaris
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(IV), keratinopathic ichthyosis (KPI), and autosomal reces-
sive congenital ichthyosis (ARCI) [3].

Irrespective of the type, ichthyoses are commonly caused
by mutations in genes relevant for diverse cellular functions
in the skin, such as lipid biosynthesis, adhesion, normal des-
quamation, and DNA repair [1]. The main functional con-
sequences of these genetic variants include the disruption
of stratum corneum, impairment of skin-barrier integrity,
and an increase in transepidermal water loss (TEWL), lead-
ing to clinical features such as hyperkeratosis, skin scaling,
erythema, fissures, pruritus, inflammation, and skin pain.

Although there has been increasing progress in the knowl-
edge of the pathophysiology of ichthyoses, currently there
are no available specific therapies for the skin symptoms
of these ichthyoses; however, supportive therapies consist-
ing of topical formulations and systemic compounds have
shown beneficial effects in clinical practice [4]. Topical
treatments mainly consist of emollients, moisturizers, and
keratolytic agents, while systemic treatments are primarily
based on retinoids. In addition, some recent clinical trials
have reported promising results with other compounds [5],
and advances in the development of nanocarriers for topical
use could help to improve their therapeutic efficacy.

In this article, we provide a comprehensive description
of pharmacological treatments for cutaneous manifesta-
tions in patients with inherited ichthyosis and discuss novel
approaches with therapeutic potential for this purpose.
Moreover, we offer an overview of toxicity concerns related
to these treatments.

Pathophysiology of ichthyosis

The skin exerts a pivotal function as a permeability barrier
that prevents TEWL and protects against all kinds of nox-
ious exogenous factors. The stratum corneum is the pivotal
component of this barrier; it is constituted of corneocytes
and lipids derived from keratinocytes, which are linked by
corneodesmosomes [6]. In this respect, the normal func-
tion of this epidermal coat is mainly sustained by a constant

Fig. 1 General alterations of the
skin in ichthyosis are depicted.
Main alterations include
destabilization of the protec-
tive barrier, which produce an
increase in TEWL, pronounced
hyperkeratosis, and increased
susceptibility to skin infections
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renovation of keratinocytes, which undergo differentiation
when they migrate from the stratum basale to the stratum
corneum. This process of differentiation is characterized
in the suprabasal layers by the synthesis and modification
of proteins, lipids, and other components essential for the
maintenance and function of the lipid layer [6]. These com-
ponents include keratins, which are responsible for the integ-
rity of keratinocytes, as well as cholesterol, phospholipids,
glycosylceramides, peptides, enzymes, and free fatty acids,
which are packed into lamellar bodies in the stratum spino-
sum. The lamellar bodies are biological structures that store
the components and enzymes necessary for constituting the
lipid layer; these components are released into the intercel-
lular space, at the passage from the stratum granulosum into
the stratum corneum, where they form lamellar structures
that constitute the hydrophobic coat of the skin [6]. The final
result of this differentiation program is the formation of a
layer composed of corneocytes and inter-keratinocyte lipids
in the stratum corneum. Thus, mutations in genes coding
for proteins indispensable for the establishment of this bar-
rier negatively affect the normal keratinization process and
stratum corneum homeostasis, leading to the impairment
of skin barrier integrity and producing ichthyosis (Fig. 1).

However, although typically all ichthyoses cause abnor-
malities in the skin, depending on the specific mutation
involved, there are some differences in the molecular pro-
cesses of epidermal injury [4].

In this regard, genes involved in syndromic forms include
the serine protease inhibitor of Kazal-type 5 (SPINKS) gene
and the fatty aldehyde dehydrogenase (FALDH) gene [7, 8].
The SPINKS gene encodes for the lympho-epithelial Kazal-
type-related inhibitor (LEKTI), and mutations in this gene
give rise to the Netherton syndrome, which is characterized by
cutaneous and non-cutaneous features, including thinning of
the stratum corneum and the granular layer, eczematous atopic
dermatitis, urticaria, angioedema, food allergies, malnutrition,
growth retardation, pancreatitis, pulmonary hypertension,
systemic infections, and hypothyroidism [7, 9]. SPINKS gene
mutations lead to the dysfunction of LEKTI and the increased
proteolytic activity of kallikreins, producing defective
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epidermal cell—cell adhesion, skin inflammation and affect-
ing skin-barrier formation and physiological desquamation
processes [9]. Likewise, it has been shown that FALDH gene
mutations are associated with the Sjogren—Larsson syndrome
[8]. Patients with this syndromic ichthyosis present congenital
ichthyosiform exanthema, gait disorder, spastic paralysis of
the limbs, and mental weakness. The FALDH gene encodes
an enzyme located in the microsomes, which is required for
oxidizing long-chain fatty aldehyde into fatty acids. Mutations
in this gene produce decreased activity of the FALDH enzyme;
thus, the pathogenesis of the Sjogren—Larsson syndrome could
be related to the tissue accumulation of fatty aldehyde, fatty
alcohol, and other lipid metabolism products [2, 8].

On the other hand, the transglutaminase-1 (TGM1) gene,
the ceramide synthase-3 (CERS3) gene, and the ATP-bind-
ing cassette subfamily A member 12 (ABCAI2) gene are
genes linked to non-syndromic ichthyosis. The TGM gene
encodes for an enzyme that participates in the formation of
the cornified cell envelope, which is a structure that sur-
rounds the corneocytes and aids in providing stability and
strength to the epidermis. It has been suggested that muta-
tions in the TGM gene produce low enzymatic activity of
the protein encoded, affecting the assembly of the cornified
cell envelope and leading to dysregulation of the epidermal-
barrier function [10]. Similarly, the protein product of the
CERS3 gene is a ceramide synthase enzyme that regulates
the synthesis of ultra-long-chain ceramides, which helps to
create a protective barrier in the epidermis. Pathogenic vari-
ants in the CERS3 gene inactivate the enzyme product and
produce a specific loss of long-chain ceramides in differen-
tiating keratinocytes, which would lead to the impairment of
epidermal differentiation and the harmful alteration of lipid
homeostasis of the permeability barrier [11]. Furthermore,
the ABCA12 gene encodes a protein involved in lipid trans-
port to the stratum corneum via lamellar bodies. Therefore,
mutations in the ABCAI2 gene may lead to defects in lipid
transfer to the upper intercellular layers and to the lack of the
proteolytic enzymes needed for corneocytes desquamation,
producing abnormalities in the architecture of the stratum
corneum [12].

In summary, genetic mutations in genes coding for pro-
teins indispensable for the establishment of the permeability
barrier negatively affect the normal keratinization process
and stratum corneum homeostasis, leading to the impair-
ment of skin integrity and producing the clinical symptoms
of inherited ichthyoses.

Topical treatments

The treatment of the cutaneous manifestations of ichthy-
oses depends on the type and severity of symptoms of each
patient. This is one of the reasons for which there is no

definitive treatment for this condition. However, the majority
of patients require increasing skin hydration and lubrication,
to improve desquamation, to reduce TEWL and, in general,
to restore skin function. For this purpose, diverse topical
keratolytics and emollients have been used. For instance,
sodium chloride, urea, and glycerol have been successfully
applied for improving hydration [5, 13, 14], whereas sali-
cylic acid, alpha-hydroxy acids (AHA) such as lactic and
glycolic acid, and urea (> 5%) have been widely explored
as keratolytic agents [5, 15]. In addition, retinoids have been
used as treatment due to their capability to normalize the
abnormal growth and proliferation of keratinocytes [16,
17]. Moreover, occlusive agents such as lanolin or petrola-
tum have been applied to block or reduce the TEWL. The
most common agents employed as treatment will be briefly
described here (see Fig. 2).

Urea

Urea is an essential component of the natural moisturizing
factor, which is also constituted of a mixture of humectants
present in the stratum corneum. It has been reported that the
presence of urea helps to preserve the physical properties of
hydrated lipids systems under dry conditions [18]. On the
other hand, it has been described that urea stimulates the
synthesis of cornified envelope proteins, such as involucrin
and filaggrin, the latter of which is highly involved in the
pathogenesis of ichthyosis [19, 20]. Thereby, urea acts as
humectant agent, increasing the water content in the stratum
corneum, and reducing the proliferation of epidermal cells.
In addition to a humectant effect, it has been reported that
urea also presents antimicrobial and barrier-regenerating
effects. Additionally, urea retains the fluidity of the stratum
corneum, facilitating the penetration of other active ingre-
dients. However, despite that urea represents an interesting
option for the treatment of ichthyosis due to its excellent
properties, it is not a popular choice for children due to its
consistency and texture. Thus, new formulations based on
urea lotion have been developed. Furthermore, in order to
improve its therapeutic efficacy, urea may be combined with
other ingredients such as sodium chloride, lactic acid, or
retinoic acid. In this respect, Tadini et al. [21] evaluated a
10% urea-based lotion as treatment for ichthyosis twice daily
for 4 weeks. The authors compared the efficiency of this
treatment with that of a standard emollient cream based on
glycerol paraffin. The authors reported that the urea-based
lotion improved skin hydration and reduced skin defects,
such as scaling, fissures, and excessive redness. In addition,
the urea-based lotion presented better behavior compared
with the emollient cream utilized as control. The results of
these authors suggested that the urea treatment presented a
moisturizing effect and increased the expression of filag-
grin [22]. In the same way, Kiister et al. [23] evaluated the
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moisturizing capacity, keratolytic activity, and acceptance of
Laceran lotion with urea (10%) and urea-free Laceran as a
control, in 60 children during 8 weeks. The authors’ results
showed that the lotion base possesses an inferior effect as
compared with that presented using the 10% urea treatment
With respect to safety, distinct topical formulations, such as
creams, emulsions, or foams, have been employed with the
addition of urea at different concentrations without adverse
results being reported [24]. However, the urea concentration

@ Springer

in these formulations has been related to its therapeutic
action. For example, topical formulations with <10% of
urea presented a moisturizing effect, whereas for keratolytic
action, formulations with > 10% of urea were more effective.

Alpha-hydroxy acids

AHA, such as lactic acid and glycolic acid, have keratolytic
activity; these compounds are used as treatment to decrease
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accumulated scales in patients with ichthyosis. However,
these could produce irritation and erythema and their use on
areas exposed to ultraviolet light is limited [25]. Lactic acid
is a moisturizer agent that presents more hygroscopic action
that glycerol and urea [4]. The therapeutic efficacy of lactic
acid is due to its capacity to abate intracellular junctions
in the stratum corneum and to promote skin-cell turnover.
Usually, the maximal concentration of this component in
formulations is 12%; due to that at higher concentrations,
it could cause metabolic acidosis [16, 25]. Thus, treatment
with lactic acid is usually combined with other agents to
enhance formulation effectiveness. For example, Ganemo
et al. [15] compared the efficiency of a formulation based on
fatty cream (Locobase®) containing 5% lactic acid and 20%
propylene glycol vs. 5% urea in Locobase®, 20% propylene
glycol in Locobase®, and the combination of 5% lactic acid
and 20% propylene glycol in Essex® cream. The authors
studied 20 patients with lamellar ichthyosis and observed
remarkable improvement of the skin barrier with the two for-
mulations containing 5% lactic acid and 20% propylene gly-
col. It should be mentioned that, based on their findings, the
authors recommended an initial treatment with lactic acid
and propylene glycol applied twice daily to reduce hyper-
keratosis and then combined with a barrier-repair cream.

On the other hand, formulations with combinations of
glycolic acid and other components have been analyzed in
several studies. In this regard, Khalil et al. [26] evaluated the
changes in disease severity of 15 patients with congenital
ichthyosis after a treatment based on glycolic acid (10-20%),
cream, and a combination of lovastatin cream (2%), and cho-
lesterol (2%), during 3 months. These authors reported a
reduction in severity at 2 and 3 months, with a decrease in
percentage of 33.7% and 57.5%, respectively.

Salicylic acid

Salicylic acid is a beta-hydroxy acid (BHA) with keratolytic
and comedolytic effects as a result of its lipophilic structure.
It has been employed in several skin products, such as cos-
metics and products for treating dry skin, acne, and psoria-
sis, among others. It has been proposed that the keratolytic
effect of salicylic acid is based on the reduction of the intra-
cellular cohesion of the corneocytes [27, 28]. Furthermore,
salicylic acid can decrease the pH of the stratum corneum,
promoting the increase of the hydration and softness of the
skin. Bashir et al. [27] evaluated the skin desquamation pro-
duced by salicylic acid; these authors changed the pH of the
salicylic acid formulations and found that efficacy was not
modified by this parameter. However, local dermal toxic-
ity was increased in the acidic pH. Nevertheless, the use
of salicylic acid is recommended neither as treatment for
neonates and infants, nor as a whole-body treatment due to
the metabolic acidosis that it could produce.

Dexpanthenol

This drug is an alcoholic analog of vitamin By (pantothenic
acid), which is converted into a component of coenzyme A
(CoA) when it is absorbed by the skin. Formulations with
dexpanthenol have been applied to improve the hydration
of the skin in skin disorders, particularly in the stratum cor-
neum, and also to reduce the TEWL [29]. In 2002, Proksch
et al. [30] tested skin-barrier repair after a dexpanthenol
cream treatment (containing 5% dexpanthenol) and a dex-
panthenol-free cream (placebo) in 20 subjects with skin
injury induced by sodium lauryl sulphate. The authors found
that dexpanthenol cream treatment significantly increased
hydration in the stratum corneum compared to placebo.
Moreover, the dexpanthenol 5% cream enhanced skin-barrier
repair and reduced skin redness. Similarly, Biro et al. [31]
compared the effects of Bepanthol® (5% dexpanthenol) and
its placebo. These authors reported that the hydration of the
stratum corneum remained stable in the sites treated with
dexpanthenol 5%, whereas hydration decreased at the sites
with placebo treatment. It is noteworthy that the efficiency of
dexpanthenol as skin repairer could be related with the gene
modulation by this component. In this regard, it has been
shown that dexpanthenol promotes the expression of some
interleukins (IL-6 and IL-8) and chemokines (CCL2 and
CXCL1), which may contribute to the skin-repair properties
of this compound [32].

Retinoids

The retinoid family comprises vitamin A (retinol) and its
natural and synthetic derivatives. The effects of the retinoids
on the skin have been extensively studied for many years and
it has been shown that these stimulate the synthesis of pro-
collagen, increase the fibroblast population, inhibit enzymes
such as matrix-degrading metalloproteinases, facilitate
desquamation, thin the stratum corneum, and possess anti-
inflammatory properties [33]. These characteristics render
the retinoids an excellent option for the management of ich-
thyosis. In this respect, tretinoin is one of the most employed
retinoids; however, it presents some adverse events, such as
burning, stinging, peeling, redness, and dryness of the skin.
In addition, it may produce birth defects in newborns, such
as cranial abnormalities if used during pregnancy. For these
reasons, in recent years, researches have focused on looking
for alternative compounds such as adapalene and tazarotene.
Adapalene is a third-generation retinoid derived from naph-
thoic acid [34, 35]. This synthetic retinoid analogue modu-
lates cellular keratinization and the anti-inflammatory pro-
cess [35, 36], and it has been reported that its application is
effective in the management of acne, photoaging, and psoria-
sis. With respect to side effects, Verschoore et al. [37] com-
pared skin irritation after treatments with tretinoin (0.025%)
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and adapalene (0.1%) gels. The authors found that adapalene
gels were only slightly irritating, whereas the tretinoin gel
produced strong irritation reactions in the majority of sub-
jects. The possible therapeutic usefulness of adapalene was
explored by Ogawa et al. [36], who analyzed the progres-
sion of a topical adapalene based-treatment in a 14-year-old
male patient with epidermolytic ichthyosis. These authors
reported that, after 6 months of treatment, the patient’s facial
skin became smother. These results suggested that adapalene
could be applied as an effective keratolytic treatment, with
fewer harmful effects than classic retinoids. On the other
hand, tazarotene is a member of a novel class of retinoids,
the acetylenic retinoids, which has been used as treatment
for different skin disorders [38, 39]. These retinoids have
been applied in patients who present ectropion, which is a
complication associated with certain subtypes of ichthyosis
and that trigger medical and cosmetic consequences such as
keratitis, conjunctivitis, and ephiphoria. Craiglow et al. [40]
reported a case of a 77-year-old woman presenting disorders
of keratinization and bilateral lower-eyelid ectropion. The
treatment was based on the daily application of tazarotene
0.1% cream. After 2 weeks of treatment, the patient showed
improvement in bilateral eyelid ectropion. Similarly, Behera
et al. [41] evaluated the effect of application of tazarotene
0.1% gel twice daily for a case of lamellar ichthyosis in a
6-month-old male. Prior to that, the child was under oral
acitretin treatment during 4 months, but he developed pseu-
doainhum during this time. After the usage of tazarotene, the
authors observed a complete resolution of the pseudoainhum
condition. However, as an adverse effect, tazarotene could
induce local irritation, burning, erythema, and contact der-
matitis, depending on the concentration and frequency of
administration.

Propylene glycol

It has been demonstrated that propylene glycol is a potent
skin-penetration enhancer and that, at certain concentra-
tions, it can induce keratolysis. Keratolytic effects have been
related to conformational changes of a-keratin and other
keratinized proteins of the stratum corneum. The authors
mentioned that these keratinized proteins changed from
a-helix into p-sheet [42]. Therefore, treatments based on
propylene glycol may be effective in cases of hyperkeratosis
[43]. It should be noted that formulations with propylene
glycol are often in combination with another excipient. For
example, when propylene glycol is combined with salicylic
acid, it is an effective treatment for hyperkeratotic disor-
ders [44]. However, its use (on topical, oral, and intravenous
administration) has been related to toxic effects, including
central nervous system toxicity, hemolysis, hyperosmolarity
[45, 46], arrhythmia, lactic acidosis, and eczematous skin
reactions [47].

@ Springer

Glycerol

Glycerol is a hygroscopic compound capable of absorbing
water from the environment, as well as from deeper parts
of the stratum corneum. This compound presents impor-
tant pharmacological properties, such as hydration of the
stratum corneum, a keratolytic effect, and a protective func-
tion against irritations. In addition, it presents a desmo-
lytic effect, causing a decrease in intraepidermal pressure
on the intracellular lipids and triggering an increase in the
liquid crystalline state of lipids [4, 48]. Additionally, it
stimulates the gene expression of aquaporines AQP3 and
AQP10, which play a significant role in water homeosta-
sis [20]. Glycerol has been used for several years in topi-
cal dermatological formulations. Blanchet-Bardon et al.
[19] evaluated the efficacy of Dexeryl® (an emollient cream
containing glycerol 15% and paraffin 10%) as treatment for
non-bullous forms of ichthyosis in subjects under the age of
18 years. The test consisted of the application of Dexeryl®
and a placebo (Dexeryl® excipients only). The study demon-
strated that the excipients alone exhibited lower therapeutic
action compared with the results of the glycerol and paraf-
fin mixture. Likewise, Lodén et al. [49] studied the effect
of a cream containing 20% glycerol on skin hydration and
the skin-barrier function, compared with its placebo cream.
After 10 days of treatment, the patients’ results suggested
that glycerin significantly increased skin hydration and
restored the epidermal barrier.

Systemic treatments

As mentioned previously, ichthyosis therapy could involve
the combination of hydration, lubrication, and keratolytic
agents. Thus, in some cases, systemic treatments combined
with topical therapy are needed. Systemic therapy is usually
based on oral retinoids such as etretinate and acitretin. Etreti-
nate is an aromatic retinoid that is slowly eliminated from
the body (approximately after 120 days), whereas acitretin
is a metabolite of etretinate and has a half-life of 2 days in
humans [50]. It has been observed that patients with ichthyo-
sis show phenotypic improvement with systemic retinoids.
Usually, at the beginning of the treatment, a low dosage of
the retinoid is prescribed, which can be modified accord-
ing to the satisfactory benefit observed. Virtanen et al. [51]
evaluated retinoid therapy (topical and oral) in patients with
epidermolytic ichthyosis. These authors applied, as topical
retinoid therapy, 0.05% tretinoin (Aberela®, Janssen-Cilag)
and 0.05% tazarotene (Zorac®, Allergan) and, as oral retinoid
therapy, 5-25 mg/day of acitretin (Neotigason®, HoOOEman-
LaRoche). The authors found greatest improvement with
treatments based on both topical and oral retinoid therapy.
However, the oral use of these retinoids could trigger severe
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dryness of the skin and mucous membranes, joint pain, and
epidermal fragility, among others. In particular, the major
side effect of the acitretin use is teratogenicity.

In another study conducted by Vahlquist et al. [52], the
efficacy of oral liarozole in the treatment of patients with
lamellar ichthyosis was determined by a phase II/III trial.
The study included 64 patients, who were administered
once-daily oral liarozole (75 or 150 mg) or placebo. The
results of these authors demonstrated a decrease in the
overall severity of ichthyosis and scaling, but a therapeutic
effect on erythema or pruritus was not found. Interestingly,
the efficacy of oral liarozole 150 mg a day corresponds to
that reported in another clinical trial by Verfaille et al. [53].
Other studies that have been classified as well-executed have
involved a very small number of patients (< 20); thus, their
results lack representativeness [5]. Figure 3 presents differ-
ent topical and systemic approaches based on the patients’
needs.

Toxicity hazards

Since regardless of the etiology of the ichthyosis the barrier
function of the skin is compromised, pharmaceutical treat-
ments involve the administration of dermal systems on dam-
aged skin. In this regard, approaches such as baths with salts
or mild cleansers, petrolatum-based emollients, and topical
formulations, followed by adherent wraps or gauzes, are
frequently applied. These latter are mainly directed toward
maintaining the normal humidified, healthy, and temper-
ature-controlled state of the skin [54], in order to reduce
TEWL and heat loss, to remove cellular turnover, or to avoid
infections.

Although topical treatments are designed to improve skin-
barrier properties, different reports highlight the high risk of
the systemic absorption of the components of these formula-
tions, due to the large areas of altered skin that are exposed

Fig. 3 Different damages or
conditions could be present in a
patient with ichthyosis. Depend-
ing on the patient’s needs,
diverse agents or their mixes
could be employed as treatment

S :
__ Possible _
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and susceptible to injury from even minor trauma. However,
to our knowledge, few findings have been described or no
toxicological studies have been performed to date in patients
with ichthyosis [55]. Therefore, only reports of adverse
events after the administration of commercial or test formu-
las have been reported.

To minimize toxicity risks, the employment of bland
emollients appears to be a good choice, because they cre-
ate an occlusive lipid layer that minimizes the signs of the
disease, whereas it is recommended to reduce or avoid
the use of silver sulfadiazine, lactic acid, and salicylic
acid preparations, and antibacterial soaps [56]. The use of
silver topical cream with sulfadiazine as an antibacterial
agent was evaluated in children with burns and scalds,
with a mean area of injury of 13%. The study found neu-
tropenia and erythema multiforme rash due to drug sen-
sitivity, while absorption studies revealed a mean urinary
concentration of sulfadiazine of 31.8 mg/l, indicating high
systemic absorption of the drug [4]. Likewise, lactic acid
is a great moisturizer and amphiphilic cream bases with
concentrations of 5% have shown good efficacy in reduc-
ing hyperkeratosis. However, topical preparations have
been associated with the development of lactic acidosis
in patients with severe skin impairment [57] and their use
should be also avoided in newborns [4]. On the other hand,
intoxication with topical salicylic acid has been more fre-
quently reported in the literature [55, 58]. It has been used
topically as a keratolytic, bacteriostatic, fungicidal, and
photoprotector. Nevertheless, high blood concentrations
of this drug are dangerous, and it has been reported that
concentrations greater than 35 mg/dl may produce the sali-
cylic acid toxicity (salicylism) syndrome, which gives rise
to symptoms such as nausea, vomiting, dizziness, psycho-
sis, coma, and even death. Moreover, metabolic damage
includes acidosis, hypoglycemia in children, and hyper-
glycemia in adults [55]. Therefore, extreme care should be
taken in prescribing topical salicylic acid for conditions

@ Springer



244

Archives of Dermatological Research (2020) 312:237-248

involving large body-surface areas (such as ichthyosis)
and particularly for infants [59]. Intoxication could be
explained by the half-life of salicylic acid, which can range
from 2—12 h depending on the dose. Hence, if a quantity
of lotion is applied twice a day and corresponds to the
minimal toxic concentration in blood, salicylic acid could
accumulate in the body and levels could even become suf-
ficiently high to cause death [55].

On the other hand, topical or systemic retinoids also
comprise a therapy considered for infants with harlequin
ichthyosis or, less often, collodion babies (e.g., tazarotene
or acitretin, respectively), and other ichthyoses. The major
benefit of retinoid administration is that they can aid in
accelerating the shedding of the thick scale, but the main
drawback in the administration of retinoids lies the risk for
systemic adverse effects [56]. Vitamin A has demonstrated
efficacy in the treatment of some ichthyoses, but high doses
are required and it is stored in the liver, causing toxicity.
Therefore, the design of synthetic retinoids was the option
for improving efficacy and limiting toxicity. Examples of
synthetic retinoids include acitretin, isotretinoin and, in the
past, etretinate. These have been employed for decades for
the therapy of some ichthyoses in patients of all ages, includ-
ing newborns. Notwithstanding this, the use of systemic reti-
noids may cause acute and chronic toxicities, producing a
variety of symptoms. For example, treatment with acitretin
may cause severe hair loss, although this is reversible after
the discontinuation of therapy. In addition, abnormalities
in laboratory blood tests, such as blood cell counts, blood
chemistry, and lipids, are frequently encountered. In cases of
chronic toxicity, the skeletal system is mainly affected, with
an enthesopathy similar to diffuse idiopathic skeletal hyper-
ostosis [50]. Interestingly, these drawbacks are less common
with the administration of isotretinoin.

As previously mentioned, AHA are keratolytics that
reduce ichthyotic scaling by drawing water into the stratum
corneum and increasing exfoliation by reducing corneocyte
cohesion. Rare cases of metabolic acidosis are reported with
the cutaneous administration of AHA; thus, caution should
be taken with their use in young children and patients with
large body surfaces affected [16].

As a general issue in ichthyoses therapy, toxicity is devel-
oped with many of the drugs, mainly due to the severity of
barrier impairment (as with newborns) or the large surface
of the skin to be treated with a high frequency of administra-
tion. A novel approach to overcome this issue is designing
drug-delivery systems, as colloidal carriers, that can con-
trol the rate and site of drug delivery. Polymeric or lipid
nanoparticles, liposomes, and niosomes, etc. can be intro-
duced into conventional pharmaceutical dosage forms such
as creams, ointments, hydrogels, or sprayable solutions to
achieve effective therapeutic concentrations without reach-
ing undesirable toxic effects.

@ Springer

Novel formulations

As mentioned in “Topical treatments” and “Systemic treat-
ments”, there are various pharmaceutical dosage forms to
administer drugs for the treatment of ichthyoses and novel
formulations should consider some important features in
this condition, mainly the large surface of the skin to be
treated and severe skin damage. Likewise, advances in the
knowledge of molecular and genetic events involved in
skin functions may provide the tools for selecting effec-
tive drugs and designing suitable pharmaceutical-dosage
forms. In this regard, the development of new gene and
pharmacological therapeutic strategies could focus on the
modifier effects of gene mutations, protein replacement,
molecular chaperones, and protein catabolism systems
(e.g., ubiquitin—proteasome system) [60].

Bassotti et al. [61] studied the efficacy of N-acetyl-
cysteine in urea in a sample of five children with con-
genital lamellar ichthyosis. The cream containing the drug
was topically administered on predetermined body-surface
areas twice daily for 6 weeks, followed by a daily main-
tenance application. After 4 months, notorious improve-
ment in all the treated areas was observed, whereas slight
adverse effects, such as pruritus, slight burning, and irri-
tations, were observed in two patients. Therefore, the
authors concluded that their cream was beneficial and
safe as a therapeutic option for lamellar ichthyosis (on
skin lesions) and for ectropion; notwithstanding this, data
should be confirmed in a larger group of patients. It is
noteworthy that N-acetylcysteine possesses poor bioavaila-
bility (< 3%) when applied topically with hepatic metabo-
lism and renal excretion [61]. Due to that this molecule has
an extremely unpleasant odor that may cause low adher-
ence to the treatment by patients. Thus, Batalla et al. [62]
undertook a study using carbocysteine instead of N-ace-
tylcysteine in a cream to improve this feature. Carbocyst-
eine is an analogous amino acid derivative; it possesses
anti-inflammatory, antioxidant, and mucolytic properties.
In addition, this molecule does not produce the disgusting
odor that is characteristic of N-acetylcysteine. The for-
mulation was tested on four patients with several types
of ichthyosis (self-improving congenital ichthyosis =1,
lamellar ichthyosis =2, and IV =1), resulting in positive
recovery, good tolerability, and no local adverse effects in
the majority of individuals (three of four patients).

On the other hand, a high frequency of vitamin D
deficiency in children with congenital ichthyosis has
been shown [63]. In this regard, Sethuraman et al. [64]
reported an excellent response with regard to skin scaling
and stiffness in seven children with congenital ichthyosis
and severe vitamin D deficiency, when the children were
administered 60,000 IU of oral colecalciferol daily for
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10 days. At day 5, improvement in scaling was noted and,
after 1 month of treatment, the skin was nearly normal in
all the cases and a reduction of stiffness was also observed
in all the children. Therefore, the authors stated that con-
genital ichthyosis with a vitamin D deficiency can be man-
aged effectively with supplementation with high-dose vita-
min D (followed by the recommended daily allowance).

On the other hand, the admixture of proteases into skin
care formulations could represent another interesting novel
approach for improving the efficacy of ichthyosis treat-
ments. Namely, the presence of desquamated corneocytes
in ichthyoses leads to the high presence of proteins (par-
ticularly keratin), which would be degraded by the proteases
added to topical formulations. A study demonstrated that
proteases reduced visible skin scaling and dryness, among
other important effects. Proteases have been included in skin
cleansers or leave-on formulations, but more clinical tests
are needed to provide conclusions on their clinical useful-
ness [65].

With respect to leave-on products, a no-rinse chemical
foam has been recently patented for the administration of the
novel retinoid trifarotene to treat ichthyosis. The invention
highlights the advantages of using a foam formulation to
obtain the patient’s compliance, since the dose can be con-
trolled better, usage is rapid and more practical, and the for-
mulation is well tolerated and also less irritating. Moreover,
according to the authors, the spreading of the foam onto the
skin is more comfortable compared to other pharmaceutical
treatments [66]. However, although this approach represents
an interesting therapeutic alternative, its efficacy has not yet
been demonstrated. More recently, Ramot et al. [67] made
the assumption that arachidonyl-2'-chloroethylamide, a can-
nabinoid receptor 1 agonist, could decrease the expression of
mutated keratin 1 and upregulate that of functional keratin
10 in cases of epidermolytic ichthyosis; however, further
and extensive work needs to be done to emit an appropriate
conclusion about usefulness of modulation of cannabinoid
signaling in ichthyosis [67].

To prepare more effective carriers to overcome issues that
conventional dosage forms cannot solve, many researches
have been conducted in the field of nanomedicine. The sys-
tems developed have shown promising results, mainly due
to their small size and their topical approach. The cutaneous
use of nanoparticles as drug-delivery systems (polymeric
and lipid, solid lipid nanoparticles, and nanostructured lipid
carriers) has been extensively reviewed [60, 68-70]. These
systems present low viscosity and comprise aqueous dis-
persions that are usually employed by means of semi-solid
formulations with adequate consistency for application on
the skin. Whether polymeric or lipid, nanoparticles represent
an excellent alternative for topical drug delivery, due to that
their surface is modifiable with chemical or physical features
that can protect the drug from degradation. Moreover, the

adverse effects of toxic drugs can decrease because of the
possibility of controlled release, and cutaneous penetration
of the drugs across the skin is enhanced due to increasing
the concentration gradient. Concerning this, some drugs for
the treatment of diseased skin have successfully been incor-
porated into natural polymeric nanoparticles of chitosan.
Likewise, retinol has been encapsulated for anti-acne and
anti-wrinkle treatment. More recently, TyroSpheres™, nano-
carriers made of tyrosine-derived polymers from naturally
occurring metabolites, have proved to reduce the prolifera-
tion of keratinocytes by the sustained release of paclitaxel
[68].

In a similar way, Wyatt et al. [71] prepared silicon parti-
cles loaded with retinol, so as to protect it from degradation
and to reduce its toxicity at high concentrations. The authors
demonstrated that retinol was slowly released for several
hours from the particles and that these reduced irritation in
a double-blind skin study performed in 20 healthy subjects
[71]. Likewise, a nanoemulsion containing the anti-inflam-
matory and keratolytic agent salicylic acid was successfully
prepared to improve its stability and water solubility as well
as to produce a topical localized anti-inflammatory effect
in a mouse model [72]. On the other hand, as previously
mentioned, mutation in the TGM1 gene produces a defective
TGM1 enzyme that leads to ARCI. In this regard, replace-
ment therapy of enzyme TGM 1 encapsulated within thermo-
responsive nanogels of poly(N-isopropylacrylamide)-pol-
yglycerol has shown promising results for the treatment
of ARCI in 3-D full-thickness skin models. The authors
reported that the enzyme-loaded nanogel delivered TGM1 to
the intercellular spaces between keratinocytes and improved
the barrier function in the skin model [73, 74].

In addition, various approaches have been developed to
treat other skin disorders; however, the principles of nano-
medicine employed could be applied to create specific for-
mulations to treat ichthyosis. In this regard, curcumin has
demonstrated anti-psoriatic activity in molecular and cel-
lular pharmacological studies due to the inhibition of pro-
inflammatory TNF-a; however, some limitations for topical
curcumin administration include its low water solubility
and poor skin-penetration capability. Thus, to improve drug
retention, two research groups proposed the encapsulation
of curcumin in nanoparticles blended into hydrogels [75,
76]. In both researches, favorable results for blended systems
of nanoparticles-hydrogel were found, as they performed
better in achieving high skin permeation, high therapeutic
effect, and a slow release profile when compared to their
counterpart non-blended nanoparticles [75, 76]. Likewise,
dendritic core-multishell nanocarriers (CMN) have been
proposed by Honzke et al. [77] as an alternative to the effec-
tive delivery of drugs to treat damaged skin. The authors
prepared biodegradable CMN containing dexamethasone
as model drug and found a more efficient delivery profile
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for the nanocarriers compared to dexamethasone cream.
They also achieved a significant reduction of IL-8 with dex-
amethasone-loaded CMN in comparison with a commercial
dexamethasone cream in the inflammatory skin model [77].
Therefore, these systems could be employed for administra-
tion of specific therapeutic compounds against ichthyosis.
In the case of approaches based on gene therapy, many
gene-correction agents penetrate cellular membranes defi-
ciently, have low bioavailability, or are formulated in unde-
sirable solvents. Thus, nanocarriers may be an option to for-
mulate effective therapies against keratin genodermatoses.
For example, antisense oligonucleotides and plasmid DNA
have been formulated into chitosan nanoparticles for topi-
cal gene therapy; however, many more studies are needed
to determine their therapeutic efficacy and the potential
negative adverse effects [60], especially in an organ such as
the skin. Finally, although many studies have revealed the
improvement of topical delivery via nanoparticles, the safety
issues deriving from this approach need to be addressed.

Conclusions

Inherited ichthyoses cause a destabilization of the lipid com-
position that impacts the barrier function of the skin, its
hydration, and desquamation. Their pathogenesis involves
a chronic condition where prolonged pharmacological treat-
ments are needed. Currently, there are various drugs avail-
able with varied mechanisms of action for the treatment of
ichthyoses; however, to our knowledge, there are no specific
treatments for a determined type of ichthyosis and there are
few clinical trials showing a convincing efficacy of each of
the substances applied, highlighting the possible need for
a multi-therapy. In addition, due to the destabilization of
the protective barrier, the skin of patients with ichthyosis
is highly sensitive; therefore, the prolonged application of
exogenous substances may easily cause irritation, a common
adverse effect observed in clinical trials. Promising advances
in the development of nanocarriers for topical use could aid
in solving this question; notwithstanding this, further inves-
tigation is required. This context reveals a panorama with the
need for more clinical investigation in the search for effective
drugs and innocuous vehicles for the medical treatment of
ichthyosis.
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