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Abstract
Psoriasis is a chronic inflammatory skin disease without cure. Systemic and biologi-
cal therapies are the most effective treatments for patients with severe psoriasis. 
However, these drugs can cause serious side effects from extended use. Safe and ef-
fective topical drugs are needed to decrease psoriatic plaques and reduce the risk of 
adverse effects. Amygdalin analogues are stable small molecules that showed benefits 
in psoriasis xenografts to immune-deficient mice by systemic application. However, 
whether topical application of these amygdalin analogues could reduce the progres-
sion of the psoriatic phenotype in an immune-competent organism is unknown. Here, 
we analyse the efficiency of topical application of an amygdalin analogue cream on 
a well-established genetic and immune-competent mouse model of psoriasis. Topical 
application of an amygdalin analogue cream ameliorates psoriasis-like disease in mice, 
reduces epidermal hyperplasia and skin inflammation. Amygdalin analogue treatment 
leads to reduced expression of local pro-inflammatory cytokines, but systemic pro-
inflammatory cytokines that are highly expressed in psoriasis patients such as IL-17A, 
IL6 or G-CSF are also decreased. Furthermore, expression of important mediators 
of psoriasis initiation and epidermal hyperplasia, such as TNFa, S100A9 and TSLP, is 
decreased in lesional epidermis after amygdalin analogue treatment. In conclusion, 
we show that amygdalin analogue reduces the proliferative capacity of psoriasis-like 
stimulated keratinocytes and their inflammatory response in vivo and in vitro. These 
results suggest that topical application of amygdalin analogues may represent a safe 
and effective treatment for psoriasis.
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1  |  INTRODUC TION

Psoriasis is one of the most common chronic inflammatory skin 
diseases affecting ~3% of the world population, with a significant 
variability between populations and countries.1 The vast majority of 
patients develop a chronic “plaque-type” psoriasis referred to as pso-
riasis vulgaris, and approximately one-third of patients with psoriasis 
develop psoriatic arthritis (PsA).2 Histologically, there is a consider-
able thickening of the epidermis due to increased proliferation of 
keratinocytes with a dense dermal infiltrate of immune cells, such 
as T cells and dendritic cells, as well as neutrophil recruitment in the 
epidermis.3 Keratinocytes, the main non-immune cells in the skin, re-
cruit and activate immune cells in the inflamed skin by secreting sol-
uble mediators, such as TNFα (tumor-necrosis factor) or IL-23.4,5 One 
of the cytokines that is rapidly induced in keratinocytes under stress 
is Thymic stromal lymphopoietin (TSLP),6,7 and high expression lev-
els of TSLP are found in psoriatic patients.8 Recently, we have shown 
that TSLP promotes proliferation and inflammatory response not 
only in keratinocytes, but also in epidermal stem cells during early 
stages of psoriasis promoting psoriasis progression.9 These kerati-
nocyte mediators act on immune cells producing cytokines in the 
inflamed skin and induce the activation and proliferation of kerati-
nocytes, which in psoriasis generates a complex inflammatory loop.

Despite its considerable effect on quality of life, psoriasis is un-
derdiagnosed and undertreated.10,11 Based on the extent of involve-
ment and affection on the quality of life, the treatment of psoriasis is 
individualized with either topical therapy with or without photother-
apy for mild-to-moderate cases,12 to systemic treatments involving 
small molecules or biologics for moderate-to-severe cases.13 Clinical 
studies of selective biologics that target the immune system have 
demonstrated that blockade of cytokines such as TNFα, IL-23 and 
IL-17A results in almost complete disease recovery,13 although ex-
tended use can cause serious side effects. The majority of patients 
with psoriasis have limited disease that can be managed with topical 
therapies alone. Thus, topical therapy plays a very important role 
in the therapeutic armamentarium of psoriasis.14 The strategy of 
combining topical therapy with systemic and phototherapy results 
in additional and immediate symptom relief, reduction in the dose of 
systemic medications and better psychological comfort to patients. 
The various topical therapeutic agents used in psoriasis include 
emollients, keratolytic agents such as salicylic acid, coal tar, dith-
ranol, corticosteroids, vitamin D analogues, retinoids and immuno-
modulators such as tacrolimus.15 Despite their proven efficacy and 
safety, there is a continuous need for more effective and better tol-
erated agents with different mechanisms of action for the treatment 
of recalcitrant lesions and for improved patient adherence.

Amygdalin (D-mandelonitrile-β-D-gentiobioside), also known 
as vitamin B17, is the major component of the seeds of rosaceous 
stone fruits. The pharmacological profile of amygdalin comprises 
anti-inflammatory,16 anti-nociceptive17 and neurotrophic effects.18 
Amygdalin exhibits certain level of toxicity (LD10  >  500  mg/kg in 
rats) associated with the release of hydrogen cyanide in vivo.19,20 To 
reduce its toxicity diverse, structural modifications were introduced, 

including the removal or substitution of the cyanide moiety, produc-
ing a series of amygdalin analogues.21 These amygdalin analogues 
are small molecule compounds designed as peptidomimetics of pep-
tide T,21,22 a HIV entry inhibitor discovered in 1986.23 A remarkable 
improvement in the histopathological score and epidermal thickness 
was seen in more than 50% of psoriatic patients treated systemati-
cally with peptide T in a limited clinical study.24 While peptide T is an 
unstable small molecule with a low pharmacokinetic profile, amygda-
lin analogues exhibit a better pharmacokinetic profile.25 Preliminary 
studies of systemic administration of amygdalin analogues in a xeno-
graft transplantation model of psoriasis skin onto immunodeficient 
mice showed a significantly reduction of several psoriatic indicators, 
such as the semi-quantitative clinical psoriasis score, epidermal 
thickness, parakeratosis or Munro's abscesses score.25 In addition, 
these amygdalin analogues inhibited IFN-γ signalling in human epi-
dermal keratinocytes in vitro.26,27 Further investigations are required 
in immune-competent mouse models of psoriasis to understand how 
the epidermal compartment but also the immune system respond to 
amygdalin analogue treatment. In order to reduce any systemic side 
effects, the amygdalin analogue was prepared in cream formulation 
for topical application. Previous studies on the parent compound 
demonstrated that amygdalin exhibits a good skin penetration pro-
file, making it suitable for topical administration.28

In the present work, we sought to evaluate the therapeutic effi-
cacy of the amygdalin analogue FIB-116 and its mechanism of action 
as novel topical treatment in psoriasis. Different mouse models have 
been generated to mimic various aspects of the disease.29 We have 
previously generated an inducible double knock-out mouse model 
by epidermal deletion of c-Jun and JunB using the K5 promoter 
(referred as DKO*).30 Mutant mice develop a psoriasis-like disease 
within 2 weeks after induction, exhibiting several psoriatic hallmarks 
including hyper- and parakeratosis, inflammatory infiltrate, elevated 
levels of cytokines/chemokines, increased subepidermal vascular-
ization, and co-morbidities like bone loss and arthritic joints.30 Using 
this well-established mouse model for psoriasis, we demonstrate 
that topical treatment with FIB-116 ameliorated most of psoriatic 
hallmarks in these DKO* mice. Importantly, we show for the first 
time that FIB-116 amygdalin analogue cream penetrated the epi-
dermis and reduced the proliferation and inflammatory response of 
inflamed keratinocytes, suggesting that topical treatment using this 
amygdalin analogue could be a safe and efficient therapeutic agent 
to treat mild-moderate psoriatic plaques and as adjuvant for severe 
psoriatic patients.

2  |  MATERIAL AND METHODS

2.1  |  Cream preparation

Cream formulation requires mixing of an oily phase, an aqueous 
phase and the active compound phase. The oily phase contains the 
following ingredients: PEG-8 beeswax (10%), light liquid paraffin 
(6%), white mineral oils and wax and paraffin (10%), cetyl alcohol 
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(4%), hydrogenated palm/palm kernel oil PEG-6 Esters (3%), lauroyl 
PEG-32 glycerides (3%) and glyceril capryl caprate (6%). The aqueous 
phase consists of a solution of disodium EDTA (1%). Finally, the ac-
tive compound phase consists of a solution of the active compound 
(3%), dissolved in a mixture of benzyl alcohol (1%) and diethylene 
glycol monoethyl ether (5%). The preparation is completed with puri-
fied water.

Preparation of the cream is carried out by adding the oily 
phase into the aqueous phase to form an emulsion to which the 
active compound phase is subsequently added. Specifically, the 
components of the oily phase are first mixed gently at 75–80ºC 
until complete melting to get a homogeneous mixture. The blend 
is added into the aqueous phase that is also heated at 75–80ºC, 
being the mixture subjected to high stirring conditions for 15 min. 
Once the emulsion is formed, it is cooled to room temperature 
(RT) at low shear mixing. When the emulsion reaches ~30ºC, the 
active compound phase is added and subsequently subject to a 
high shear mixing for 5 min. Finally, the mixture is cooled to RT 
under slow shear mixing. The vehicle cream formulation is carried 
out in the same way, but without adding the active ingredient into 
that phase.

2.2  |  Skin inflammation model and Treatment

All mouse experiments were performed in accordance with local 
and institutional regulations/licences. The generation of the DKO* 
psoriasis-like mouse model has previously been described.30 
Briefly, mice carrying the floxed JunB allele (JunBf/f) and floxed c-
Jun allele (c-Junf/f) were crossed with transgenic mice expressing 
the Cre recombinase-oestrogen receptor fusion under the control 
of the basal keratinocyte specific K5 promoter (K5-Cre-ERT) to 
obtain JunBf/f c-Junf/f K5-Cre-ERT mice. 8-week-old mutant mice 
were injected daily (intraperitoneal), four times with 2 mg tamox-
ifen (Sigma) to induce the deletion of floxed JunB and c-Jun alleles 
in DKO* mice. Mice showing the first signs of the psoriasis-like 
phenotype in the ears (6–8  days after the last tamoxifen injec-
tion) were topically treated in a blinded experiment with amyg-
dalin analogue or vehicle cream (3 μg active compound = 100 μl 
of cream per ear) every day during 16 days. This amount was se-
lected based on a previous assay performed in a xenograft trans-
plantation model of psoriasis, in which 300  μg/kg of amygdalin 
analogue was systemically administrated (Perez et al. 2013) with-
out toxic effects. In this study, we applied the same total amount 
of 300 μg/kg by topical application. The psoriasis-like severity in 
DKO* mice was evaluated two weeks later and was photographed 
and scored semiquantitatively according to the following clini-
cal signs: inflammation, areas of skin affected and psoriatic-like 
plaque size (large or small). The parameters were scored using a 5-
point scale: 0 = Lack of cutaneous inflammation and psoriatic-like 
plaques; 1 =  inflammation on feet; 2 =  inflammation of feet and 
ears; 3 = inflammation on feet and small psoriatic-like plaques on 
the ears; 4 = inflammation on feet and large psoriatic-like plaques 

on feet and ears; 5 = inflammation and large psoriatic-like plaques 
on feet, ears, tail and back skin. Skin samples from the ears and 
blood serum were harvested for further analyses.

2.3  |  Histology and Immunofluorescence

Serial sections from mouse ears embedded in formalin-fixed paraf-
fin were processed for H&E staining and for immunofluorescence. 
Paraffin sections were processed for their deparaffinization and 
antigen retrieval. Primary antibodies specific for Ki67 (Master 
Diagnostica, clone SP6, dilution 1:5), Keratin 5 (Biolegend, ref # 
905901, dilution 1:1000), Involucrin (Covance, ref # PRB-14℃, di-
lution 1:1000), S100A9 (Santa Cruz, ref # SC8115, dilution 1:100), 
Ly6b (BioRad, ref # MCA771GA, dilution 1:200) and S. aureus 
(Abcam, ref #ab20920, dilution 1:200) were incubated overnight 
(O/N) at 4ºC. Sections were then washed three times with PBS and 
incubated with secondary antibodies conjugated to the appropriate 
fluorophores (Life Technologies) for 1 h at RT. Sections were then 
washed three times with PBS and mounted with gel mount to be 
analysed by inverted fluorescence microscope (Nikon) or confocal 
microscope (TCS-SP5, Leica Microsystems).

2.4  |  RNA isolation and qRT-PCRs

A piece of ear from DKO* mice in the different conditions or primary 
keratinocytes were collected in Trizol-LS (Thermofisher Scientific) 
for further RNA isolation as described manufacturer´s instruc-
tions. RNA extraction was followed by reverse transcription using 
Promega kit (A2801). qPCR analyses were carried out using SYBR 
Green master mix kit (Qiagen, 204143). Expression levels were com-
pared to housekeeping gene RPL4. The primer sequences are shown 
in Table S1.

2.5  |  ELISA Immunoassay

Blood sera from DKO*, DKO*-vehicle and DKO*-Amygdalin-treated 
mice were harvested to quantify soluble cytokines according to the 
manufacturer's instructions (Mouse IL-17A Quantikine ELISA Kit, Ref 
# M1700, mouse IL6 Quantikine ELISA Kit, Ref # M6000B, mouse 
G-CSF Quantikine ELISA Kit, Ref # MCS00, R&D Systems).

2.6  |  Primary keratinocyte cultures and treatments

To obtain fresh dissociated epidermal cells from ear and tail skin of 
WT mice, the epidermis was separated from the dermis by trypsin 
digestion (0.75%) for 1 h at 37ºC. After mechanical dissociation, the 
cell suspension was filtered through a 70 μm cell strainer and centri-
fuged 5 min at 450 g. Pellet was re-suspended in culture medium for 
further in vitro studies.
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To recombinant TSLP and amygdalin analogue treatment, fresh 
isolated epidermal cells were cultured in keratinocyte growth me-
dium (KGM, Invitrogen) in a 24-well culture plate treated with 
coating matrix kit (Cascade Biologicals) in a concentration of 
25.000 cells/cm.2 Next day, mouse recombinant TSLP (eBioscence, 
ref # 14–8498–80) was added at 20 μg/μl during 72 h. Amygdalin an-
alogue (10 nM) was added in the correspondent wells one day later 
than mouse recombinant TSLP. 5-Ethynyl-2’-deoxyuridine (EdU) was 
added to the cultures in the end of the experiment in a concentration 
of 10 μM during 4 h at 37ºC. EdU staining was performed, and ran-
dom confocal images were captures. EdU+keratinocytes were quan-
tified by Image J. Three independent experiments were performed 
for statistical analysis.

2.7  |  Statistical analyses

For studies including animals, n is the number of total animals tested, 
and for in vitro studies, the number of independent experimental 
replicates is indicated in figure legends, with n representing num-
ber of repeats with different sets of cells. Statistical analyses were 
performed using Prism5 (GraphPad) software. When comparing two 
groups, a two-tailed Student´s t test was used, and to compare three 
or more groups, a one- or two-way ANOVA and Bonferroni post-test 
were implemented. p values were calculated with a confidence in-
terval of 95% to indicate the statistical significance between groups. 
Statistically significant differences between groups are noted in fig-
ures with asterisks.

3  |  RESULTS

3.1  |  Topical application of the amygdalin analogue 
FIB-116 cream ameliorates psoriasis-like disease in 
DKO* mice

To determine whether topical application of amygdalin analogue 
FIB-116 (structure in Figure S1A) cream is effective for the clear-
ance of psoriatic plaques on the skin of a well-established immune-
competent psoriasis-like mouse model,30 we treated the ears of 
DKO* mice with FIB-116 or vehicle cream in a blinded experiment 
(see Methodology). The psoriasis-like phenotype in DKO* mice 

was induced by genetic deletion of c-Jun and JunB floxed alleles 
in K5+ basal keratinocytes after tamoxifen administration. When 
mutant mice showed the first symptoms of skin inflammation and 
psoriatic-like phenotype, 6–7 days after the last tamoxifen injection, 
we applied FIB-116 or vehicle cream in both ears every day during 
15 days (Figure 1A). Two weeks later, psoriatic-like mice were visu-
ally classified according to their psoriasis-like severity score (Figure 
S1B). Amygdalin analogue-treated DKO* mice showed a significant 
reduction in the psoriasis-like severity (6 of 9 animals with score 2, 
2 animals with score 1 and one animal with score 3), whereas un-
treated DKO* or vehicle-treated DKO* mice were prone to develop 
a moderate-severe psoriasis-like phenotype including psoriasis-like 
arthritis in paws (7 of 9 mice with score 3–5; Figure 1B). Macroscopic 
analyses showed a clear reduction of skin inflammation and swell-
ing after two weeks of amygdalin cream treatment in comparison 
with untreated DKO* and vehicle-treated DKO* mice, whereas 
vehicle cream exacerbates psoriasis-like features in these DKO* 
mice (Figure S1C). Macroscopic psoriasis-like arthritis symptoms 
in paws were also decreased after amygdalin analogue treatment. 
Haematoxylin-and-eosin-stained skin sections show the typical 
histopathological signs of the psoriasis-like phenotype in untreated 
DKO* and vehicle-treated DKO* mice, such as acanthosis (thickened 
epidermis), hyperkeratosis (thickening of the stratum corneum), 
parakeratosis (retention of nuclei in the stratum corneum), micro-
abscess formation and immune cell infiltrates (Figure  1C). Topical 
application of amygdalin analogue cream led to a clear reduction in 
the psoriasis-like histological features. Measurement of total ear and 
epidermis thickness confirms a reduction of almost 50% in amygda-
lin analogue-treated DKO* mice in comparison with untreated DKO* 
and vehicle-treated mice (Figure 1D,E). Overall, these results indi-
cate that topical application of amygdalin analogue cream reduces 
the psoriasis-like phenotype in DKO* mice.

3.2  |  FIB-116 treatment decreases epidermal cell 
proliferation and restores epidermal architecture in 
DKO* mice

To determine how topical amygdalin analogue treatment reduces 
psoriasis-like disease progression, we first analysed the epidermal 
architecture and the proliferation rate of epidermal keratinocytes 
in amygdalin analogue and vehicle-treated DKO* mice, untreated 

F I G U R E  1  Topical application of amygdalin analogue cream ameliorates psoriasis-like severity in DKO* mice. (A) Experimental timeline 
to induce psoriasis-like disease in 8-week-old mice with four consecutive doses of tamoxifen injections (2 mg/dose). Six days later after 
psoriasis-like induction, mice were visually evaluated and only mice with an initial psoriasis-like severity score = 2 were used. One hundred 
microlitre of amygdalin analogue and vehicle creams was blindly applied in both ears every day during 14 days in randomly chosen DKO* 
mice. Wild-type (WT) and DKO* mice without cream were used as control groups. n > 7 per group. (B) DKO* mice classified according to 
the psoriasis-like severity score (1 minimum–5 maximum) after treatment with amygdalin analogue or vehicle cream at day 20 after disease 
induction. DKO* without cream as control without treatment. n = 7 for DKO* mice and n = 9 for each vehicle and amygdalin-treated mice. 
Statistical significance ***p < 0.0001. p value was determined by χ2 statistics. (C) Representative images of haematoxylin and eosin (H&E) 
staining of ear sections from DKO* without treatment, DKO* treated with amygdalin cream and DKO* mice treated with vehicle cream 
at day 20 after psoriasis-like induction. (D, E) Ear and epidermis thickness measurement in control (WT), DKO* before treatment at day 6, 
DKO* without treatment at day 20 and DKO* mice treated with amygdalin analogue and vehicle creams at day 20. n > 5 per group. Statistical 
significance *p < 0.05 (t-student two-tailed test relative to controls and vehicle group)
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DKO* mice and control littermate mice after 15 days of treatment 
(Figure 2). The cytokeratin 5 (K5) is normally expressed in the basal 
epidermal layer, whereas involucrin is expressed in the cornified 
layers. During psoriatic hyper-proliferation of keratinocytes, K5 is 
widely expressed in suprabasal layers, whereas involucrin expression 
is disrupted in the stratum corneum and untypically over-expressed 
in the lower suprabasal layers (Figure 2A). These features were also 
observed in vehicle-treated DKO* mice, whereas mice treated with 
amygdalin analogue cream normalized the K5 expression and the 
overexpression of involucrin was limited to the cornified layers. 
We next quantified the number of Ki67+ proliferative keratinocytes 
(Figure 2B) and found decreased proliferative activity in epidermal 
keratinocytes after amygdalin analogue cream treatment on ear skin. 
Therefore, amygdalin analogue cream treatment decreases epider-
mal hyperplasia in the DKO* mouse model by reducing keratinocyte 
proliferation.

3.3  |  Reduced local and systemic pro-inflammatory 
cytokine expression after FIB-116 application in 
DKO* mice

Hyperproliferative keratinocytes in psoriasis are driven by a feed-
forward loop of cytokines secreted by activated resident immune 
cells, T cells, dendritic cells and cells of the innate immune system, 
as well as the keratinocytes themselves. A large number of inflam-
matory cytokines were shown to be elevated in lesional psoriatic 
skin, and serum concentrations of a subset of these cytokines also 
correlate with psoriasis disease severity. We have evaluated in pso-
riatic skin and serum of DKO* mice the expression of relevant pro-
inflammatory cytokines in psoriasis such as Il17a, Il1α, Il1β, Il6, Infγ, 
Tnfα and G-CSF (Figure  3A), and the pro-inflammatory cytokine 
Il22 and the anti-inflammatory cytokine Il10 from the IL-10 fam-
ily member (Figure S2). Untreated DKO* mice showed increased 

F I G U R E  2  Hyperplasia reduction and 
epidermal architecture recovery after FIB-
116 application on ear skin of DKO* mice. 
(A) Representative immunofluorescence 
images of ear section from control 
(WT), DKO* without treatment, DKO*-
Amygdalin, DKO*-Vehicle mice after 
14 days of treatment. Green (Keratin 5), 
Red (Involucrin) and blue (Dapi). Aberrant 
expression of the basal layer protein 
K5 in suprabasal epidermal layers in 
DKO* and DKO*-vehicle mice, whereas 
animals treated with amygdalin cream 
rescue the expression of K5 mainly in 
the basal layer. Involucrin, a corneal layer 
protein, increases in animals treated with 
amygdalin cream while its expression is 
disrupted in DKO* and DKO-vehicle mice. 
n = 3 per group. Dotted lines separate 
epidermis and dermis. (B) Quantification 
analysis of proliferative marker Ki67 in 
ear skin of control (WT), DKO* without 
treatment, DKO*-Amygdalin, DKO*-
Vehicle mice after 14 days of treatment. 
n = 3 per group. Statistical significance 
*p < 0.05 (t-student two-tailed test 
relative to controls and vehicle group)
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expression of all pro-inflammatory cytokines and reduction of the 
anti-inflammatory cytokine Il10 in lesional skin, whereas treated 
amygdalin analogue cream DKO* mice reduced the expression of 
Il17a, Il1α, Infγ, Tnfα and G-CSF (Figure 3A). However, the expres-
sion of Il1β, Il6 and Il22 was not significantly reduced in comparison 
with untreated DKO* mice and Il10 was not increased to basal levels 
as in control mice (Figures 3A and S2). Interestingly, vehicle-treated 
mice had significantly increased expression of all pro-inflammatory 
cytokines, in particular Il17a, Il1β, Infγ, Il22 and Tnfα, suggesting that 
vehicle cream exacerbated some pathological features of psoriasis-
like diseases in DKO* mice. We also measured the amount of IL17-A, 
IL6 and G-CFS in the serum of DKO* mice, and all were reduced in 
mice treated with amygdalin analogue cream (Figure 3B-D). In con-
clusion, topical application of amygdalin analogue reduced the pro-
duction of Th1/Th17 pro-inflammatory cytokines, the therapeutic 
targets in psoriasis.

3.4  |  FIB-116 application reduces neutrophil 
recruitment and expression of cytokine-based 
antimicrobial peptides in DKO* mice

A significant reduction of microabscess formation in DKO* mice 
treated with amygdalin analogue cream was observed (Figure 1D-F). 
Thus, we next analysed the main cellular source of microabscesses 
in the stratum corneum of psoriatic patients, the neutrophils. We 
analysed gene expression of specific chemokine-mediated neutro-
phil trafficking in lesional skin of DKO* mice, such as Ccl2, Cxcl1 
and Cxcl2 (Figure  4A). These chemokines were over-expressed in 
untreated and vehicle-treated DKO* mice; in contrast, the expres-
sion of Cxcl1 and Cxcl2 was significantly down-regulated in mice 
treated with amygdalin analogue cream. We also analysed the ex-
pression of cytokine-based antimicrobial peptides, highly expressed 
in epithelial cells and neutrophils in DKO* mice. Interestingly, Lcn2, 
S100a9 and Tslp were significantly down-regulated in amygdalin 
analogue-treated DKO* mice in comparison with untreated and 
vehicle-treated mice, in which these antimicrobial peptides were 
highly expressed (Figure 4A). Immunofluorescence of affected ear 
skin for S100A9 and Ly6B (neutrophils) confirmed the co-expression 
of S100A9 and Ly6B in neutrophils infiltrated in the dermis and epi-
dermis of affected skin, including in microabscesses of untreated 
and vehicle-treated DKO* mice (Figure 4B). In addition, epidermal 
cells upregulated S100A9 in untreated and vehicle-treated DKO* 
mice as previously reported.31 Interestingly, DKO* mice treated with 
amygdalin analogue cream displayed significantly reduced number of 
neutrophils infiltrating the dermis and epidermis (Figure 4C) and the 
expression of S100A9 was significantly down-regulated in the epi-
dermis of the treated mice (Figure 4B). However, big microabcesses 
of neutrophils expressing S100A9 were observed in vehicle-treated 
DKO* mice, characteristic of microbial infections. Therefore, we 
analysed whether vehicle cream exacerbates psoriasis-like severity 
by a typical S. aureus colonization similar to that in AD (Figure 4D). 
Immunofluorescence analyses showed positive staining for S. aureus 

in vehicle-treated DKO* mice, whereas in untreated DKO* mice 
S. aureus colonization was absent. This result suggests that vehicle 
cream may be harmful for psoriasis leading to bacterial infections 
and an increase of the inflammatory response. Our data indicate 
that amygdalin analogue cream reduced neutrophil recruitment and 
cytokine-based antimicrobial peptide expression, such as TSLP and 
S100A9, important epidermal secreted cytokines in the pathology 
of psoriasis.

3.5  |  FIB-116 treatment neutralizes pro-
inflammatory cytokine expression and hyper-
proliferation of thymic stromal lymphopoietin (TSLP)-
stimulated keratinocytes

TSLP mediates the proliferation and inflammatory response of ke-
ratinocytes and epidermal stem cells in DKO* psoriasis-like mice.9 
To test whether FIB-116 can neutralize the pro-inflammatory effect 
of TSLP in keratinocytes in vitro, recombinant TSLP (20 μg/ml) was 
added to primary wild-type keratinocytes during 3 days (Figure 5). 
Non-toxic concentration of amygdalin analogue FIB-116 (10  nM) 
(Figure S3A) was added 24 h later to recombinant TSLP induction 
during the next 48  h (Figure  5A), and keratinocyte proliferation 
was analysed by EdU assay. Gene expression analysis confirmed 
increased expression of TSLP in keratinocytes after recombinant 
TSLP treatment and its reduction after amygdalin treatment (Figure 
S3B). We observed a significant reduction in keratinocyte prolifera-
tion after amygdalin analogue treatment, while recombinant TSLP 
increased the proliferation rate as expected (Figure 5B-C). This high 
proliferation rate was confirmed by the expression of the prolifera-
tion promoting cyclin CYCA2, which was increased in TSLP-induced 
keratinocytes and reduced after FIB-116 treatment (Figure 5D).

We also analysed gene expression profiles for anti-inflammatory 
and pro-inflammatory cytokines altered in keratinocytes in psoriasis 
(Figure 5 and Figure S3). A significant reduction in the expression of 
the anti-inflammatory cytokine Il10 was observed in keratinocytes 
treated with recombinant TSLP, while its expression was normalized 
after FIB-116 treatment (Figure  5E). Pro-inflammatory cytokines, 
such as Il23a and Il6, were highly expressed in keratinocytes treated 
with recombinant TSLP, whereas their expression was reduced after 
amygdalin analogue FIB-116 treatment (Figure  5F,G). However, 
expression of other pro-inflammatory mediators expressed in in-
flamed keratinocytes in psoriasis, such as S100a9, Tnfα and Vegfα, 
was not significantly changed after FIB-116 treatment (Figure S3C-
E). Therefore, FIB-116 acts directly on keratinocytes reducing their 
proliferation rate and inflammatory response induced by TSLP.

4  |  DISCUSSION

In this study, we demonstrate that topical application of amygdalin 
analogue FIB-116 significantly reduces psoriasis-like disease in the 
skin of a genetically engineering mouse model (GEMM) for psoriasis 
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F I G U R E  3  Amygdalin cream reduces local and systemic pro-inflammatory cytokine expression, whereas vehicle exacerbates it. (A) 
Gene expression of the interleukins Il17α, Il1α, Il1β, Il6 and Ifnγ and the cytokines Tnfα and G-CSF of ear samples from control (WT), DKO* 
without treatment, DKO*-Amygdalin, DKO*-Vehicle mice after 14 days of treatment. n > 5 per group. Statistical significance *p < 0.05, 
**p < 0.01, ***p < 0.001 (ANOVA, one-tailed test). (B-D) Quantification of IL17α, IL6 and G-CSF production in sera of control (WT), DKO* 
without treatment, DKO*-Amygdalin, DKO*-Vehicle mice after 14 days of treatment. n > 4 per group. Statistical significance *p < 0.05 (t-
student two-tailed test relative to controls and vehicle group).

F I G U R E  4  FIB-116 cream reduces neutrophil recruitment in skin and reduces antimicrobial peptides towards baseline expression in 
DKO* treated mice. (A) Gene expression of neutrophil recruitment chemokines Ccl2, Cxcl1 and Cxcl2 and antimicrobial peptides Lcn2, 
S100a9 and Tslp of the ear samples from control (WT), DKO* without treatment, DKO*-Amygdalin, DKO*-Vehicle mice after 14 days of 
treatment. n > 5 per group. Statistical significance *p < 0.05, **p < 0.01, ***p < 0.001 (ANOVA, one-tailed test). (B and C) Representative 
immunofluorescence images of ear section from DKO* without treatment, DKO*-Amygdalin, DKO*-Vehicle mice after 14 days of treatment. 
Green (Ly6b), Red (S100A9) and blue (Dapi). Epidermal overexpression of S100A9 in DKO* and DKO*-vehicle mice, whereas animals treated 
with amygdalin cream reduce its expression. Neutrophil infiltration (Ly6b+ S100A9+) increases in the dermis (arrows) and epidermis (asterisks) 
of animals DKO* and DKO*-vehicle mice, whereas the number of neutrophils in mice treated with amygdalin cream reduces dramatically 
(C, a.u. = arbitrary unit). n = 3 per group. Dotted lines separate epidermis and dermis. (D) Representative immunofluorescence images for 
Staphylococcus aureus of ear section from control (WT), DKO* without treatment, DKO*-Amygdalin, DKO*-Vehicle mice after 14 days of 
treatment. Red (S. Aureus) and blue (Dapi). n = 3 per group. Dotted lines separate epidermis and dermis
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referred as DKO*. The DKO* mouse model serves as a preclinical 
model for human psoriatic lesions, since it exhibits similar charac-
teristics including erythema, epidermal thickening, scaling, immune 

cell infiltration and vascular proliferation.29 This murine model has 
been widely used to evaluate diverse therapeutic approaches for the 
treatment of psoriasis and to understand the diverse mechanisms 
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underlying the disease, such as the use of anti-VEGF,32 miR-21 treat-
ments33 or anti-TSLP.9 Thus, the use of DKO* mice has allowed to 
test the effectiveness and safety of topical application of amygdalin 

analogues in the presence of both, innate and adaptive immune re-
sponse, an important limitation of xenotransplant mouse models.34 
Amygdalin exhibits a good skin penetration profile 28 and a short 

F I G U R E  5  FIB-116 inhibits the proliferative effect and pro-inflammatory response of TSLP in cultured keratinocytes. (A) Experimental 
design for induction of primary murine keratinocytes with recombinant TSLP and treatment with amygdalin analogue in vitro. (B) 
Representative immunofluorescence images for EdU (green) of primary murine keratinocytes in the different treatments. Nuclei (Dapi) in 
red. (C) Percentage of EdU+keratinocytes after treating with recombinant TSLP and Amygdalin analogue. Statistical significance *p < 0.05 (t-
student two-tailed test). (D-G) Gene expression of Cyca2, Il10, Il23a and Il6 in TSLP-induced keratinocytes treated with amygdalin analogue. 
Statistical significance *p < 0.05 (t-student two-tailed test)
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lifetime in blood of mice (30 min) with low toxic effects even in high 
amounts.25 These positive and safety properties make amygdalin 
analogue FIB-116 a promising candidate for preclinical and clinical 
trials.

The reduction of psoriatic-like skin inflammation in DKO* 
mice treated with FIB-116 cream was accompanied by decreased 
epidermal cell proliferation, a reduction of local and systemic 
pro-inflammatory cytokine production and a notable decline of 
neutrophil recruitment. Importantly, vehicle cream exacerbated 
psoriasis-like development and induced colonization by S. aureus, 
a common bacterial infection in patients with severe psoriasis and 
AD.35 We suggest that vehicle cream formulation to carry out the 
amygdalin analogue is suboptimal and hypoallergenic transder-
mally. The cream formulation used in our experiments left an oily 
film on ear skin after application that could affect the transepider-
mal hydration and facilitate microbial infections in DKO* mice.36 
Even with these limitations, the beneficial effects of FIB-116 cream 
were evident in DKO* mice. Therefore, delivery of topical amygda-
lin analogues for psoriasis treatment should be considered in future 
preclinical studies, including hydrogels, micro and nanoemulsions 
or aerosol foams for an easy and optimal topical application.37,38

Three specific psoriasis-like symptoms were evaluated in DKO* 
mice after the treatment with FIB-116 or vehicle cream: local in-
flammation, systemic inflammation and epidermal architecture/
hyperplasia. Cross-talk between different cytokines produced by 
keratinocytes and immune cells is key regulators in the pathogenesis 
of psoriatic disease.5 Amygdalin analogue cream reduced not only 
the local expression of several of these cytokines in the skin, but 
also decreased significantly the systemic production of IL17-A, IL6 
and G-CSF in sera of treated mice. These data highlight that amyg-
dalin analogue compound penetrates efficiently the skin leading to 
a beneficial systemic response in the immune-competent psoriasis-
like mouse model.

Besides cytokines, chemoattractant molecules such as S100a9, 
Lcn2 and Tslp are increased in DKO* mice and in patients.9,31,39-41 
These molecules are considered antimicrobial peptides, and one of 
the multiple functions is to attract immune cells towards lesional 
skin, such as neutrophils to kill pathogens.42 Interestingly, neutro-
phils were highly recruited in psoriasis plaques and other neutrophil-
associated chemokines, such as Cxcl1 and Cxcl2, were also increased 
in DKO* mice. Topical amygdalin treatment significantly reduced the 
number of neutrophils infiltrated in lesional skin and the expression 
of antimicrobial peptides. Little is known about the role of neutro-
phils in the pathogenesis of psoriasis. Recent studies demonstrated 
the development of psoriasis by continuous neutrophil infiltration 
into the epidermis.43 Future experiments should determine how 
amygdalin cream impacts on neutrophil trafficking and immune re-
sponses in psoriasis.

The dysregulation of epidermal differentiation and hyper-
proliferation of basal keratinocytes leads to epidermal hyperpla-
sia and skin swelling in psoriasis.2 Amygdalin cream treatment 
reduced the proliferation of basal keratinocytes and hyperplasia. 

Studies in vitro confirmed that FIB-116 acts directly on stimulated 
keratinocytes inhibiting their proliferation and pro-inflammatory 
response associated with TSLP, an important mediator in pso-
riasis. Interestingly, epidermal TSLP is also a trigger factor for 
other skin pathologies, such as atopic dermatitis (AD), suggesting 
that amygdalin analogue cream could also be considered for AD 
treatment.

In conclusion, amygdalin cream application is efficient to reduce 
psoriasis-like hallmarks in a preclinical mouse model and further in-
vestigations are required to determine its direct role in the immune 
cell response with the possibility to implement FIB-116 as a potential 
novel drug for clinical trials.
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