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Abstract
Background/Aims: Aquaporin-3 (AQP3) is an aquaglyceroporin and peroxiporin that plays a 
crucial role in skin barrier homeostasis. Dysregulated AQP3 expression has been observed in 
different inflammatory skin conditions. Hidradenitis Suppurativa (HS) is an autoinflammatory 
keratinization disease that typically appears between 10 and 21 years of age, characterized 
by alteration of skin barrier homeostasis.  Methods: To evaluate in vitro the role of AQP3 
in the development of HS, we performed real-time PCR and Western blot to analyze gene 
and protein levels in human keratinocyte cell lines knock-out (KO) for NCSTN and PSENEN 
genes, simulating genetic-associated HS. Additionally, we investigated the impact of Glyceryl 
Glucoside (GG) on biological processes by performing MTT, scratch, proliferation assays and 
proteome studies. Results: We detected a significant decrease of the levels of AQP3 gene and 
protein in KO cell lines. GG effectively elevated the levels of mRNA and protein, significantly 
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decreased the hyperproliferation rate, and enhanced cell migration in our in vitro model of 
genetic Hidradenitis Suppurativa. Pathway enrichment analysis further confirmed GG’s role in 
the migration and proliferation pathways of keratinocytes. Conclusion: Our results suggest 
that AQP3 may act as a new novel actor in HS etio-pathogenesis, and GG could be further 
explored as potential treatment option for managing HS in patients.

Introduction

Aquaporin-3 (AQP3) is a membrane channel protein of broad selectivity that facilitates 
the bidirectional movement of water and a series of small neutral solutes including glycerol, 
ammonia, urea and hydrogen peroxide [1]. AQP3 is present in different organs and tissues 
including skin, which is one of the predominant sites of AQP3 expression as high levels are 
found in the keratinocytes of the stratum basale, spinosum and granulosum. In addition to 
the important roles exerted in hydric balance and energy homeostasis AQP3 is emerging as 
a key player in inflammation, redox‐associated signaling, and in different immune processes 
[2] triggering strong interest for its potential pharmacological relevance as drug target [3]. 
In the skin, AQP3 is pivotal in skin barrier permeability and skin hydration and seems to 
have a role in keratinocyte migration, proliferation and epithelial wound healing [4, 5].

Given the crucial role of AQP3 in skin hydration and in various keratinocytes’ processes, 
aberrations in its expression and location have been found in different inflammatory 
skin diseases [6]. Specifically, AQP3 dysregulations have been mainly observed in atopic 
dermatitis, rosacea and psoriasis, leading to different phenotypic outcomes [7–9].

Hidradenitis Suppurativa (HS) is an autoinflammatory keratinization disease, clinically 
characterized by recurrent painful lesions; it typically appears between 10 and 21 years of 
age and disproportionately affects women, with a sex ratio of about 1:3 [10–12].

The etiology of HS is multifactorial, involving a close interaction between genetic 
and environmental factors, as well as immune dysregulation, hormonal alterations and 
variations in the skin microbiome [13]. Despite recent advances, how these factors shape the 
pathogenesis of the disease is partially known, although the primum movens seems to be the 
hyperplasia of the infundibular epithelium, that causes follicular clogging and subsequent 
stagnation of follicular content, resident bacteria’s propagation and dilatation of the 
pilosebaceous unit [13], hence triggering the development of an inflammatory environment.

It is known that about one-third of HS patients present a positive family history of the 
disease, with most loss of function mutations occurring in genes encoding for the γ‐secretase 
complex subunits, particularly presenilin enhancer 2 (PSENEN) and nicastrin (NCSTN). This 
protease complex mediates intramembranous cleavage of various type I membrane proteins, 
including Notch receptors [13–15].

HS adversely affects patients’ quality of life through both its clinical skin manifestations 
and significant negative psychological impacts [16]. Despite the availability of biological 
drugs to treat patients with Hidradenitis Suppurativa (HS), these treatments yield varying 
degrees of success and outcomes [15, 17].

All this considered, in order to unravel the possible involvement of AQP3 in the pathogenic 
scenario of HS, we evaluated its gene expression and protein levels in a HS genetic in vitro 
model obtained using human keratinocyte cell line (HaCaT) knock-out (KO) for NCSTN and 
PSENEN genes (NCSTN -/- and PSENEN -/-).

Given the dysregulation observed in our in vitro model of Hidradenitis Suppurativa 
(HS), we opted to explore the effects of Glyceryl Glucoside (GG), a compound reported to 
stimulate the transcriptional expression of AQP3 [18]. Our approach was twofold: firstly, to 
confirm the role of GG in boosting the levels of AQP3, and secondly, to evaluate its broader 
impact on wound healing and cellular behaviours associated with skin repair.  To verify GG’s 
efficacy in enhancing AQP3 expression, we treated our HS model with GG and measured 
the subsequent changes in AQP3 levels. This involved precise quantification techniques to 
ensure accurate assessment of transcriptional activity. The increased expression of AQP3, 
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a protein known for its role in skin hydration and function, indicated GG’s potential as a 
therapeutic agent for managing HS. In addition to measuring AQP3 levels, we conducted 
a functional analysis to determine GG’s effectiveness in promoting wound healing. This 
was done by creating a scratch in a monolayer of cultured keratinocytes, which served as 
a simulation of a skin lesion; the scratch assay is a well‐established method for studying 
cell migration and wound closure. By monitoring the rate of scratch closure, we were able 
to gauge the healing capacity of keratinocytes in the presence of GG. Furthermore, we 
examined the rate of cell proliferation. Finally, to gain deeper insights into the underlying 
mechanisms, we identified the main signalling pathways involved in these processes; this 
included the analysis of pathways related to cell migration, proliferation, and survival, which 
are essential for effective wound repair. By elucidating these pathways, we aimed to uncover 
the molecular basis of GG’s action and its potential therapeutic benefits for HS patients.

Materials and Methods

Cell lines
HaCaT cells, an immortalized human keratinocyte line, were cultured in low‐calcium medium (DMEM, 

Euroclone, supplemented with 10% of fetal bovine serum, FBS, Euroclone, 0.03 mM CaCl2, Sigma-Aldrich).
From previous experiments conducted in our laboratory, we obtained knock-out HaCaT cell lines for 

two different genes, NCSTN (NCSTN-/-) and PSENEN (PSENEN-/-),  as described in our previous work [19]. 
The cells were treated with complete medium supplemented with 4% v/v of Glycoin® natural, a 100% 
natural sugar derivate Glyceryl Glucoside (GG) by Bitop (https://www.bitop.de/en/products/cosmetic-
active-ingredients/glycoin), who kindly offered us the product.

RNA extraction and Real-time PCR
Gene expression was evaluated with real‐time PCR. Briefly, HaCaT cells were cultured at 1.5x105/well in 

6‐well plates. After 24 hours, medium was changed to complete medium supplemented with or without 4% 
GG, and following an additional 24 hours cells were lysed with Trizol reagent (TriFast, Euroclone) to extract 
RNA. RNA was retrotranscribed with High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™). 
Real‐time PCR was performed with TaqMan probes from Applied Biosystems™, using CFX Opus 96 Real-Time 
PCR System (Bio-Rad).

Western blot
Protein expression was evaluated by western blot. HaCaT cells were cultured at 1.5x105/well in 6-well 

plates. After 24 hours, the medium was changed with complete medium enriched with or without 4% 
GG, and after additional 24 hours cells were lysed with RIPA Lysis and Extraction Buffer (Thermo Fisher 
Scientific).

Gel electrophoresis was performed using NuPAGE™ 4 to 12%, Bis‐Tris in NuPAGE MES SDS Running 
Buffer (Invitrogen™). Proteins were transferred on nitrocellulose membranes (Bio-Rad) employing the 
TransBlot® Turbo™ Transfer System (Bio-Rad) and probed with primary antibodies including anti-AQP3 
(Abcam), anti‐HSP90 (Santa Cruz Biotechnology) and were then incubated with HRP-conjugated secondary 
antibodies (Cell Signaling). ClarityTM substrate (Bio-Rad) was used and chemiluminescent detection was 
accomplished with the ChemiDoc Imaging System (Bio-Rad).

MTT assay
Cells were plated at a density of 1x104 cells/well in 96 well plates for the 24 hours testing, while they 

were cultured at 5x103 cells/well in 96 well plates for the 72 hours time point. After 24 hours, medium was 
discarded and complete medium supplemented with different concentrations of GG (3%, 4%, 5%, 6%).

Cell viability was performed using the 3‐(4, 5‐dimethylthiazol‐2‐yl)‐2, 5‐diphenyltetrazolium bromide 
(MTT) assay (Invitrogen). The absorbance was measured at 560 nm with GloMax®‐Multi Detection System 
(Promega).
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Scratch assay
Cells were cultured in 96‐well microplates at a confluence of 3x104 cells/well 24 hours after seeding, 

scratch wounds were created mechanically with a pipette tip. Next, media was replaced to one with or 
without GG at 4%. After another 24 hours, medium was changed to medium without GG, and the assay 
was carried on for another 48 hours. Plates were analysed with BioTek BioSpa Live Cell Analysis System 
(Agilent).

Scratch assay results were indicated as migration rate values, determined using the following equation:
migration rate (mm2/h) = (Premigration area [mm2] — migration area [mm2] / time [hour])

Proliferation assay
To estimate differences in cell proliferation rates after GG treatment we used the xCELLigence Real-

Time Cell Analysis (Agilent) system, due to which cell proliferation was monitored in real time every hour 
for a total of 72 hours. 3.9x103 cells/well were plated in 96-well microplates and the tracking of proliferation 
started immediately. After 24 hours, media was changed with media supplemented with or without 4%GG. 
After another 24 hours, medium was changed to medium without GG, and the assay was carried on for 
another 48 hours.

For every cell line, the means of every time point of the treated cells were normalized to the mean of 
the non‐treated cells (NT) at the same time point; the result is a fold change of the GG‐treated cells relative 
to the NT.

Proteome
Cell lines have been lysed with the kit EasyPep™ MS Sample Prep Kits (Thermo Fisher Scientific). After 

lysis, the proteins were quantified with Bradford assay (Biorad), following the manufacturers’ protocol, 
and 80 µg of proteins were digested with the same kit. After digestion and clean‐up, mass spectrometry 
analysis was performed by nanoflow ultra‐high performance liquid chromatography‐high resolution mass 
spectrometry using an Ultimate 3000 nanoLC (Thermo Fisher Scientific) coupled to an Orbitrap Fusion™ 
Lumos™ (Thermo Fisher Scientific) with an Easy nano electrospray ion source (Thermo Fisher Scientific). 
High resolution mass spectrometry analysis (HRMS) analysis was performed in data dependent acquisition 
(DDA), with MS1 range 375–1.500 m/z. For data processing, raw MS data were analyzed using Proteome 
Discoverer v 2.5 (Thermo Fisher Scientific).

Abundance data normalization, imputation, and differentially expressed proteins (DEP) analysis was 
carried out using dep R package [20]. Furthermore, the set Differentially expressed proteins was submitted 
to enrichment analysis, using reactomePA package [21].

Data analysis and statistical tests
Every assay was repeated 3 times, every time in duplicate. When comparing treated to non-treated 

cells for every cell line, data analyses were performed with non‐parametric Mann‐Whitney test. Regarding 
the comparison between different cell lines, different GG concentrations in the MTT assay, and different time 
points in the proliferation assay, One-way ANOVA followed by Kruskal-Wallis multiple comparison post hoc 
test was performed.

Results

Cytotoxicity of GG treatments
Different concentrations of GG were evaluated for cytotoxicity to determine the highest 

concentration that is safe and does not produce adverse effects on the cell lines used. 
According to MTT assay, the highest concentration of GG bearing non‐significant changes in 
cell vitality in each of the three cell lines, both after 24 (Fig. 1A) and 72 hours (Fig. 1B), is 4% 
(% cell viability to NT GG 4% 24h, WT: 101.50±8.74; NCSTN‐/‐: 107.5±4.123; PSENEN -/-: 
89.25±5.62. % cell viability to NT GG 4% 72h, WT: 96.5±7.85; NCSTN ‐/‐: 96.8±6.13; PSENEN 
‐/‐:91.8±4.50).
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Based on these results, all experimental procedures were performed by treating cells 
with medium supplemented with 4% of GG (herein indicated as GG).

Significant decrease of AQP3 gene and protein expression in in vitro HS model
AQP3 gene expression was evaluated by real‐time PCR. We detected a significant decrease 

in AQP3 gene expression in Knock-Out (KO) HaCaT cell lines, NCSTN -/- and PSENEN -/- 
cells, when compared to wild‐type (WT) HaCaT (Fold increase AQP3 mRNA: WT: 0.86±0.25; 
NCSTN -/-: 0.08±0.07, P<0, 0001; PSENEN ‐/‐: 0.24±0.20; P=0, 0007) (Fig. 2A).

To evaluate whether mRNA decreased expression was correlated with a diminished 
protein expression we performed Western blot analysis on the same cell lines. We confirmed 
a significant AQP3 decrease in NCSTN -/- HaCaT cell line when compared to WT cell line, 
while PSENEN ‐/‐ decrease was observed but the result was not statistically significant 
(Fold Increase AQP3 protein: WT: 1.07±0.22; NCSTN -/-: 0.10±0.02, P=0.0002; PSENEN -/-: 
0.35±0.21) (Fig. 2B).

GG treatment induced an increase in AQP3 gene and protein expression
To evaluate the effect of GG treatment on AQP3 gene and protein expression, we 

performed real-time qPCR and Western blot experiments on the cell lines, comparing non-
treated with treated cells. Following GG treatment, we observed a significant increase in 
AQP3 gene expression in all tested cell lines, when compared to non-treated conditions 
(Fold Increase AQP3 mRNA: WT NT: 1.04±0.31; WT GG: 2.51±1.02, P=0.0043; NCSTN -/- NT: 
0.88±0.16; NCSTN ‐/‐ GG: 1.66±0.48, P=0.0043; PSENEN ‐/‐ NT: 1.04±0.32; PSENEN -/- GG: 
1.77±0.82, P=0.0411) (Fig. 2D).

We confirmed the same significant trend in AQP3 protein levels after GG treatment in all 
cell lines compared to non‐treated conditions (Fold change AQP3 protein: WT NT: 1.10±0.22; 
WT GG: 2.00±0.33, P=0.0022; NCSTN ‐/‐ NT: 1.00±0.21; NCSTN ‐/‐ GG: 2.1±0.34, P=0.0022; 
PSENEN ‐/‐ NT: 1.0±0.41; PSENEN ‐/‐ GG: 2.2±1.0, P=0.0260) (Fig. 2E).

GG induced a significant increase in migration rate
As previously established in our earlier research, the healing process for HS lesions is 

characteristically prolonged [19]. In light of this, a scratch assay was conducted to assess if 
GG treatment could enhance wound closure rates in HS using an in vitro model of the disease.

Fig. 1. MTT cytotoxicity assay to evaluate glycerol glucoside effect on HaCaT wild‐type, NCSTN ‐/‐, and 
PSENEN ‐/‐, indicating 4 % GG as the higher concentration without significant toxic effect. (A): % cell 
viability was evaluated 24 hours after GG treatment by MTT assay. Data are shown as the percentage of levels 
compared with non‐treated cells (NT), considered as 100% of survival. P**=0.0032. (B): % cell viability was 
evaluated 72 hours after GG treatment by MTT assay. Data are shown as the percentage of levels compared 
with non‐treated cells (NT), considered as 100% of survival. P*=0.0479, P**=0.0049.

Figure 1
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As shown in Fig. 3A and 3B, GG was able to significantly increase the migration rate 
in KO cell lines. Specifically, differences between non‐treated and treated cells become 
significant after 48 and 60 hours from the performance of the mechanical scratch in NCSTN 
-/- cell line, and after 48 and 72 h in PSENEN ‐/‐ cell line (Migration rate: NCSTN -/- NT 
48 h: 0.0053±0.00074; NCSTN ‐/‐ GG 48 h: 0.0067±0.0010, P=0.0002; NCSTN ‐/‐ NT 60 
h: 0.0046±0.00052; NCSTN ‐/‐ GG 60 h: 0.0057±0.00054, P=0.0070; PSENEN -/- NT 48h: 
0.0048±0.00084; PSENEN ‐/‐ GG 48 h: 0.0056±0.00094, P=0.0181; PSENEN -/- NT 72 h: 
0.0042±0.00056; PSENEN ‐/‐ GG 72 h: 0.0051±0.00010; P=0.0238). WT HaCaT cells’ data 
are not shown since in our experimental conditions, the scratch closed within 24-36 hours. 
Overall, our results collectively indicate that GG treatment increases cell migration in an in 
vitro model of HS.

Fig. 2. AQP3 expression levels. (A): Real-time qPCR experiment results expressed as fold increase of AQP3 
mRNA levels, reported as DDCt average±SD. P****=0.0001, P***=0.0007. (B): Quantification of AQP3, 
normalized to HSP90 optical density, reported as a fold change in AQP3 protein levels. P***=0.0002. (C): 
Western blot showing the levels of AQP3 and HSP90, the latter employed as the housekeeping reference 
protein. (D): Real-time PCR results expressed as fold increase of AQP3 mRNA levels, reported as DDCt 
average±SD. P**=0.0043, P**=0.0043, P*=0.0411. (E): Quantification of AQP3, normalized to HSP90 optical 
density, reported as a fold change in AQP3 protein levels compared to non‐treated cells. P**=0.0022, 
P**=0.0022, P*=0.026.
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GG did not induce an increase in the proliferation rate
Cell proliferation of KO cell lines with and without the GG treatment was monitored in 

real-time with the xCELLigence Real-Time Cell Analysis (Agilent) system.
First of all, we observed that KO HaCaT cell lines, both PSENEN -/- and NCSTN -/-, 

showed an increase in the proliferation rate compared to WT HaCaT cells. An example of the 
variation of the cell index value over time is represented in Fig. 4A.

Following GG treatment, we observed that the general trend for the treated KO cell lines is 
a decrease in the proliferation rate when compared to non‐treated cells. Specifically starting 
from 48 hours, the difference is statistically significant (Fold change to NT in NCSTN -/- with 
GG, T48: 0.80±0.056, P=0.0404; T60: 0.66±0.043, P=0.0001; T72: 0.67±0.049, P=0.0001. 
Fold change to NT in PSENEN ‐/‐ with GG, T48: 0.63±0.074, P=0.0032; T60: 0.51±0.067, 
P=<0.0001; T72: 0.53±0.078, P=<0.0001) (Fig. 4B, C and D).

Pathway enrichment analysis in NCSTN -/- cells treated and non-treated with GG
While the findings obtained for NCSTN -/- were straightforward and clear, the ones 

obtained for WT, as well as PSENEN ‐/‐, were more complex and difficult to interpret clearly. 
So, we specifically cited only the NCSTN -/- treated and non-treated with GG proteome 
data. For proteomic analysis, NCSTN -/- HaCaT cells were treated with GG for 24 hours. 
Comparisons were conducted between GG-treated cells and untreated cells. A total of 5,763 
proteins from both samples were quantified using label‐free quantification.

Fig. 3. HaCaT NCSTN -/- and PSENEN -/- migration rate increases after GG treatment. Data are shown as 
migration rate (mm2/h) with and without GG in both KO cell lines, at 4 different time points (36, 48, 60, 72 
hours). (A): Migration rate in NCSTN ‐/‐ HaCaT; after 48 and 60 hours from scratch making the difference 
between treated and non‐treated migration rate is statistically significant. P***=0.0002, P**=0.007. (B): 
Migration rate in PSENEN ‐/‐ HaCaT; after 48 and 72 hours from scratch making the difference between 
treated and non‐treated migration rate is statistically significant. P*=0.0181, P*=0.0238. (C): Representative 
pictures of HaCaT cells during scratch assay at 4 different time points (36, 48, 60, 72 hours); the upper line 
shows non-treated (NT) cells while the lower line shows cells treated with GG.
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The obtained raw abundance data were statistically processed by the DEP R package 
[20], which included normalization using Variance Stabilizing Transformation, imputation of 
missing data using random draws from a Gaussian distribution centered around a minimal 
value (MinProb; q =0.01), and differentially expressed protein analysis using linear models 
and Empirical Bayes statistics.

Based on the obtained false discovery rate (FDR)-adjusted p-value and fold change, 
statistically significant changes in protein levels were observed for both conditions. 
Upregulation and downregulation were based on log2 fold‐change >0.58 and log2 fold‐
change <‐0.62, respectively, for genes with FDR adjusted p‐value < 0.05. GG increased the 
expression of 40 proteins and decreased the level of 26 proteins compared to the non‐treated 
cells (Fig. 5, see Supplementary Table 1 for the complete list of all proteins).

Pathway enrichment analysis suggested that these proteins are significantly associated 
with 22 molecular pathways (entities FDR p‐value < 0.05) (Table 1).

Fig. 4. KO HaCaT cells proliferate at a higher rate when compared to HaCaT WT; GG treatment does not 
increase proliferation rate. (A): Results from one experiment are shown here as an example; NCSTN ‐/‐ 
(dark blue line), PSENEN -/- (light blue line) and wild-type cells (black line). Data are represented as cell 
index values of single time points for every cell line. For every cell line, data are shown as fold change of 
the GG-treated cells relative to the NT at different time points. Fold change of: (B) wild-type HaCaT (C) 
NCSTN‐/‐ (P*=0.0404, P***=0.0001) and (D) PSENEN‐/‐ (P**=0.0032, P****=<0.0001).
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Fig. 5. Volcano plot showing proteomics data of NCSTN -/- HaCaT cells treated with GG compared to NCSTN 
‐/‐ HaCaT cells without treatment. Volcano plot illustrates the log2 fold change (x axis) and ‐log10 adjusted 
p‐value (y axis). Green color marks down regulated proteins with log2 fold‐change < ‐0.62 and red color 
marks upregulated proteins with log2 fold‐change > 0.58.

Table 1. All significant pathways obtained by enrichment analysis
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Discussion

Hidradenitis suppurativa (HS) is a chronic, auto‐inflammatory and debilitating skin 
condition of the pilosebaceous unit. Recent findings propose that the pathophysiology of HS 
appears to be the product of hyperkeratinization, hyperplasia and inflammation caused by 
genetic predisposition [22, 23]. Despite an abundance of familial cases, NCSTN and PSENEN 
are the main genes so far known to be majorly mutated in HS; these genes encode for two 
essential components of the γ‐secretase multiprotein complex [24, 25].

All mutations found in both NCSTN and PSENEN genes lead to γ‐secretase complex 
instability and degradation of all its subunits [26, 27]; in fact, NCSTN and PSENEN gene-
silenced HaCaT cell model are characterised by an increase in cell proliferation, probably 
through a modulation of  phosphoinositide 3-kinase (PI3K)/AKT pathway and the 
downregulation of genes involved in the Notch signalling [26, 28].

Considering the pleiotropic role of AQP3-facilitated water and glycerol transport 
in different keratinocytes’ processes, such as migration and proliferation, and that its 
dysregulation alters keratinocyte proliferation, skin water loss and decreased skin hydration 
[4, 5,7], we evaluated the possible pathophysiological involvement of this AQP in in our 
genetic in vitro HS models, consisting in two lines of immortalised human keratinocyte 
(HaCaT) knock-out for NCSTN -/- and PSENEN -/-.

We observed a significant decrease of AQP3 gene expression and its protein levels in 
KO HaCaT cell lines, NCSTN -/- and PSENEN -/- cells, compared to wild-type (WT) cells, thus 
supporting the hypothesis that low levels of AQP3 could contribute to HS development, 
consequently suggesting relevance for skin AQP3 as a novel potential actor and therapeutic 
target in HS.

Previous published data demonstrated that glyceryl glucoside (GG; alpha‐D‐
glucopyranosyl‐alpha‐(1‐>2)‐glycerol; C9H18O8 ), a glucose derivative, is able to increase 
AQP3 expression levels [18]. We therefore tested the ability of this promising compound to 
restore the normal gene expression and protein levels of AQP3 in our in vitro model of HS, 
confirming that GG is able to significantly increase both mRNA and protein levels in all tested 
cell lines.

Another crucial aspect to consider is that HS is characterized by hyperplasia of the 
follicular epithelium. Lin Jin et al. thoroughly observed that HS lesional keratinocytes had 
enhanced proliferation capacity compared to those from healthy skin [22]. Keratinocyte 
hyperproliferation in HS has been associated with mutations in γ‐secretase genes in familial 
forms of HS, through an upregulation of phosphorylated Akt (p-AKT) [29]. These data are in 
line with our results that show an increase in the proliferation rate of NCSTN -/- and PSENEN 
-/- compared to WT HaCaT.

Interestingly, GG treatment also induced a significant reduction in hyperproliferation in 
both NCSTN -/- and PSENEN -/- keratinocytes, contrary to what has been registered in WT 
HaCaT cells.

According to our proteomic analysis on NCSTN -/- keratinocytes treated and non-treated 
with GG, being aware of the limitations due to the analyses performed in an in vitro model of 
the disease, we found two different pathways associated with keratinocyte proliferation. The 
first is GPER1 (G protein‐coupled estrogen receptor 1) signaling (R‐HSA‐9634597), whose 
alteration has been detected in skin biopsies of psoriasis lesions when compared to healthy 
skin and whose dysregulation has been associated with keratinocyte proliferation [30]. The 
second one is the FGFR4 (Fibroblast Growth Factor Receptor 4) signaling (R‐HSA‐5654743); 
interestingly, it has been demonstrated that FGF19 (Fibroblast Growth Factor 19) is able 
to promote a high proliferation rate in psoriatic keratinocytes through the FGFR4 signaling 
route [31].

In the context of HS, the processes of wound healing and of resolution of lesions often 
represent critical aspects for HS patients. Indeed, an increment in keratinocyte migration 
could be particularly useful to foster these processes [32].

Another key role of AQP3 is to aid epidermal cell migration during the wound healing 
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process. Hara-Chikuma and Verkman observed that keratinocytes isolated from AQP3-
deficient mice showed reduced migration compared with cells derived from WT mice. 
They also confirmed these findings in normal human keratinocytes KO for AQP3 showing 
decreased glycerol uptake and scratch wound healing [33]. Our data concur with all this 
previous evidence. In fact, the increase in AQP3 levels, due to GG treatment, leads to an 
increment in the migration of NCSTN -/- and PSENEN -/- keratinocytes. Noteworthy, 
in NCSTN -/- keratinocytes, treated and non-treated with GG, the dysregulation of the 
integrin signaling pathway (R‐HSA‐354192) was statistically significant. Integrins are 
transmembrane receptors that upon ligand binding activate several signal transduction 
pathways. Specifically, in the epidermis they are mainly involved in extracellular matrix 
binding, therefore in migration and wound healing events [34].

Lastly, it is worth focusing the attention on other two pathways found to be significantly 
unbalanced: EGFR (Epidermal growth factor receptor) (R-HSA-177929) and ERBB2 (Erb-B2 
Receptor Tyrosine Kinase 2) signaling (R-HSA-1227986). EGFR is widely known to impact 
several keratinocytes biological processes including proliferation, adhesion and migration 
[35]. Likewise ERBB2, also known as Human Epidermal Growth Factor Receptor 2 (HER2), 
is a member of the EGF family of receptors and seems to be able to regulate the process of 
proliferation and migration [36].

Altogether, considering the fact that these pathways were altered in GG-treated NCSTN 
-/- HaCaT cells when compared to NCSTN -/- non-treated cells, and that their involvement 
in multiple keratinocyte processes is fundamental for skin homeostasis, these data strongly 
corroborate the importance of the GG treatment in HaCat cells in which NCSTN gene has 
been knocked out.

Hara‐Chikuma et al., in their study conducted in AQP3‐deficient mice, proposed a 
mechanism for AQP3-dependent wound healing involving AQP3-facilitated water and 
glycerol transport. In detail they hypothesised that the glycerol transport by AQP3 is 
important for the proliferation of epidermal cells, while water transport is important for 
epidermal cell migration. They also observed that a supplementation of Glycerol corrected 
the impairment in wound repair and cell proliferation in AQP3‐deficient mice [33]. In this 
case, the correction obtained after Glycerol treatment is not correlated with the alteration of 
AQP3 expression, as it can be observed in our case.

It must also be considered that AQP3 is also peroxiporin capable of facilitating the 
transport of H2O2 across the membrane. In recent years there has been convincing evidence 
indicating the relevance of AQP3-mediated H2O2 import in cell migration [37, 38].

Kyoko Nakahigashi et al., found an upregulation of AQP3 in atopic dermatitis mouse 
models that is involved in keratinocyte proliferation and epidermal hyperplasia. In this 
case they also suggest that AQP3 inhibition may be beneficial for the treatment of atopic 
dermatitis [8].

In our case, we found a decrease of the levels of AQP3 gene and protein in our genetic HS 
in vitro model. The subsequent increment of AQP3 levels, induced by GG treatment, caused 
an increase in cell migration and also a decrease in the hyperproliferation rate. The increase 
in cell migration is in line with literature data, partly discussed previously, that show a close 
correlation between keratinocyte migration and AQP3 level. On the contrary, the different 
action found in the increase of AQP3 level in the hyperproliferation rate, requires further 
studies.

Conclusion

Our findings reveal that Glyceryl Glucoside (GG) can significantly increase both mRNA 
and protein levels of Aquaporin-3 (AQP3) in all tested cell lines. However, it is important to 
note that these results were obtained from an in vitro model, which only partially mimics 
the complex etiology and pathogenesis of Hidradenitis Suppurativa (HS). We acknowledge 
the limitations of our in vitro model, as it may not fully capture the intricate interactions and 
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environment present in vivo. To validate our hypothesis regarding the involvement of AQP3 
in Hidradenitis Suppurativa and the therapeutic potential of GG, it is essential to conduct in 
vivo studies. Such studies would provide a more comprehensive understanding of how AQP3 
dysregulation contributes to HS and confirm whether GG can effectively restore AQP3 levels 
and alleviate the disease in a living organism.

To our knowledge, this is the first report demonstrating a dysregulation of AQP3 in an in 
vitro model that mimics genetic‐driven HS. Based on our findings, changes in the expression 
levels of AQP3 may play a significant role in the pathogenesis of Hidradenitis Suppurativa, 
particularly in cases driven by genetic factors. This assertion is supported by experiments 
conducted on NCSTN and PSENEN knockout (KO) HaCat cell lines, which illustrate how genetic 
modifications can influence AQP3 levels and potentially contribute to the development of 
HS. Targeting this protein could therefore help improve altered processes of keratinocytes 
that underlie this complex disease, especially those related to migration and proliferation.

In conclusion, our research indicates that AQP3 may be a promising new target for 
treating Hidradenitis Suppurativa. This discovery paves the way for further research into 
its potential therapeutic applications. Additionally, given GG’s capability to enhance wound 
healing in HS, it could serve as a beneficial adjunctive therapy for patients with this condition.
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