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ABSTRACT 

 

Skin dryness and thickening are hallmarks of systemic sclerosis (SSc) disease. Aquaporins 

(AQPs) are plasma membrane proteins that transport glycerol and water, resulting in water 

retention and skin hydration. Expression of AQPs has been evaluated in human normal skin. 

However, expression of these proteins in SSc dermal fibroblasts has not yet been reported. 

The aim of this study was to assess the expression profile of AQPs in dermal fibroblasts of 

SSc patients. 

Fibroblast cells were extracted from SSc and healthy skin biopsies and characterized using 

fibroblast surface protein antibody. To evaluate the mRNA expression of AQP1, 3, 5, 7, 9, 

and 10 in dermal fibroblasts, Real-time PCR was performed using SYBR Green Master mix. 

Immunoblotting was performed to confirm the results of Real-time PCR. 

Our data demonstrated that only AQP1, AQP3, and AQP9 were expressed in human 

skin fibroblasts. Moreover, the expression of AQP3 mRNA and protein were significantly 

decreased in SSc dermal fibroblasts compared with healthy fibroblasts.  

AQP3, which involves in skin hydration and wound healing through water and glycerol 

transmission, is downregulated in SSc fibroblasts. Based on previous studies and our results, 

it seems that SSc manifestations like skin dryness, abnormal wound healing, and  

fibrotic lesions may be related to downregulation of AQP3 in SSc fibroblasts. Therefore, 

induction of AQP3 expression can be a potential treatment to relieve SSc skin thickness in 

the future.  
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INTRODUCTION 

 

Systemic sclerosis (SSc) is a disorder typically 

resulting in fibrosis of the skin and internal organs.
1
 

The pathogenesis of this disease is unclear and it 

includes inflammation, autoimmunity, and vascular 

damage.
2
 The most prominent clinical manifestation of 

SSc is thickening of the skin and internal organs such 

as lungs, heart, and digestive system.
3, 4

 Fibroblasts 

activation eventuates in abnormal synthesis and 

accumulation of extracellular matrix (ECM) in affected 

organs. Fibroblasts preserve the structural integrity of 

connective tissue, secreting fibrillar procollagens, and 

fibronectin. In addition, they regulate the turnover and 

composition of the ECM via highly specific proteases 

such as collagenase.
5
  

Aquaporins (AQPs) are a family of small 

hydrophobic proteins with 30 KD molecular weight.
6
 

These highly expressed proteins are monomeric in the 

membrane and are comparable to the mineral ion 

channels.
7
 To date, 13 members of this family (AQP0-

AQP12) have been identified in the mammals. AQPs 

are water-selective channels that increase plasma 

membrane water permeability in secretory and 

absorptive cells.
8
 The AQPs are located at strategic 

membrane sites in a variety of epithelial cells and most 

of their physiological functions have been well-defined 

in fluid absorption or secretion. 
9
 Moreover, it has been 

demonstrated that cells expressing AQPs on the plasma 

membrane show 5 to 50 times more water osmotic 

permeability.
6
 Subfamilies of AQPs such as AQP3, 

AQP7, and AQP9 are aquaglyceroporins, which 

transport both water and glycerol.
10

 Recent studies 

indicate that AQPs, like AQP3, are involved in the cell 

proliferation by cellular glycerol metabolism and 

biosynthesis dependent mechanism.
7
 Therefore, the 

reduced glycerol results in reduced ATP synthesis and 

content, and impaired MAP kinase signaling, which in 

turn culminates in cell proliferation as well as AQP3 

overexpression on plasma membrane.
11

Previous studies 

have shown that AQP3 is expressed on a variety of 

organs, such as skin, kidney, urinary tract, digestive 

tract, respiratory tract, eye, and brain.
10, 12

 

Fibroblasts play an important role in the structural 

integrity of connective tissues such as skin and wound 

healing by migration, proliferation, secretion of ECM 

components, and synthesizing of highly specific 

proteases such as collagenase. 
13

 Some of the main 

complications of SSc such as defects in skin elasticity, 

hardness, thickening, and deformity in some parts of 

the body are due to higher production and secretion of 

extracellular matrix components.
14-16

 In the normal skin 

physiology, AQPs transport both glycerol and water 

and, therefore, cause water retention and skin 

hydration.
17

 In addition to abnormal wound healing and 

fibrotic lesions, it has been shown that water retention 

and skin hydration do not occur appropriately in SSc 

patients.
18

  

The aim of this study was to investigate the mRNA 

expression of AQPs in SSc skin fibroblasts. Previous 

studies
19

 have shown that AQP1, 3, 7, 9, and 10 are 

expressed in human skin. However, the specific skin 

cells, which expressed AQPs, have not yet been 

investigated. We evaluated the expression of AQPs 

(AQP1, 3, 5, 7, 9 and 10) mRNA in primary human 

dermal fibroblast cultures. Moreover, we compared the 

expression profile of AQPs in dermal fibroblast of SSc 

patients and healthy controls.   

 

MATERIALS AND METHODS 

 

Patients  

Skin punch biopsies were obtained from the dorsal 

forearms of 20 diffuse cutaneous SSc (dcSSc) patients 

(16 females and 4 males) with a mean age of 45 years 

(25–54 years). All patients fulfilled the American 

College of Rheumatology Criteria (ACR) for 

classification and diagnosis of SSc.
20

 Healthy skin 

punch biopsies were also obtained from the dorsal 

forearms of 20 age- and sex-matched healthy 

volunteers, who had no history of autoimmune 

disorders. SSc patients were chosen from those who 

had been referred to the outpatient clinic of 

Rheumatology Research Center, Shariati Hospital and 

Rheumatology Center of Iran. Informed consent forms 

were obtained from all participants prior to biopsy. 

This study was in accordance with the ethical standards 

of Ethics Committee of Tehran University of Medical 

Sciences (No.: IR.TUMS.REC.1396.2942). 

 

Isolation of Dermal Fibroblasts from Skin Biopsies 

Dermal fibroblast cells were extracted using 

enzymatic dissociation of each biopsy sample in 

Dispase II and Collagenase I (Roche, Mannheim, 

Germany), as established previously.
21, 22

 Dermal 

fibroblast cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% 

Fetal Bovine Serum (FBS), 100 U/mL penicillin, and 
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100 µg/mL streptomycin at 37⁰C in an incubator with 

5% CO2 and 95% humidity.  

 

Characterization of Dermal Fibroblasts 

Fibroblast cells were characterized using 

immunofluorescence assay. Briefly, Fibroblast cells 

were cultured in DMEM in 24-well plate. After 24 h, 

cells were washed twice with PBS, fixed with ice-cold 

methanol, and blocked with phosphate buffered saline 

containing Triton x-100 (PBST) and 1% bovine serum 

albumin (BSA). Then, cells were treated with anti-

fibroblast surface protein antibody (Abcam, 

Cambridge, UK) in 1% BSA as primary antibody and 

sheep anti-mouse Ig (Human Ig Adsorbed)-fluorescein 

isothiocyanate (FITC) conjugate (Avicenna Research 

Institute, Iran) in 1% BSA as secondary antibody. 

Finally, cells were stained with 4',6-diamidino-2-

phenylindole (DAPI) to visualize the nucleus and were 

observed under fluorescence microscopy. 

 

RNA Extraction and Quantitative Real-time PCR 

Fibroblast cells were washed with PBS and 

collected using trypsin for RNA extraction. Total RNA 

content was extracted using the high pure RNA 

isolation kit (Roche, Mannheim, Germany) according 

to the manufacturer’s instructions. From each sample, 1 

µg RNA was reverse transcribed to cDNA using the 

transcriptor first-strand cDNA synthesis kit (Roche, 

Mannheim, Germany) according to the manufacturer’s 

manuals. Primers were designed using Primer 3 online 

tool (http://primer3.ut.ee/). The primers sequences are 

presented in Table 1.  

Quantitative Real-time PCR was performed using 

the StepOnePlus Real-time PCR (Applied Biosystems, 

Foster City, USA) and the SYBR Green gene 

expression master mix (Takara, Korea). 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

was used as an endogenous control to normalize the 

amount of total RNA in each sample. The purity of 

each amplified product was confirmed using melting 

curve and analyzed to ensure the identity of the specific 

PCR product. The comparative cycle threshold (Ct) 

method was used to calculate the relative quantification 

of gene expression. Then relative gene expression for 

each sample was calculated using the following 

equation: relative mRNA expression = (2
−∆Ct

) × 10
3
 as 

previously described.
23

 

 

Western Blotting  

The cells were trypsinized, washed with cold PBS, 

and collected by centrifugation, and solubilized in 

radioimmunoprecipitation assay buffer (RIPA) [50 mM 

Tris–HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 

0.1% sodium dodecyl sulfate (SDS), and 0.5% sodium 

deoxycholate] containing a protease inhibitor cocktail 

(Roche, Mannheim, Germany) and 1 mM 

phenylmethylsulfonyl fluoride (PMSF) (Roche, 

Mannheim, Germany). The lysates were incubated for 

30 min at 4˚C. Afterwards, debris of the lysate was 

collected by centrifugation at 14000g for 20 min at 4˚C. 

 

Table 1. Target and housekeeping gene primers used for quantification of mRNA expression by Real-time PCR 

Gene Primer Product Size (bp) 

AQP1 F 5′-GTGGAGGAGGTGAAAGAAAGGG-3′ 158 

R 5′-GGTGAGTCGGTGAGCAACTTTG-3′ 

AQP3 F 5′- CCACTGGACCTTGCCCAAATAG -3′ 156 

R 5′- CACACATACCTGCTGCCCATTC -3′ 

AQP5 F 5′-GCCACCTTGTCGGAATCTACT-3′ 169 

R 5′-CCTTTGATGATGGCCACACG-3′ 

AQP7 F 5′-ACAGGTCTTCAGCAATGGGG-3′ 132 

R 5′-GGGATGGTGGAGCCAATGAA-3′ 

AQP9 F 5′-CTTCCAGTTCCCGCTATGCTAC-3′ 76 

R 5′-CTGAATGCCACAATGTCCTCC-3′ 

AQP10 F 5′-ACTGGGATGCTGATTGTGGG-3′ 95 

R 5′-CCAGCCATTACCAGCACTGAA-3′ 

GAPDH F 5′-TGTGGGCATCAATGGATTTGG-3′ 101 

R 5′-ACACCATGTATTCCGGGTCAAT-3′ 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; AQP, aquaporin 

https://en.wikipedia.org/wiki/Bovine_serum_albumin
https://en.wikipedia.org/wiki/Bovine_serum_albumin
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Protein concentrations were determined using 

Bradford’s protein assay. 

Equal amounts of proteins were denatured  

in sample buffer for 10 min at 70⁰C, separated by 

sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), and transferred onto 

polyvinylidene difluoride (PVDF) membranes (Roche, 

Mannheim, Germany). Nonspecific binding was 

blocked with 4% skim milk in tris-buffered saline 

tween (TBST) (20 mM Tris/HCl, 137 mM NaCl and 

0.01% Tween 20, pH 7.4) for 1 h at room temperature. 

After blocking, the membranes were incubated with 

specific antibodies against AQP3 (Santa Cruz, CA, 

USA) (1:700), GAPDH (Santa Cruz, CA, USA) 

(1:1000) followed by incubation with horse radish 

peroxidase (HRP)-conjugated sheep anti-rabbit 

secondary antibody for 1 h at room temperature. The 

Enhanced chemiluminescence (ECL) prime detection 

reagent (Amersham, Buckinghamshire, UK) was 

utilized for visualizing the bands. The expression of 

GAPDH was used as an internal control for equal 

loading. 

 

Statistical Analysis 

Data are expressed as the mean ± standard error of 

the mean (SEM). Statistical comparisons were 

performed using IBM SPSS v.22 (Armonk, NY, USA). 

The Mann–Whitney U test was used to evaluate the 

expression differences between SSc and normal 

fibroblasts. Density of bands was quantified using 

Image J 1.4.3.67 software (NIH Image, Bethesda, MD, 

USA). The GraphPad Prism version 6.00 (GraphPad 

Software, La Jolla, California, USA) was applied to 

illustrate data. p-values less than 0.05 were considered 

statistically significant. 

 

RESULTS 

 

Isolation of Dermal Fibroblasts 

To ensure that there were no other contaminating 

cells, immunofluorescence staining of fibroblasts was 

performed. As shown in Figure 1, fibroblast phenotype 

of the cultured cells was confirmed by uptake of anti-

fibroblast surface protein antibody. The proportion of 

positive cells indicated that>99% of the cells were 

fibroblasts.  

 

 

Figure 1. Characterization of fibroblast cells: a) Phase-contrast microscopy of dermal fibroblast cells in culture. b) DAPI 

stained and phase-contrast microscopy simultaneously. c) DAPI stained fibroblasts. d) Fibroblast cells stained with anti-

fibroblasts surface protein antibody. Bars=50 µm. 
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Figure 2. Expression of AQP1, AQP3, and AQP9 mRNA in SSc and healthy dermal fibroblasts 

 Expression of AQP1, AQP3, and AQP 9 in SSc dermal fibroblast (n=20) compared to healthy fibroblasts (n=20) were 

measured using SYBR Green Real-time PCR. The relative gene expression was calculated using (2−∆Ct)×103. (SSc: Systemic 

Sclerosis; FC: Fold Change) 

 

Gene Expression of AQPs in Dermal Fibroblasts  

We performed Quantitative Real-time PCR for 

AQP1, 3, 5, 7, 9, and 10 in dermal fibroblasts.  Our 

results demonstrated that AQP1, AQP3, and AQP9, 

were expressed in dermal fibroblasts, but AQP5, 

AQP7, and AQP10 were not expressed in these cells 

(Figure 2). As shown in Figure 2, the mRNA 

expression of AQP3 was significantly downregulated 

(fold change=0.28; p=0.0001) in SSc fibroblasts 

compared to healthy fibroblasts. However, no 

significant difference was observed in the mRNA 

expression of AQP1 and AQP9 (fold change=0.91 and 

0.94; p=0.23 and 0.56, respectively) in SSc fibroblasts 

in comparison to healthy fibroblasts. 

 

Downregulation of AQP3 was Confirmed Using 

Western Blotting   

To confirm the results obtained for AQP3 at mRNA 

level, we carried out immunoblotting. Consistent with 

the results achieved by Real-time PCR, the expression 

of AQP3 protein was also downregulated (fold 

change=0.35; p=2.85E-8) in SSc fibroblasts compared 

with healthy fibroblasts (Figure 3). 

 

 

Figure 3. Expression of AQP3 protein in SSc and healthy dermal fibroblasts 

Western blotting was performed using lysates of SSc (SSc1-SSc4) and healthy dermal fibroblasts (N1-N4). GAPDH antibody 

was used as control for equal loading. 

(N: Normal; SSc: Systemic sclerosis; FC: Fold change).  
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DISCUSSION 

 

SSc is an autoimmune disorder characterized by 

fibrosis in skin and internal organs.
14

 Fibrosis is 

generated by delayed wound healing and excessive 

synthesis of extracellular matrix components in the 

affected organs.
24

 Wound healing and regeneration of 

the skin is a multi-step process with the involvement of 

several cell types, including epidermal keratinocytes, 

fibroblasts, endothelial cells, and peripheral nerve 

cells.
25

 Activation of fibroblast population is a central 

event in the initiation and progression of fibrosis in 

SSc.
14

  

AQPs promote wound healing and tissue 

regeneration through water and glycerol 

transportation.
11

 In addition, AQP3 involves in skin 

hydration, cell growth, proliferation, and migration.
13, 17

 

A previous study demonstrated that AQP3 null mice 

displayed relatively dry skin, reduced skin elasticity, 

and delayed recovery of the barrier function compared 

with wild-type mice.
12

  

Further studies showed that epidermal growth factor 

(EGF) binds to epidermal growth factor receptor 

(EGFR) and induces AQP3 expression via 

phosphatidylinositol-3 kinase (PI3K) and extracellular 

signal-regulated kinases (ERK) pathway in human skin 

fibroblasts.
13

 The upregulation of AQP3 by EGF/EGFR 

signaling plays an important role in wound healing 

through facilitating of cell migration.
26-29

 Other studies 

revealed that switched off AQP3 eventuated in a 

reduced expression of matrix metalloproteinases 

(MMPs), which are among the key regulatory factors in 

formation and degradation of ECM in both 

physiological and pathological processes like fibrosis.
30

 

Our results demonstrated that AQP5, AQP7, and 

AQP10 were not expressed in human dermal 

fibroblasts. However, AQP1, AQP3, and AQP9 were 

expressed in SSc and healthy skin fibroblasts. 

Additionally, we demonstrated for the first time that the 

expression of AQP3, at both mRNA and protein levels, 

was significantly downregulated in SSc skin fibroblasts 

in comparison to healthy controls.  

In conclusion, our study demonstrated that AQP3 

was downregulated in SSc dermal fibroblasts compared 

with healthy dermal fibroblasts. Considering the fact 

that AQPs regulate glycerol content in tissues through 

water and glycerol transportation, it seems that loss of 

elasticity and excessive skin dryness may be associated 

with reduced expression of AQP3 in SSc fibroblasts. 

Therefore, induction of AQP3 expression can be a 

potential treatment for relieving the thickness and 

dryness of SSc skin.  
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