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1. Introduction 

1.1 Salt consumption in modern societies 

The spread of processed foods, rapid urbanization, and changing lifestyles have 

radically transformed the eating habits of Western societies. Processed foods are 

becoming more accessible and affordable, however they contain much more salt (NaCl) 

than foods consumed in their natural state [1]. NaCl is the primary source of sodium (Na+) 

for our body. Na+ is known to be essential for nerve and muscle function and is involved 

in regulating the body's fluid balance [2]. However, according to the classic view 

excessive salt intake is associated with increased risk of several diseases of civilization, 

including hypertension, heart disease, or stroke.[3, 4]. The World Health Organization 

(WHO) recommends the reduction of salt intake as a population-level intervention to 

reduce cardiovascular disease and mortality [5]. Indeed, the recommended average salt 

consumption in the general population is 5 g/day (equivalent to 2 g/day of sodium), 

however the salt intake of modern societies far exceeds the direction of WHO in almost 

every country in the world (Fig 1) [5, 6]. According to the study conducted by the 

Hungarian National Institute of Food and Nutrition (OÉTI), Hungarian women consume 

up to 2.5 times, while men consume at least 3.5 times more salt than recommended [7].  

 

Figure 1. Estimated mean sodium intake in persons aged 20 years and over [8]. 

1.2 Renal regulation of Na+ excretion 

Sodium homeostasis is classically considered to be regulated by the kidneys. Several 

hormones are involved in the regulation of Na+ and water homeostasis, including the 
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renin-angiotensin-aldosterone system (RAAS), atrial natriuretic peptide (ANP), and 

vasopressin [9]. Increased salt intake inhibits RAAS, thereby increasing natriuresis, while 

low salt intake stimulates renin release [9]. Renin splits angiotensinogen to produce 

angiotensin I, which is further converted to angiotensin II, a potent blood pressure-

inducing peptide hormone. In this way, renin indirectly raises blood pressure. The main 

function of ANP is to decrease the volume of expanded extracellular fluid (ECF) by 

increasing renal sodium excretion [10]. The increased plasma Na+ concentrations 

stimulate the release of vasopressin, which in turn promotes water reabsorption [11]. 

Besides the hormonal effect, a major mediator of renal sodium excretion is arterial 

pressure. Salt sensitivity of arterial blood pressure is a physiological property by which 

the blood pressure in a proportion of the population exhibits changes in parallel with 

changes in salt intake [12]. Indeed, dietary salt loading increases blood pressure of salt-

sensitive humans, resulting in increased Na+ excretion [13]. On average, an adult person 

filters more than 25 000 mmol/day of sodium through the kidneys, but much of it is 

reabsorbed and less than 1% of the filtrate is excreted in the urine [14]. The unnecessary 

amount of salt is also excreted by the kidneys, however there are other mechanisms of 

our body that correct the imbalance of sodium homeostasis caused by excessive salt 

intake.  

1.3 Skin – our largest Na+ storage 

For more than 100 years, direct chemical measurements have shown that the skin is a 

depot of sodium, chloride and water, however, the exact relevance of dermal electrolytes 

and the molecular mechanism of their storage remained unknown [15-18]. Several recent 

investigations, including chemical analysis in experimental animal models as well as 

quantitative 23Na-MRI observations on humans demonstrated that sodium can be stored 

in the skin without commensurate water retention [19-25]. 

The skin is our largest organ providing the mechanical, physical, chemical, 

microbiological and immunological protection, as well as the balance of heat and water 

homeosthasis. The skin accounts for 6% of body weight and a significant component of 

the interstitium [26, 27]. The harmonious relationship between the body and the outside 

environment requires the intact structure and function of the skin. The two tissue layers 

of the skin are the epidermis, which is the outer layer of skin consisting of non-layered 

epithelial cells, and the dermis, which contains mainly connective tissue [27]. The 
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epidermis acts as a physical barrier against water loss and microorganisms, while the 

dermis is relatively acellular, consisting of fibroblasts, nerves, immune cells, lymphatics, 

and blood vessels in an extracellular matrix (ECM) composed mostly of collagen and 

glycosaminoglycans (GAG) [27, 28]. GAGs are high molecular weight, long-chained, 

polyanionic, polysaccharide molecules. There are six key types of GAGs; the sulfated (1) 

chondroitin sulfate, (2) dermatan sulfate, (3) heparan sulfate, (4) heparin, (5) keratan 

sulfate and the non-sulfated (6) hyaluronic acid [29]. It has been demonstrated that GAGs 

play a central role in dermal Na+ storage. Indeed, due to their high negative charge 

density, they can bind positively charged ions, including Na+, resulting in an osmotically 

inactive dermal Na+-store. In addition, Na+ can be stored in a free, osmotically active 

form in the skin [22]. Dermal Na+ concentration has been shown to correlate with GAG 

content [30]. Accordingly, based on the results of our and other research groups high salt 

consumption increases dermal Na+ content as well as the amount of GAGs of the skin 

[22, 23, 31], while as a result of salt reduction, both Na+ and GAG decrease [32-34] (Fig 

2). Serving as a buffer against Na+ overload, GAGs may blunt blood pressure rise by 

storing Na+ [35, 36]. Correspondingly, interstitial electrolyte balance is regulated not only 

by the kidneys but also by extrarenal regulatory mechanisms within the skin interstitium 

via GAGs. Although the underlying molecular mechanisms of dermal GAG regulation 

are still unknown in detail, our research group recently revealed a new dermal fibroblasts 

(DF)- mediated regulation of GAG synthesis in the skin during salt overload [31]. Our 

results showed that high sodium concentration activates the cyclooxygenase-2 (COX-2)/ 

prostaglandin E2 (PGE2) pathway and the consequently elevated PGE2 induces GAG 

production. In case of excessive salt intake, the plasma Na+ concentration has been shown 

to increase only briefly and slightly above the mean concentration of 140 mmol/l. In 

contrast, the concentration of Na+ in the dermal interstitium can reach up to 180 mmol/l 

[23]. In addition, hyperosmolarity has been shown to develop in the skin of animals kept 

on high salt diet [21]. 
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Figure 2. Sodium storage by glycosaminoglycans in skin interstitium 

(Szerkesztő program: Microsoft PowerPoint) 

1.4 Effect of salt intake on skin pathology 

Increasing number of experimental data suggest that local sodium excess mediates 

pathological processes in the skin. Indeed, skin regions affected by atopic dermatitis has 

been shown to contain elevated sodium levels compared to non-lesion atopic and healthy 

skin [37]. Furthermore, there might be a correlation between increased dietary salt intake 

and aggravation of symptoms of psoriasis in humans [38, 39]. It has also been reported 

that high salt intake can delay wound closure in the skin by reducing macrophage 

activation [40]. Taken together, these data suggest that increased salt intake has a more 

complex effect on the pathological processes in the skin than previously thought, although 

little is known about the underlying mechanisms. 

1.5 Systemic, local and immunomodulatory effects of high salt intake 

It has long been proven that increased salt intake contributes to the development of 

hypertension, cardiovascular diseases and events [3, 4, 41, 42]. Hypertension is 

responsible for more than 10 million deaths a year and is one of the most modifiable risk 

factors for stroke, heart failure, ischemic heart disease, and chronic kidney disease [43-

45]. Besides the well-known role of sodium in maintaining body fluid homeostasis and 

blood volume recent studies demonstrated that excessive salt intake and the consequently 

increased local sodium amount can induce inflammation and worsen the ongoing 

pathological processes in various organs [46, 47]. 
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Indeed, studies examining the effects of excessive salt intake as well as elevated salt 

environments have clearly demonstrated that increased salt loading has an 

immunomodulatory effect on cells of both innate and adaptive immune systems. High 

salt loading enhances the proinflammatory function of macrophages in the lung and brain, 

which suggests that high salt is a potential environmental risk factor for lung and brain 

inflammation [48-50]. In addition, high salt condition affects various immune cell 

populations in the kidney and promotes renal inflammation together with the 

development of hypertensive renal disease [51-53]. Moreover, recent studies have 

demonstrated that high salt diet (HSD) leads to the accumulation of sodium in the gut and 

exacerbates the symptoms of inflammatory bowel diseases (IBD) [54-57]. 

One of the underlying mechanisms of high salt pathologies assumed to be the 

hypertonicity induced by Na+ concentration exceeding the Na+-binding-capacity of GAGs 

in tissues, which stimulates the osmosensitive transcription factor (TonEBP) production 

of invading macrophages [58]. Nuclear translocation of TonEBP leads to the transcription 

and secretion of vascular endothelial growth factor C (VEGF-C), stimulating 

lymphangiogenesis. The denser lymphatic network enhances the return of Na+ to the 

circulation to eventually be removed by the kidneys, preventing the increase in blood 

pressure associated with salt loading. 

In addition, one of the best characterized salt-related inflammatory effects is the 

elevated differentiation of naive T cells toward Th17 cells and their increased IL-17 

production [38, 59]. Since high mannitol concentration does not alter Th17 cell 

differentiation, Th17 cell induction by salt loading is not osmosis-related but a specific 

effect [59]. The polarization of Th17 cells promoted by high sodium environment leads 

to the development of Th17 cell mediated autoimmune diseases by inducing tissue 

inflammation [38, 59, 60]. IL-17 expressed by Th17 cells induces the release of 

chemokines, which recruit the immune cells, such as monocytes and neutrophils to the 

site of inflammation. Promoting the inflammation, IL-17 acts in concert with tumor 

necrosis factor-α (TNF-α) and IL-1β [61, 62]. The immunoregulatory cytokine 

transforming growth factor-β (TGF-β) and the proinflammatory cytokines IL-1β, TNF-α, 

and NLRP3 have been shown to be required for Th17 cell differentiation [63-67]. On the 

other hand, the anti-inflammatory IL-10 signaling directly suppresses Th17 cells, and IL-
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13 also negatively regulates IL-17 expression through an IL-10-dependent mechanism 

[68-70]. 

Furthermore, based on previous studies, high salt concentrations increase the 

expression of the aforementioned inflammatory cytokines, including IL-1β, TNF-α and 

NLRP3 in immune cells, while decreasing the production of anti-inflammatory IL-10 in 

macrophages [50, 71-74]. 

1.6 Imiquimod (IMQ)-induced dermatitis mouse model 

The pathomechanism of dermal inflammation, tissue remodeling and the effect of 

various molecules, compounds and treatments on its severity is frequently investigated 

by the imiquimod (IMQ)-induced dermatitis mouse model. IMQ, sold under the brand 

name Aldara cream (5% IMQ), is an immunomodulating compound that can be used to 

treat genital warts, superficial basal cell carcinoma and actinic keratosis [75]. The 

mechanism of action of IMQ is to stimulate the innate immune system by activating toll-

like receptor 7 (TLR7) and other TLR7-independent immune defences including NLRP1 

inflammasome activation, which induce proinflammatory signaling pathways [76, 77]. 

IMQ induced acute dermatitis has become the most widely used animal model of 

psoriasis-like skin inflammation since it was first published in 2009 [78]. In this model, 

Aldara is applied to the shaved dorsal skin of mice to induce scaly skin lesions and strong 

inflammatory response similar to plaque-type psoriasis. Based on the immunomodulatory 

role of topical IMQ treatment it can also be used to model dermatitis. Aldara-induced skin 

inflammation has several advantages in preclinical research, including rapid and 

reproducible skin response and relative cost-effectiveness.  Therefore, in order to 

investigate how the long-term dietary salt intake influences the inflammation and tissue 

remodeling in the skin, we used the IMQ-induced tissue dermatitis model.  

1.7 Tissue remodeling 

Injury associated tissue remodeling is defined as the reorganization of ECM 

components of a specific tissue. Tissue remodeling can be either physiological which is 

a part of normal healing, or pathological which is an abnormal process occurring post-

injury leading to fibrosis [79, 80]. Fibrosis can be characterised by excessive scarring of 

a specific tissue that leads to distorted tissue architecture and ultimately organ dysfunction 

[80]. The patomechanism of fibrosis is similar throughout the body, regardless of the 

cause and the organ involved [81]. The fibrotic tissue is frequently less functional than 
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the original. This remodeled tissue is known as a scar. Excessive enrichment of scar tissue 

inhibits the regeneration of functional tissue, which may lead to a reduction or loss of 

function of the affected organ [82]. According to some estimates nearly 45% of all death 

cases in the developed world are attributed to some type of chronic fibroproliferative 

disease [81]. As there is currently no adequate treatment for fibroproliferative diseases, 

inhibition of fibrosis is a widely researched field of science. Methods that allow the 

accurate measurements of the functional activity of fibroblast cells, including their 

proliferation, ECM deposition and migration have great importance in the development 

of antifibrotic drugs. 

Regardless of the organ involved, chronic inflammation is one of the main causes of 

scarring. Neutrophils and macrophages arriving at the site of injury produce high levels 

of proinflammatory cytokines, profibrotic growth factors, such as IL-13, TGF-β, PDGF-

B (platelet derived growth factor B), EGF (epidermal growth factor) and others, which 

stimulate the proliferation, migration and excessive ECM production of the α-SMA (α-

smooth muscle actin) -positive fibroblasts, the key effector cells of organ fibrosis [80]. 

Fibrosis occurs when the balance between the production and degradation is shifted 

toward the increased production of collagen-I and –III-rich ECM. In the proteomic 

turnover of ECM MMPs (matrix metalloproteinases) play a key role. MMPs are not only 

responsible for ECM degradation, but also for the activation of growth factors, cytokines 

and chemokines, considered as matrix associated proteins, modulating their activity either 

by direct cleavage or by releasing them from ECM bound reserves. Under normal 

conditions, their activity is low but increases during inflammation or remodeling 

processes in several diseases. Two types of MMPs, MMP-2 and MMP-9, are highly 

associated with decreased cell migration in addition to collagen and fibronectin 

degradation [83, 84]. 

1.8 Functions of dermal fibroblasts in wound healing 

Wound healing is a complex and dynamic process of replacing damaged and missing 

cell structures and tissue layers. When the skin barrier that protects against the external 

environment is disrupted, a controlled series of biochemical events is initiated to repair 

the damage [85]. After platelets recruit into the open wound and deposit fibrin to stop the 

bleeding, immune cells arrive to remove dead tissue, angiogenesis begins and dermal 

fibroblasts are recruited to initiate scarring (Fig 3) [86]. DFs are the main cellular 
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components of the dermal scar tissue, which contribute to the development of dermal 

tissue remodeling through their main molecular biological and functional properties 

including migration due to their contractile stress fibre system, proliferation, and ECM 

production, which is the structural element of the scar tissue [87, 88]. Fibroblasts have an 

elongated spindle or star shape with numerous cytoplasmic protrusions [89]. Inactive 

fibroblasts have a more circular morphology compared to that of activated fibroblasts. As 

the main effector cells of ECM production in the skin, active fibroblasts can produce I., 

III. and IV. types of collagen, proteoglycans, fibronectin, laminins and GAGs [90]. In 

case of injury, fibroblasts migrate to the site of injury through chemotactic or mechanical 

stimulation, proliferate and produce ECM components in response to profibrotic 

cytokines and growth factors. In the reparative dermis, fibroblasts are the most prominent 

cell type, supporting collagen formation at the site of injury. After vigorous proliferation 

and ECM synthesis, ECM remodeling results in the development of a near-normal tissue 

architecture. In addition, activated fibroblasts express de novo α-SMA, develop stress 

fibers, and generate contractile force, exerting tension on the surrounding matrix [91]. 

Thereby the wound undergoes physical contraction during the wound healing process 

(Fig 3) [92]. 

 

Figure 3. The pathophysiology of wound healing [86]. 
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(a) In the first stage of wound healing, platelets recruit into the open wound and deposit 

fibrin (which serves as a pre-ECM) to stop the bleeding. (b) In the next stage, immune 

cells, including neutrophils and macrophages, recruit into the wound to remove dead 

tissue and debris. Angiogenesis begins at the site of injury and fibroblasts are recruited to 

initiate scarring. Meanwhile, on the surface, keratinocytes start to migrate to cover the 

wound surface of the skin. (c) In the remodeling phase of wound healing, keratinocytes 

cover the site of injury. The ECM produced by fibroblasts replaces the fibrin plug and 

remodels to form the final scar (d). 

 

TGF-β is one of the most studied cytokine mediators of fibroblast function. TGF-β 

acts as a chemotactic agent and a regulator of collagen deposition [93]. TGF-β induces 

the activation of fibroblasts and the activated fibroblasts secrete TGF-β, creating a 

positive feedback loop that further exacerbates their activation and ECM production. As 

a growth factor, it is involved in cell structural changes and expression of α-SMA, which 

interacts with cellular myosin to contract and produce increased tension [94]. TGF-β 

induces intracellular signaling through SMAD2/3 transcription factors. Activated, i.e. 

phosphorylated (p)-SMAD2/3 protein regulates the expression of several profibrotic 

genes, including collagens, plasminogen activator inhibitor-1, various proteoglycans, 

integrins, and MMPs [95]. PDGF-B and EGF have also a mitogenic effect on fibroblasts 

[96], while the cytoskeletal component beta-actin, vimentin and vinculin increase the 

motility of fibroblasts [97-99], thereby playing a role in wound healing and the tissue 

remodeling.  

1.9 Molecular processes of fibroblast migration 

There are two main theories about the molecular processes underlying cell migration: 

cytoskeletal model and membrane flow model [100]. It is possible that both underlying 

processes contribute to cell movement. 

The cytoskeletal model is based on the idea that certain transmembrane proteins on 

the cell surface connect the ECM to the part of the actin cytoskeleton adjacent to the 

plasma membrane, and that this part of the cytoskeleton is constantly moving backwards 

[101]. In this model, the rearward movement of actin filaments is balanced by assembly 

of the filaments at the front of the cell and depolymerization at the back of the cell [102, 

103]. Due to the activity of the actin microfilaments, microtubules, and intermediate 
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filaments involved in cell migration, the cell becomes polarized and the shape of the cell 

becomes elongated [104]. 

In contrast, the membrane flow model describes a polarized endocytic cycle in which 

endocytosis occurs randomly on the cell surface while exocytosis at the front of the cell. 

The spatial separation of the sites of endo- and exocytosis causes plasma membrane flow 

from the sites of exocytosis (front of the cell) to the sites of endocytosis (back of the cell). 

The actin fibers formed at the front of the cell can stabilize the added membrane to form 

a structured protrusion or lamella. 

1.10 Investigation of fibroblast migration 

Since the molecular and cellular mechanisms leading to tissue fibrosis are relatively well 

described revealing the crucial role of fibroblast activation [79], investigating the key 

features of fibroblasts, including their migratory capacity [88], proliferation [80] and 

ECM production [90], is inevitable to identify novel therapeutic targets and develop new 

antifibrotic compounds. Several microplate-based assays have recently been described to 

investigate the different aspects of fibroblast activation. There are various well-

constructed assays to examine both fibroblast proliferation (e.g. thiazolyl blue tetrazolium 

bromide - MTT; bromodeoxyuridine - BrdU [105]), ECM production (e.g. SiriusRed 

staining [106]) and migration (e.g. individual cell-tracking assay, scratch assay, transwell 

cell migration assay [107, 108]). The gold standard and most commonly used method for 

examining the migration of fibroblasts is the scratch assay (Fig 4), which is based on a 

graphical analysis of a cell-free area created mechanically on a cell monolayer [109]. One 

of the main advantages of the in vitro scratch assay is that it mimics the migration of cells 

in vivo. In addition, this assay is suitable for studying the regulation of cell migration by 

ECM-cell and cell-cell interactions, it is easy to set up, requires no special equipment, 

and all materials required for the assay are available in any cell culture laboratory. 

Although this test method is simple and cost-effective, it has significant limitations 

including low reproducibility or high intra-assay variability [110-113]. Besides, a 

relatively large amount of cells and medium is required for the assay, as it is usually 

performed in a 12-well tissue culture plate. Our research team recently developed an in 

vitro transient agarose spot (TAS) assay, optimised for investigating fibroblast migration 

in a near high-throughput manner [114]. TAS assay is an improved alternative to scratch 

assay, retaining its advantages and eliminating most of its limitations. 

DOI:10.14753/SE.2023.2873



15 

 

 

Figure 4. Use of scratch assay method in publications represented yearly [115]. 

According to the PubMed database, the number of publications using the scratch assay 

has been on an upward trend over the past 20 years. 
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2. Objectives 

The main goal of my Ph.D. work was to better understand the effects of high salt 

consumption on the pathological processes of the skin, including inflammation and tissue 

remodeling. We also aimed to develop a new in vitro method that can be used to study 

the functional activity of fibroblast cells, the main effector cells of tissue remodeling via 

detection their migration capacity in response to various stimuli.  
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3. Methods 

3.1 Animal experiments 

Our experiments were approved by the Committee on the Care and Use of 

Laboratory Animals of the Council on Animal Care at the Semmelweis University of 

Budapest, Hungary (PEI/001/1731-9/2015). The experiments were performed on 7-8 

weeks old male C57BL/6J mice. We kept the animals in a temperature-controlled room 

(22±1 °C) with alternating light and dark cycles (12/12 hours). Mice were randomly 

divided into four groups: normal salt diet (NSD) group; normal salt diet and imiquimod 

treatment (NSD IMQ) group; high salt diet (HSD) group; high salt diet and imiquimod 

treatment (HSD IMQ) group (n=6-8/groups) (Fig 6/a). The animals received two types of 

dietary regimes for 5 weeks: NSD consisting of standard rodent chow and HSD consisting 

of Na+ rich rodent chow (8.0% NaCl; Ssniff Gmbh, Soest, Germany). Mice had access to 

food and water ad libitum. In our preliminary experiments, the body weights of the NSD 

and HSD groups were measured every 7 days for 2 weeks (n=6/groups). On the fifth week 

of the experiment, 62.5 mg Aldara cream (5% imiquimod; Meda AB, Solna, Sweden) 

was applied topically to the depilated back of mice in the NSD IMQ and HSD IMQ groups 

for 5 consecutive days. The local IMQ application area was 6 cm2. Control mice in the 

NSD and HSD groups were treated similarly with vaseline. The general condition of the 

mice was monitored daily by visual examination throughout the experiment. The skinfold 

thickness on the backs of the mice was measured with a caliper directly before the 

termination of the experimental model. After the completion of the experiment, the skin 

was removed from the backs of the mice and snap-frozen in liquid nitrogen for further 

molecular biological measurements. All surgical procedures were performed under total 

anesthesia with intraperitoneal injection of a mixture of 100 mg/kg ketamine (Richter 

Gedeon, Budapest, Hungary) and 10 mg/kg xylazine (Medicus Partner, Biatorbágy, 

Hungary). Mice were euthanized by overdose of anesthetic solution. 

3.2 Determination of skin Na+ content 

Skin samples were desiccated at 90°C for 24 hours and then digested in a mixture 

of 5 cm3 Suprapur® 65% nitric acid (VWR International, Pennsylvania, USA) and 2 cm3 

Suprapur® 30% hydrogen-peroxide (VWR International) applying a TopWave 

microwave assisted digestion system (Analytik Jena, Jena, Germany). After this 
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procedure the volume of the solution was made up to 25 cm3 with de-ionized water and 

the Na+ content was determined by using a FP910 flame photometer (PG Instruments, 

Lutterworth, UK).  

3.3 Human primary dermal fibroblasts (DF) 

Human dermal fibroblasts were obtained from healthy individuals who had signed 

an informed consent. Collection of biospecimens for the isolation and culture of human 

dermal fibroblasts complied with the guidelines of the Helsinki Declaration and was 

approved by the local Ethics Committee of the University of Szeged, Hungary 

(CSR/039/00346-5/2015). Tissue samples were collected in accordance with the EU 

Member States’ Directive 2004/23/EC on tissue isolation. Primary human DFs were 

isolated from a healthy individual who underwent plastic surgery [116]. Fibroblast cells 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) supplemented with 10 % fetal bovine serum 

(FBS; Gibco, Thermo Fisher Scientific), 1% L‐glutamine and 1% 

penicillin/streptomycin, incubated in a humidified incubator with 5 % CO2 at 37 °C. Prior 

to in vitro experiments, the medium was replaced with DMEM without FBS for 24 hours. 

For real-time PCR measurements, DF cells were seeded in 96-well plates (Sarstedt, 

Nümbrecht, Germany) at a density of 104 cells/well (n=6 well/treatment group) and were 

exposed to culture medium with normal (Control; 150 mmol/L) or high sodium 

concentration (NaCl; 200 mmol/L) with or without recombinant human TGF-ß (1 

nmol/L) (Thermo Fisher Scientific) at a total volume of 100ul.. Additional sodium 

concentration was determined as previously described [31]. Vehicle treated cells served 

as controls. After 24 hours, cells were harvested for real time PCR measurements. 

3.4 Peripheral blood mononuclear cells (PBMCs) 

Isolation and culture of human PBMCs has been approved by Semmelweis 

University Regional and Institutional Committee of Science and Research Ethics 

(31224‑5/2017/EKU) after signing an informed consent. PBMCs from a healthy adult 

donor were isolated by density gradient centrifugation with at 800 x g for 20 minutes 

using Histopaque-1077 (Merck KGaA, Darmstadt, Germany). After isolation, the cells 

were plated into RPMI 1640 medium (ATCC, Manassas, Virginia, USA) supplemented 

with 10% FBS (Gibco, Thermo Fisher Scientific) and 1% penicillin/streptomycin solution 

DOI:10.14753/SE.2023.2873



19 

 

in 95% humidified air and 5% CO2 at 37 °C. Prior to in vitro experiments, the medium 

was replaced with RPMI 1640 medium without FBS for 24 hours. For real time PCRs, 

PBMCs were seeded in 24 well plates (Sarstedt) at a density of 5 × 105 cells/well (n = 5 

well/treatment group) and were exposed to culture medium with normal (Control; 150 

mmol/L) or high sodium concentration (NaCl; 200 mmol/L) at a total volume of 500ul. 

3.5 RNA isolation and cDNA synthesis 

Total RNA was isolated from frozen skin samples, PBMCs and DFs using Total 

RNA Mini Kit (Geneaid Biotech Ltd., New Taipei City, Taiwan) according to 

manufacturer’s instructions. Concentration and quality of isolated RNA were determined 

by DeNovix DS-11 spectrophotometer (DeNovix Inc., Wilmington, Delaware, USA). 

2,500 ng of total RNA from skin and 50 ng of total RNA from PBMCs and DFs were 

reverse transcribed to generate first-stranded cDNA using Maxima First Strand cDNA 

Synthesis Kit for real time PCR (Thermo Fisher Scientific). 

3.6 Real-time polymerase chain reaction (PCR) 

Real-time PCRs were performed in a final volume of 20 µl containing 0.5 µM of 

forward and reverse primers (Integrated DNA Technologies, Coralville, Iowa, USA), 10 

μl Light Cycler 480 SYBR Green I Master enzyme mix (Roche Diagnostics, Mannheim, 

Germany) and 1 µl cDNA in a LightCycler 480 system (Roche Diagnostics). The 

nucleotide sequences of the applied primer pairs were designed as previously described 

[117]. Their specific optimal annealing temperatures and product lengths are summarized 

in Table 1. The results were analyzed by Light-Cycler 480 software version 1.5.0.39 

(Roche Diagnostics). The mRNA expressions were determined in comparison to the 

expression of GAPDH or RPLP0 as a housekeeping gene from the same samples. Data 

were normalized and presented as the ratio of the mean values of their control groups. 

Table 1. Nucleotide sequences of primer pairs, product length and specific annealing 

temperatures (Ta) applied for the real-time reverse transcriptase polymerase chain 

reaction (RT- PCR) detection. 

Gene Primer pairs 
Product 

lenght 
Ta 

 

mouse ACTA2 
F: 5'- CCC CTG AAG AGC ATC GGA CA -3' 

105 bp 60 °C 
 

R: 5'- TGG CGG GGA CAT TGA AGG T -3'  

mouse COL1A1 F: 5’- CAA AGG TGC TGA TGG TTC T -3’ 107 bp 60 °C  
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R: 5’- GAC CAG CTT CAC CCT TG -3’  

mouse FN 
F: 5'- GGT CAG GGC CGG GGC AGA T -3' 

228 bp 60 °C 
 

R: 5'- CTG GCT GGG GGT CTC CGT GAT AAT -3'  

 mouse GAPDH 
F: 5'- ATC TGA CGT GCC GCC TGG AGA AAC -3' 

164 bp 60 °C 
 

R: 5'- CCC GGC ATC GAA GGT GGA AGA GT -3'  

 mouse ILβ 
F: 5'- GCC ACC TTT TGA CAG TGA TGA GAA -3' 

 136 bp 55 °C 
 

R: 5'- GAT GTG CTG CTG CGA GAT TTG A -3'  

mouse IL10 
F: 5'- CAA AGG ACC AGC TGG ACA ACA TAC -3' 

 124 bp 55 °C 
 

R: 5'- GCC TGG GGC ATC ACT TCT ACC -3'  

mouse IL13 
F: 5'- ACG GCA GCA TGG TAT GGA GTG TGG -3' 

 161 bp 55 °C 
 

R: 5'- GGG GAG GCT GGA GAC CGT AGT GG -3'  

mouse IL17 
F: 5'- AGG ACT TCC TCC AGA ATG T -3' 

 136 bp 60 °C 
 

R: 5'- TCA GGG TCT TCA TTG CGG -3'  

mouse MMP2 
F: 5'-ACC ACC GAG GAC TAT GAC-3' 

121 bp 60 °C 
 

R: 5'- TGT TGC CCA GGA AAG TGA -3'  

mouse MMP9 
F: 5'- TGC CCT AGT GAG AGA CTC TAC A -3' 

 128 bp 60 °C 
 

R: 5'- CAG CGG TAA CCA TCC GA -3'  

mouse NLRP3 
F: 5'- CTC TCC CGC ATC TCC ATT TGT AA -3' 

141 bp 55 °C 
 

R: 5'- CTG CGT GTA GCG ACT GTT GAG G -3'  

mouse PDGFB 
F: 5'- CTG GGC GCT CTT CCT TCC TCT C -3' 

170 bp 60 °C 
 

R: 5'- CCA GCT CAG CCC CAT CTT CAT C -3'  

mouse TGFβ 
F: 5'- GTG CGG CAG CTG TAC ATT GAC TTT -3' 

239 bp 60 °C 
 

R: 5'- GGC TTG CGA CCC ACG TAG TAG AC -3'  

mouse TNFα 
F: 5'- GGG CCA CCA CGC TCT TCT GTC TA -3' 

 83 bp 56 °C 
 

R: 5'- GCG CGG GAG GCC ATT TGG GAA CTT -3'  

human ACTB [117] 
F: 5'- ACC GAG CGT GGC TAC AGC TTC ACC -3' 

114 bp 53 °C 
 

R: 5'- AGC ACC CGT GGC CAT CTC TTT CTC G-3'  

human COL1A1 
F: 5'- CTG CCC CGG CGC CGA AGT C -3' 

96 bp 60 °C 
 

R: 5'- CCC TCG ACG CCG GTG GTT TCT TG -3'  

human FN 
F: 5'- GGC TGC CCA CGA GGA AAT CTG C -3' 

229 bp 58 °C 
 

R: 5'- GTG CCC CTC TTC ATG ACG CTT GTG -3'  

human GAPDH 
F: 5'- AGC AAT GCC TCC TGC ACC ACC AA -3' 

159 bp 60 °C 
 

R: 5'- GCG GCC ATC ACG CCA CAG TTT -3'  

human IL10 
F: 5'- ATG CCC CAA GCT GAG AAC CAA GAC -3' 

107 bp 60 °C 
 

R: 5'- AGA AAT CGA TGA CAG CGC CGT AGC -3'  

human IL13 
F: 5'- CTG CAA ATA ATG ATG CTT TCG A -3' 

90 bp 54 °C 
 

R: 5'- CCA GTT TGT AAA GGA CCT GCT CT -3'  

human VCL 
F: 5'- CCA CGG CGC CTC CTG ATG C -3' 

152 bp 60 °C 
 

R: 5'- GGC CTG AAT GCC TTC CAC TGT TGA -3'  

human VIM 
F: 5'- GAG GCT GCC AAC CGG AAC AAT GAC -3' 

 203 bp 59 °C 
 

R: 5'- TCC TGC AGG CGG CCA ATA GTG TCT -3'  
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3.7 LDH cytotoxicity assay 

To perform LDH assay, DF cells were seeded (n=6 well/treatment group) into 96-

well tissue culture plates at a density of 4x103 cells/well. After 24 hours of incubation, 

cells were treated with culture medium containing increasing sodium concentration (150, 

175, 200, 250 mM NaCl) for 24 hours. The extent of cell death was determined by a 

colorimetric method based on the activity of lactate dehydrogenase (LDH) enzyme in the 

supernatant, released from damaged cells. LDH assay was performed as previously 

described [118]. All reagents were purchased from Merck. Absorbance was recorded at 

570 nm and at 690 nm as background in a SPECTROstar Nano microplate reader using 

SPECTROstar Nano MARS v3.32 software (BMG Labtech). 

3.8 MTT cell proliferation assay 

To perform MTT assay, DF cells were seeded (n=6 well/treatment group) into 96-

well tissue culture plates at a density of 4x103 cells/well. After 24 hours of incubation, 

cells were treated with culture medium containing increasing sodium concentration (150, 

175, 200, 250 mM NaCl) for 24 hours. The rate of cell proliferation was determined by a 

colorimetric method based on the intracellular mitochondrial dehydrogenase activity of 

the adherent cells [119]. MTT cell proliferation and viability assay was performed by 

using Cell Proliferation Kit I (Roche Diagnostics) according to the manufacturer’s 

recommendations. Absorbance was recorded at 570 nm and at 690 nm as background in 

a SPECTROstar Nano microplate reader using SPECTROstar Nano MARS v3.32 

software. 

3.9 Protein isolation and Western blot analysis 

Dermal tissue samples from mice were homogenized in a lysis solution containing 

50 mM HEPES, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 5 mM EGTA, 20 mM 

sodium pyrophosphate, 20 mM NaF, 0.2 mg/mL phenylmethylsulfonyl fluoride, 0.01 

mg/mL leupeptin, and 0.01 mg/mL aprotinin (pH 7.4) (each substance obtained from 

Merck). Protein concentration was determined by a detergent-compatible protein assay 

(BioRad, Hercules, CA, USA). Denatured samples (20 μg protein/lane) were loaded and 

separated on 4–20% gradient SDS polyacrylamide gel (BioRad), thereafter transferred to 

nitrocellulose membranes (BioRad). Pre-stained protein standard (BioRad) was used as 

molecular weight marker. To verify the transfer, membranes were stained with Ponceau 
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S (Sigma-Aldrich), then washed and blocked with 5% non-fat milk in TRIS-buffered 

saline (TBS) for 1 hour at room temperature. They were then incubated overnight at 4 °C 

with antibodies specific for phosphorylated (p)-SMAD2/3 (sc-11769; 1:500, Santa-Cruz 

Biotechnology) or GAPDH (sc-47724; 1:2000, Santa Cruz Biotechnology). After 

repeated washing with TBS containing 0.05% Tween-20 and 1% non-fat milk, 

membranes were incubated with the adequate horseradish peroxidase (HRP)- conjugated 

secondary antibodies (1:1000 anti-rabbit or 1:5000 anti-mouse, Santa Cruz 

Biotechnology) for 1 hour at RT. Immunoreactive bands were developed by enhanced 

chemiluminescence detection (Immobilon Forte Western HRP substrate, Merck KGaA) 

and the resulted images were visualized with VersaDoc 5000MP system (Bio-Rad) and 

analyzed with Quantity One v4.6.9 (Bio-Rad) and ImageJ 1.48v (National Institutes of 

Health, Bethesda, MD, USA) softwares. Relative protein levels were determined in 

comparison to GAPDH as protein loading control. Data were normalized and presented 

as the ratio of the mean values of the control group. 

3.10 SiriusRed collagen detection assay 

For the SiriusRed assay, human DF cells were seeded in 96-well plates (Sarstedt) 

at a density of 104 cells/well (n = 5 well/ treatment group) and were exposed to culture 

medium with normal (Control; 150 mmol/L) or high sodium concentration (NaCl; 200 

mmol/L) with or without recombinant human TGF-ß (1 nmol/L) (Thermo Fisher 

Scientific) for 24 hours at 37 °C. Collagen deposition was determined based on a 

histological dye SiriusRed, incorporating into the triple helical collagen molecules. The 

assay was performed as previously described [120]. All reagents were purchased from 

Merck. Absorbance was determined at 544 nm and at 690 nm as background in a 

SPECTROstar Nano microplate reader using SPECTROstar Nano MARS v3.32 software. 

3.11 Immunocytochemistry and cell morphology analysis 

Human DF cells were seeded in cell culture chambers (Sarstedt) at a density of 

104 cells/well and were exposed to culture medium with normal (Control; 150 mmol/L) 

or high sodium concentration (NaCl; 200 mmol/L) for 24 hours at 37 °C. After washing 

with WashPerm solution, slides were permeabilized with Cytofix/Cytoperm (BD 

Pharmingen, San Diego, California, USA) for 15 minutes at room temperature. Slides 

were incubated with primary antibody specific for α-SMA (mouse, 1:1000; MERCK, 

DOI:10.14753/SE.2023.2873



23 

 

Darmstadt, Germany) for 1 hour at room temperature. The slides were then washed and 

incubated with suitable Alexa Fluor 488 conjugated secondary antibody (anti-mouse, 

1:100; Invitrogen, Thermo Fisher Scientific) in the dark for 30 minutes at room 

temperature. Thereafter, slides were covered with ProLong Gold antifade reagent 

(Invitrogen, Thermo Fisher Scientific). Correspondent controls were performed by 

omitting the primary antibodies to ensure their specificity and to avoid autofluorescence. 

Circularity evaluation of α-SMA immunopositive DFs was performed by graphical 

analysis using ImageJ 1.48v software. Images of 35–40 randomly selected cells from each 

treatment group were taken with Olympus IX81 fluorescent microscope (Olympus, 

Japan). The circularity of the fibroblasts was calculated according to the following 

formula:  circularity=4*π(area/perimeter^2). If the circularity of a cell is 1, then the shape 

of the cell is round, and as the shape deviates from the circle, the value decreases. 

3.12 In vitro scratch assay 

To perform scratch assay, MRC-5 cells were seeded (n=6 well/treatment group) 

in 12-well tissue culture plates (Sarstedt) at a density of 4x105 cells/well. After 24 hours 

of incubation, media was aspired from cells and the monolayer was scratched with a 

single firm movement using a 200 μl pipette tip. The wells were washed three times with 

2 ml of sterile PBS to remove debris and non-adherent cells, thereafter cells were treated 

with recombinant EGF diluted in 1 ml culture medium containing 0.1% FBS. 

3.13 Transient agarose spot (TAS) migration assay 

To perform TAS assay, 2 μl of hot 0.1% agarose (Merck) solution (diluted in 

distilled H2O) was pipetted in the center of each well of a 96-well tissue culture plate 

(Sarstedt), then the gel droplets were allowed to polymerise at room temperature for 15 

minutes. Thereafter, MRC-5 cells and human dermal fibroblasts were seeded (n=6-8 

well/treatment group) at a density of 2x104 cells/well to reach near full confluence. After 

24 hours of incubation, media was aspired from cells and the agarose barriers were 

carefully removed with a 100 μl pipette. The wells were washed three times with 200 μl 

of sterile PBS to remove debris and non-adherent cells. Thereafter MRC-5 cells were 

treated with recombinant EGF diluted in 1 ml culture medium containing 0.1% FBS, 

while DFs were treated with culture medium containing normal (Control; 150 mM) or 

high sodium concentration (NaCl; 200 mM). Brightfield images of each well were taken 
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using Olympus IX81 microscope system (Olympus) at 0, 24 and 48 hours after treatment. 

Cell-free gap area was measured using ImageJ 1.48v software (National Institutes of 

Health) and determined as a ratio (%) of initial gap area at 0 hour: 

gap area [%] =
actual gap area

initial gap area 
× 100 

3.14 Statistical analysis 

Statistical evaluation of data was performed by GraphPad Prism 7.0 Software 

(GraphPad Software, La Jolla, California, USA). To test if the the groups show a normal 

distribution, Kolmogorov-Smirnov normality test was performed. In the case of a normal 

distribution, the data were analyzed by an unpaired t-test, otherwise a Mann-Whitney U-

test was performed.  Multiple comparisons of the raw data derived from migration assays 

were performed by using multiple t-test and ordinary two-way ANOVA with Dunnett 

correction. Pearson’s correlation was used for correlation analyses. Data were normalized 

and presented as the ratio of the mean values of their control groups. p≤0.05 was 

considered as statistically significant. Unless otherwise indicated, results are illustrated 

as mean+SD of the corresponding treatment groups. The applied tests, significances, 

number of elements (n) are indicated in each figure legend. 
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4. Results 

4.1 Effect of high salt loading on dermal inflammation and tissue remodeling in 

vivo and in vitro 

4.1.1 Effect of 8% NaCl diet on body weight 

In our preliminary experiments we investigated whether the high salt diet (HSD) 

containing 8% NaCl has an effect on the body weight of mice.  Our results showed that 

there was no significant difference in body weight between animals on NSD and those on 

HSD even after two weeks, which is consistent with the results of other research groups 

(Fig 5) [121-123].  

 

Figure 5. Effect of high salt diet on body weight. 

Mice were kept on NSD or HSD for 14 days. The body weight was measured in every 7 

days. (n=6 in each group). 

4.1.2 Effect of imiquimod (IMQ) on dermal inflammation 

To investigate the effect of high salt diet on dermal inflammation, IMQ was 

administered topically for 5 days to the backs of mice after 4 weeks of receiving NSD or 

HSD detailed in Figure 6/a (Fig 6/a). IMQ application induced remarkable dermatitis-like 

symptoms such as red, thickened and dry skin (Fig 6/b). 
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Figure 6. Effect of imiquimod on dermal inflammation 

(a) Mice were kept on NSD or HSD for 5 weeks and on the last 5 days of the dietary 

regime the mouse model of IMQ-induced dermatitis was performed on the indicated 

group of animals. (b) 5 days of IMQ (62.5mg with 5% imiquimod cream) treatment 

applied to NSD and HSD mice resulted in the inflammation of the dorsal skin of mice 

compared to vaseline treatment.  

4.1.3 Effect of high salt diet on dermal inflammatory cytokine expression 

We examined whether high salt intake affects the inflammatory cytokine and Na+ 

content of the skin in the experimental model described previously (Fig 6/a). According 

to our data, HSD increased the sodium content of the skin (Fig 7/a). IMQ increased the 

dermal mRNA expression of Il1b, Il17, Tnfa, Il10 and Nlrp3 (Fig 7/b-f) in NSD group. 

Dermal mRNA expression of Il17 was increased in HSD group compared to NSD (Fig 

7/c). The mRNA expression of Il10 was lower in the skin of HSD IMQ group compared 

to that of NSD IMQ group (Fig 7/f). Furthermore, mRNA expression of Il13 was 

decreased in both HSD and HSD IMQ group compared to that of NSD and NSD IMQ 

group (Fig 7/g). 
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Figure 7. Effect of high salt diet on dermal inflammation in IMQ-treated and control 

mice. 

(a) The skin Na+ content was measured by flame photometry following tissue digestion. 

(b-h) The dermal mRNA expression of Il17, Il11b, Tnfa, Nlrp3, Il10, and Il13, in the skin 

tissues of mice were determined by real-time PCR. Values were expressed as mean+SD 

normalized to the Gapdh housekeeping gene, dots represent individual values. n=6-8 in 

each group; *p<0.05 vs. NSD; #p<0.05 vs. NSD IMQ; (Unpaired t-test (a,d,f,g), Mann-

Whitney U-test (b,c,e,h)). 
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4.1.4 Effect of high salt environment on the anti-inflammatory and profibrotic 

cytokine production of human PBMCs 

To investigate whether the high salt loading is responsible for the decreased 

production of immune cell- derived anti-inflammatory IL10, IL13 and profibrotic PDGF-

B in the skin, we investigated its effect on PBMCs. Cells were treated with 200 mM NaCl 

medium, as this concentration is often used in the literature and is the highest 

concentration that did not affect either cytotoxicity or proliferation according to our 

measurements (Fig 9/a,b). According to our results high NaCl loading inhibited the 

mRNA expression of IL10, IL13 and PDGF-B of human PBMCs (Fig 8/a,b,c). 

 

Figure 8. Effect of high NaCl environment on the anti-inflammatory and profibrotic 

cytokine production of human PBMCs 

(a-c) The mRNA expression of IL10, IL13 and PDGF-B were measured by real‑time 

PCR. Values were expressed as mean+SD normalized to the RPLP0 housekeeping gene, 

dots represent individual values. n=5 in each group; *p<0.05 vs. Control (Unpaired t-

test). 

4.1.5 Effect of high NaCl condition on cell death and cell proliferation of DFs 

To investigate the effect of high salt environment on the viability and proliferation 

of DFs we used various concentrations of additional NaCl in the cell culture media. To 

investigate the effect of NaCl concentration of the medium used in our in vitro 

experiments, we examined the effect of each concentration on the viability and 

proliferation of DFs (Fig 9/a,b). 
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Figure 9. Effect of high NaCl condition on cytotoxicity and cell viability of DFs 

(a) To monitor cytotoxicity, LDH assay was performed on cell supernatants. (b) The 

proliferation of DFs was investigated by MTT assay. n=5 in each group; *p<0.05 vs. 

Control (Unpaired t-test). 

4.1.6 Effect of high salt diet on dermal ECM remodeling and skin thickness 

To investigate the effect of excessive dietary salt intake on tissue remodeling ECM 

markers, dermal thickness and the levels of profibrotic phosphorylated (p)SMAD2/3 

protein were studied in the above experimental setting (Fig 6/a). We found that dermal 

mRNA expression of Acta2, Col1a1 and Fn was decreased in HSD IMQ group compared 

to that of NSD IMQ group (Fig 10/a-c). In addition to the ECM markers, ECM 

remodeling-related growth factors and enzymes in vehicle and IMQ-treated mice were 

also investigated. We found that dermal mRNA expression of Pdgfb was decreased in 

HSD and HSD IMQ groups compared to that of NSD and NSD IMQ groups. (Fig 10/d). 

Tgfb was not affected by salt diet, but the IMQ treatment increased its amount in the skin 

(Fig 10/e). Skinfold thickness on the backs of the mice in the IMQ group was significantly 

increased by IMQ treatment compared with subjects from the control group, nevertheless 

the skin of the mice who were kept on HSD was thinner than the control group among 

the IMQ treated mice (Fig 10/f). Moreover, the protein amount of pSMAD2/3 was 

significantly decreased in HSD IMQ group compared to NSD IMQ group (Fig 10/g).  
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Figure 10. Effect of high salt diet on ECM marker production and dermal tissue 

remodeling-associated factors of IMQ-treated and control mice. 

(a-e) The dermal mRNA expression of Acta2, Fn, Col1a1, Pdgfb, Tgfb and Ctgf in the 

skin tissues of mice was determined by real-time PCR in comparison with Gapdh as 

internal control. (f) The skinfold thickness on the backs of the mice was measured with a 

caliper at the termination of the experimental model. (g) The dermal protein expression 

of (p)SMAD2/3 in the skin tissues of mice was determined by Western blot in comparison 

with GAPDH as protein loading control. Protein samples from control and IMQ-treated 

mice were run on separate gels. They were compared based on internal control. Values 

were expressed as mean+SD, dots represent individual values. n=6-8 in each group; 
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*p<0.05 vs. NSD; #p<0.05 vs. NSD IMQ; (Unpaired t-test (a,b,d,f), Mann-Whitney U-test 

(c,e,g)). 

4.1.7 Effect of high NaCl concentration on dermal ECM degradating enzymes 

To investigate the effect of high dietary salt diet on dermal tissue remodeling, 

we also examined the expression of enzymes mediating ECM turnover. We found that 

dermal mRNA expression of Mmp2 and Mmp9 was increased by salt intake in control 

animals (Fig 11/a-b).  

 

Figure 11. Effect of high NaCl concentration on enzymes responsible for the 

degradation of the ECM of IMQ-treated and control mice 

(a-b) The dermal mRNA expression of Mmp2 and Mmp9 in the skin tissues of mice was 

determined by real-time PCR in comparison with Gapdh as internal control. Values were 

expressed as mean+SD, dots represent individual values. n=6-8 in each group; *p<0.05 

vs. NSD; (Unpaired t-test (a), Mann-Whitney U-test (b)). 

4.1.8 Effect of high NaCl environment on the cell motility of human primary 

dermal fibroblasts 

The effect of increased NaCl concentration on cellular morphology was visualized 

by α-SMA immunofluorescence staining on the cytoskeleton of human DFs in vitro. 

While control cells had elongated shape, flattened and more circular morphology was 

observed for high salt loaded cells. Accordingly, quantitative determination of the shape 

of dermal fibroblast cells showed significantly elevated circularity in the high salt treated 
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group (Fig 12/a). Furthermore, the mRNA expression of fibroblasts motility regulator 

VIM, VCL and ACTB decreased in the high salt treated group (Fig. 12/b-d). Consistent 

with these results, larger cell-free area indicating reduced migration capacity was 

observed in the high salt-treated DFs at both 24 and 48 hours of the experiment (Fig 12/e). 

 

Figure 12. Effect of high NaCl concentration on human primary dermal fibroblast 

cells. 

(a) Cellular morphology of the cells was visualized by α-SMA immunofluorescent 

staining (green). Scale bar: 20 µm (a) Determination of circularity of α-SMA 

immunopositive human primary dermal fibroblasts was carried out by graphical analysis 

of the cells (n=35-40). Values were expressed as mean+SD. *p<0.05 vs. Control 

(Unpaired t-test). (b-d) The mRNA expression of cell motility markers VIM, VCL and 

ACTB in the human dermal fibroblasts was determined by real-time PCR (n=6). Values 
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were expressed as mean+SD normalized to the GAPDH housekeeping gene, dots 

represent individual values. *p<0.05 vs. Control; (Unpaired t-test (b,c), Mann-Whitney 

U-test (d)). (e) The migration of DFs was determined by TAS assay, measuring the size 

of the cell-free gap area at 0, 24 and 48 hours (n=8). Values were expressed as mean+SD, 

dots represent individual values. *p<0.05 vs. Control (two-way ANOVA + Sidak’s 

multiple comparisons). 

4.1.9 Effect of high NaCl environment on the ECM marker production of human 

primary dermal fibroblasts 

Since DFs are the main sources of skin ECM, we examined the direct effect of salt 

loading on their functional activity. Consistent with our in vivo results in IMQ-treated 

animals, increased salt concentration in culture media reduced both endogenous and TGF-

β-induced FN and COL1A1 production in DFs (Fig 13/a-b). According to these findings, 

high NaCl environment decreased the collagen deposition of DFs, as well (Fig 13/c). 

 

Figure 13. Effect of high NaCl concentration on the ECM marker production of 

human primary dermal fibroblasts. 

(a-b) The mRNA expression of FN and COL1A1 in the human dermal fibroblasts was 

determined by real-time PCR. (c) The proportion of collagen content in human DFs was 

detected by SiriusRed collagen detection assay. Values were expressed as mean+SD 

normalized to the GAPDH household gene, dots represent individual values. (n=6 in 

each group); *p<0.05 vs. Control; #p<0.05 vs. TGF-ß; (Unpaired t-test (b,c), Mann-

Whitney U-test (a)). 
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4.2 Transient Agarose Spot (TAS) assay: a new method to investigate cell 

migration 

4.2.1. Basic settings of TAS assay: agarose spot stability and optimal cell density 

The stability of agarose gel spots was examined for several consecutive days using 

MRC-5 lung fibroblasts. Gel spots were removed 24 hours after cell seeding in ‘transient’ 

group, thereafter the rapid reduction of cell-free gap area was observed. In contrast, when 

the agarose gel spots were not removed (‘permanent’ group), the covered area remained 

cell-free for days, without any signs of cell migration under agarose, allowing to change 

the medium and initiate the examination of migration at any time after optional pre-

treatment steps (Fig 14/a-b). 
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Figure 14. Gap closure in the case of permanent and transient agarose spots. 

TAS migration assay was performed on MRC-5 cells to examine the stability of agarose 

gel spots. (a) After brightfield microscopic imaging, cell-free zone areas were analysed 

graphically.  In the representative images, the lines indicate the area of the gap at 0 (white) 

and 48 (black) hours after gel removal. (b) Gap closure was monitored for 72 hours after 

cell seeding. Values were expressed as mean+SD (n=6 in each group). 

4.2.2 TAS assay as fibroblast migration assay 

Cell migration of MRC-5 lung fibroblasts was investigated by TAS assay 

following EGF treatment. We found that addition of EGF into the culture media increased 

the rate of gap closure (Fig 15/a-b). 
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Figure 15. Effect of growth factor treatment on gap closure. 

To determine the effect of EGF treatment, TAS migration assay was performed on MRC-

5 cells. (a) Cell-free zone areas were analysed graphically after brightfield microscopy. 

Lines in representative images indicate the gap edges at 0 (white) and 48 (black) hours 

after gel removal. (b) The gap closure was monitored for 72 hours after gel removal. 

Values were expressed as mean+SD (n=8 in each group); *p<0.05 vs. 0% control at the 

concerning time (two-way ANOVA). 

4.2.3 Comparison of scratch and TAS migration assays 

Comparison of sensitivity and reproducibility of scratch and TAS migration 

assays was performed on MRC-5 cells. Based on several independent experiments, we 

confirmed that while the confidence interval of initial gap size varied between 23-30% in 

case of scratch assay, it was only around 9% in case of TAS assay (Fig 16/a). In addition 

to the inconsistent size, the gap closure of scratched area is uneven and can only be 

documented by a series of images. In contrast, the entire cell-free area can be examined 

in one single field of view in case of the TAS assay (Fig 16/b). The gap closure of MRC-

5 cells showed similar kinetics in case of scratch (Fig 16/c) and TAS (Figure 15/d) 

migration assays. Nevertheless, the intra-group variance determined by the coefficient 

variation of group means was on average 3-fold higher in scratch assay compared to TAS 

assay, in case of relative (Fig 16/c-d) gap size values. 
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Figure 16. Reproducibility of scratch and TAS migration assays. 

(a) Consistency of initial gap sizes was defined in independent experiments performed 

on MRC-5 cells (n=24-30 in each 3-3 experiments). Percentage values indicate the 

coefficient variation of the concerning groups. (b) Evenness of gap closure was examined 

on control and EGF-treated cells, as demonstrated by representative microscopic images. 

In the representative images, the lines indicate the gap edges at 0 (white) and 48 (black) 

hours after gel removal. Gap closure kinetics of control and EGF-activated MRC-5 cells 

were examined by (c) scratch and (d) TAS migration assays. (c-d) Alteration in gap size 

was determined by relative (percentage of initial size) values. Values were expressed as 

mean+SD, where line widths and percentage values indicate the coefficient variation of 

the concerning groups (n=6 in each group). 
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5. Discussion 

5.1. Effect of high salt diet on dermal tissue remodeling 

Nowadays, increasing salt intake is a global problem. The extensive pathological 

effects of high dietary salt consumption have been revealed in numerous studies. The 

dietary salt intake is the main source of Na+ for our body. Although the skin is our largest 

Na+ storage organ, its effect on skin homeostasis is not completely understood. Therefore, 

one of the main aims of my PhD work was to investigate the effect of high salt intake and 

the consequent elevated local Na+ concentration on dermal pathological processes 

including inflammation and tissue remodeling. 

The salt storage capacity of the skin has been described in the early 1900s, but 

comprehensive researches have only been carried out in recent years, which have begun 

to study the mechanisms by which salt is stored and what effects it may have. [124]. Titze 

et al. pioneered the study of tissue Na+ storage resulting from increased salt intake, and 

its physiological effects, such as enhancing skin barrier function by increasing 

macrophage activation, maintaining volume homeostasis despite increased total body Na, 

increasing interstitial osmolality, or its interaction with GAGs [19, 21, 23, 125]. 

Numerous animal experimental studies have demonstrated that a significant proportion 

of excessive dietary sodium is stored in the skin in an osmotically active as well as GAG-

bound inactive form [19-25, 46]. Our chemical analysis also confirmed accumulated 

dermal sodium content due to high salt intake in mice (Fig 7/a). In addition, high-

resolution 23Na-MRI imaging has made it possible to detect dermal sodium stores non-

invasively in humans, demonstrating the epidermal and subepidermal accumulation of 

Na+ [126]. The quantitative analysis showed that dermal salt storage increased with age 

[127]. Changes in skin structure with aging also include a decrease in the amount of GAG, 

which may lead to decreased dermal Na+ content due to lower Na+-binding capacity. 

Interestingly, higher Na+ concentrations were measured in the skin of men than in women 

[126, 128]. It remains unclear whether these differences reflect variations in Na+ 

metabolism or possibly the effect of other factors such as skin thickness and lipid content, 

which may differ between the sexes.  

According to the literature, local sodium excess and high salt diet induce 

inflammatory cytokine production in cells of the innate and adaptive immune system, 

thereby exacerbating existing pathological processes in many organs, including the lungs, 
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kidneys, intestinal tract, and central nervous system [46, 50, 52, 129, 130]. It is also 

known that in some skin diseases, such as atopic dermatitis or acute cellulitis, the Na+ 

content of the skin is elevated, however, the exact effect of increased local Na+ 

concentration on the pathological processes of the skin has not been elucidated [19, 37]. 

Therefore, we investigated the effect of a high salt diet and the resulting local Na+ excess 

on inflammation and related tissue remodeling using an IMQ-induced dermatitis model. 

The IMQ application induced remarkable dermatitis, as expected (Fig 6/b). It 

increased the dermal mRNA expression of various cytokines Il1b, Il10, Il17, Tnfa, and 

Nlrp3 (Fig 7/b-f). The expression of Il10 and Il13 was altered by high salt diet in the IMQ 

treated mice (Fig 7/f,g)  

Our results demonstrated for the first time, that high salt diet increased the 

proinflammatory IL-17 cytokine expression in the skin of mice (Fig 7/b). These results 

are consistent with literature data demonstrating that increased local Na+ concentrations 

promote the expression of IL-17 cytokine produced by Th17 cells [38, 59]. 

IL-10, produced by lymphocytes and monocytes, is generally considered to be the 

quintessential anti-inflammatory cytokine via its inhibitory effect on pro-inflammatory 

cytokine release and antigen presentation of various immune cells [131, 132]. Its ability 

to reduce inflammation and promote wound healing is well documented [133]. 

Similarly, IL-13 is also an anti-inflammatory cytokine that inhibits the M1 

macrophages expressing proinflammatory mediators, while promotes the activation of 

anti-inflammatory M2 macrophages [134, 135]. Therefore, our results suggest that HSD 

associated decreased dermal cytokine expression of anti-inflammatory IL-10 and IL-13 

may exacerbate IMQ-induced dermatitis. 

Since the main sources of the aforementioned IL-10 and IL-13 cytokines are the 

immune cells, including lymphocytes and monocytes, we examined whether salt loading 

affects the production of IL10 and IL13 of peripheral immune cells [136-138]. Consistent 

with our in vivo results, the high salt environment reduced the expression of both IL10 

and IL13 in PBMCs (Fig 8/a,b). The direct effect of salt loading on immune cells may 

explain the decreased anti-inflammatory cytokine expression in the skin of animals on 

high salt diet. In addition, the anti-inflammatory IL-10 signaling directly suppresses Th17 

cells, and IL-13 also negatively regulates IL-17 expression through an IL-10-dependent 

mechanism. These results suggest that the changes in the expression of pro- and anti-
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inflammatory cytokines associated with high salt diet may enhance the inflammatory 

processes in the skin. 

Inflammation is a major regulator of ECM remodeling by inducing the effector 

cells, growth factors, and enzymes responsible for the production and degradation of 

ECM components [139]. The DF-mediated ECM remodeling plays a crucial role in 

dermal wound healing [140]. Therefore, we examined whether the increased Na+ content 

and decreased presence of anti-inflammatory cytokines in the skin of mice on high salt 

diet affect the major cellular and structural elements of ECM. Our results showed that the 

expression of α-SMA (Acta2), a specific marker of active DFs decreased in the skin of 

IMQ-treated mice on HSD compared to NSD IMQ mice (Fig 10/a). Based on literature 

data, dermal α-SMA expression is proportional to the activity and number of DFs, which 

are responsible for the production of ECM architecture components, including collagens 

and fibronectin  [140-142]. Accordingly, in our in vivo experiment, dermal mRNA 

expression of both Col1a1 and Fn was decreased in the HSD IMQ group compared to the 

NSD IMQ group (Fig 10/b,c). Taken together, our results suggest that in the presence of 

an inflammatory condition, high salt intake inhibits the ECM production of DFs. 

Interestingly, despite the fact that inflammation induces the production of ECM 

components in most organs, increased salt intake reduced ECM synthesis in the dermatitis 

model. 

Investigating the underlying molecular mechanisms of high salt diet mediated 

ECM alterations, we focused on the expression of mitogenic growth factors responsible 

for the proliferation and ECM production of DFs. PDGF-B is considered as the main 

profibrotic growth factor, inducing the proliferation and ECM synthesis of fibroblasts in 

various organs, including the skin. Our results demonstrated that dermal expression of 

PDGF-B was decreased in both the HSD and HSD IMQ groups compared to controls (Fig 

10/d). Therefore, our results suggest that diminished expression of α-SMA and ECM 

components in HSD IMQ mice is closely related to the decreased amount of the PDGF-

B [143, 144]. Immune cells play a crucial role in the production of profibrotic growth 

factors, therefore, we examined the effect of high salt loading on their PDGF-B 

production [145, 146]. We found that the high salt environment reduced the PDGFB 

production of PBMCs, suggesting a possible mechanism underlying the decreased dermal 

Pdgfb expression in mice on HSD. 
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Our data demonstrated that IMQ treatment resulted in increased mRNA 

expression of profibrotic Tgfb, however its expression was not altered by high salt diet. 

TGF-ß is another growth factor regulating tissue remodeling and has been considered as 

a main activator of fibroblast proliferation and ECM synthesis. An interesting 

contradiction is that while HSD did not reduce IMQ induced Tgfb expression, the amount 

of Acta2, Col1a1, and Fn was significantly decreased in the skin of IMQ-treated mice 

due to elevated salt intake (Fig 10/a-c, e). Since the TGF-ß induced Smad transcription 

factors mediated signaling pathway plays a pivotal role in the development of tissue 

remodeling in almost all organs, we examined the effect of salt intake on the expression 

of Smad2/3, which is a central element of the TGF-β/Smad signaling pathway [95, 147, 

148]. Our results showed that the level of activated, phosphorylated (p)-Smad2/3 protein 

was reduced in the skin of HSD IMQ mice compared to the NSD IMQ group (Fig 10/g).  

Several studies have previously demonstrated that decreased Smad2/3 synthesis or 

pharmacological inhibition of TGF-β/Smad signaling reduces the expression of ECM 

remodeling markers [95]. Therefore, the decreased dermal pSmad2/3 level may also 

explain the decreased expression of ECM components in the skin of HSD IMQ mice. 

Besides TGF-ß, IL-13 cytokine has also been shown to facilitate Smad2/3 

phosphorylation in primary human dermal fibroblasts [149-152]. In addition to the above, 

the role of IL-13 in dermal tissue remodeling has been demonstrated in numerous studies. 

Indeed, during cutaneous wound healing, IL-13 promotes the chemotaxis and 

proliferation of DFs, and induces the production of ECM components, while 

disproportionately increased activity of IL-13 leads to abnormal collagen homeostasis, 

contributing to the pathogenesis of fibroproliferative disorders [150, 153, 154]. In our in 

vivo experiment, increased salt intake reduced the expression of Il13 in the skin of IMQ-

treated mice (Fig 7/g), which may contribute to the decreased Smad2/3 levels in the HSD 

IMQ group as well as to the diminished activation and ECM synthesis of DFs. 

The thickness of the skin reflects to its collagen content, meaning that the 

accumulation of collagen in the skin is proportional to the cutaneous thickness and the 

extent of the scar tissue in dermal fibrosis [155-157]. Indeed, it has been demonstrated 

that excess collagen deposition is significantly increased in the dermis of patients with 

scleroderma, a fibroploriferative disease [157]. Our results showed that high salt diet 

reduced dermal thickness in mice treated with IMQ (Fig 10/f). The reduced skin thickness 
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in the HSD IMQ group is consistent with our results mentioned above demonstrating the 

inhibitory effect of high salt loading on expression of ECM components and related 

factors. 

In the wound healing process, fibroblasts are the most prominent cell type, 

supporting collagen formation at the site of injury. After dynamic proliferation and ECM 

synthesis, ECM remodeling results in the development of a near-normal tissue 

architecture [92]. Since in vivo salt loading resulted in decreased ECM production, we 

hypothesize that high salt diet may lead to impaired dermal repair. Our hypothesis about 

the association between high salt diet and impaired wound healing is confirmed by the 

results of Binger et al. demonstrating delayed wound healing in mice on high salt diet 

[40]. However, their results suggest that decreased dermal M2 macrophage activity of 

mice kept on HSD is responsible for the delayed wound closure. In the event of wounding, 

macrophages are rapidly recruited to the site of injury, where M1 macrophages perform 

the initial proinflammatory response, followed by infiltration of anti-inflammatory M2 

macrophages to heal and repair tissues.  

We also investigated the effect of dietary salt overload on the dermal expression 

of matrix metalloproteinases, which are proteolytic enzymes with primary function to 

degrade collagens during ECM remodeling after injury, but their enzymatic activity also 

facilitates the inflammation via activation of inflammatory cytokines and chemokines 

[158]. Controlled degradation of the ECM is required to remove damaged components 

and to allow cell migration and angiogenesis. During the normal wound healing process, 

it is essential to restructure the ECM to allow cells to adhere and the basement membrane 

to be deposited. Previous experiments have shown the important role for MMPs in normal 

wound healing, but the rate and duration of MMP expression are limited and tightly 

controlled [159, 160]. Accordingly, MMPs are expressed at a low level in the healthy 

tissue, if at all [161]. However, our experiments demonstrated increased Mmp2 and Mmp9 

expressions in the skin of mice on high salt diet (Fig 11/a,b). In chronic wounds, MMPs 

can lead to extensive tissue destruction and inhibit its regeneration. Several studies have 

confirmed a direct association between the increased expression of MMPs, primarily 

MMP-2 and MMP-9 in chronic wounds and delayed healing of chronic venous ulcers 

[162, 163]. Therefore, these results further support our above hypothesis that the 

increased salt intake may lead to ameliorated ECM remodeling of the skin. 
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Our in vivo results demonstrated that HSD influenced the expression of ECM 

components in the inflamed skin. Previous studies have shown that excessive salt intake 

increases the amount of both osmotically active and inactive Na+ in the skin, as well as 

osmotic pressure, which can affect different cutaneous cell types [40, 50, 59]. Since 

dermal fibroblasts are the main sources of ECM components in the skin, our in vitro 

experiments focused on the effect of high salt loading on the functional activity of DFs. 

We found that 50 mM NaCl added to normal medium did not impair viability of DFs, did 

not cause cell death, and was consistent with the NaCl treatment used in the literature (Fig 

9/a,b) [164, 165]. Therefore, in the in vitro experiments we kept the dermal fibroblasts in 

culture media supplemented with 50 mM NaCl to model the increased dermal Na+ 

environment. The effect of increased NaCl concentration on cellular morphology was 

visualized by α-SMA immunofluorescence staining on the cytoskeleton of human DFs. 

Our results showed that the shape of the DFs became more circular in the high salt 

environment compared to that of control. (Fig 12/a). The shape of fibroblasts describes 

their migratory status. Circular DFs are in a stationary state, while the elongated shape 

suggests increased motility [166]. Indeed, due to the activity of the actin microfilaments, 

microtubules, and intermediate filaments involved in cell migration, the cell becomes 

polarized and the shape of the cell becomes elongated [104]. Therefore, the escalating 

circularity of high salt treated DFs indicates their reduced migration capacity. In addition 

to phenotypic changes, cell motility is also can be characterized by alterations of gene 

expression that alter the cytoskeleton structure thereby the motility of the cells. Indeed, 

the mRNA expression of fibroblast motility regulators VIM, VCL and ACTB decreased 

in the high salt treated group as well (Fig 12/b-d). Vimentin and vinculin are responsible 

for stabilizing cytoskeletal interactions and binding of cells to ECM elements, thereby 

supporting the migration of DFs to the site of injury [167]. Moreover, beta-actin is one of 

the major cellular cytoskeletal components that are involved in cell motility, which is 

largely driven by membrane protrusion forces resulting from the polymerization of beta-

actin [168]. Consistent with these results, our in vitro TAS assay revealed a time-

dependent decrease in migration capacity of DFs in high salt environment (Fig 12/e). Our 

results are consistent with previous results showing reduced migration capacity in high 

salt treated myocardial and endothelial cells [169, 170].  
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Since human dermal fibroblasts play a crucial role in wound contraction and 

healing through their ability to migrate, proliferate, and produce ECM, their decreased 

motility due to high salt loading presumably leads to impaired wound repairing 

mechanisms. Our in vivo results demonstrating decreased Fn and Col1a1 expressions in 

the skin of IMQ treated mice on HSD (Fig 10/b,c), raised the question whether the dermal 

high salt environment has an effect on ECM production of dermal fibroblasts.  Therefore, 

we investigated the effect of high salt loading on the ECM production of DFs. In line with 

the in vivo data, our in vitro experiments showed decreased endogenous FN and COL1A1 

expression, of DFs in high salt environment (Fig 13/a-c). In addition, FN and COL1A1 

production induced by the profibrotic TGF-β was also inhibited by high salt condition 

(Fig 13/a-c). In essence, elevated local salt concentration could directly affect the ECM 

synthesis of dermal fibroblasts. These results could be explained by the previous results 

of our research group demonstrating that PGE2 production of DFs is enhanced after high 

salt loading, in addition, PGE2 has been shown to inhibit collagen expression of DFs via 

an autocrine TGF-β/Smad signaling pathway [31, 171]. 

In summary, according to our results, high salt loading and the consequently 

increased dermal sodium (Na+) content reduced the expression of anti-inflammatory 

cytokines IL-10 and IL-13 by immune cells in the skin, even in dermatitis. These 

experimental data suggest the role of high salt intake in dermal inflammation. Moreover, 

our findings revealed the inhibitory effect of high salt concentration on the migration and 

ECM production of dermal fibroblast which can lead to impaired dermal ECM 

remodeling (Fig 17). 
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Figure 17. Schematic representation of the effect of excessive salt intake on 

mediating dermal inflammation and ECM remodeling. 

(Szerkesztő program: Microsoft PowerPoint) 
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5.2 Transient Agarose Spot (TAS) assay: a new method to investigate cell migration 

As fibroblast activity has been shown to play a role in the process of tissue fibrosis 

[79], it is important to develop test methods that can accurately examine the main 

properties of fibroblasts, such as migration capacity [88], proliferation [80] and ECM 

production [90]. The most frequently used growth factor to induce migration is the 

EGF[172, 173]. There are various well quantifiable assays to examine both fibroblast 

proliferation (e.g. thiazolyl blue tetrazolium bromide - MTT; bromodeoxyuridine - BrdU 

[105]), and ECM production (e.g. SiriusRed staining [106]), however the scratch assay is 

the most commonly used method for studying cell migration in two-dimensional 

monolayers (Fig 4) [174]. Although this assay has a number of advantages, including 

simplicity or affordability, it also has serious limitations that make it difficult to use it as 

a high-throughput tool [109]. Indeed, during scratch assay, the cell-free gap is manually 

generated by scratching the surface of a confluent cell monolayer using a pipette tip. 

Thereafter cell migration and gap closure kinetics are determined by graphical analysis. 

The main disadvantages of the scratch assay originate from the mechanical scratch itself, 

which damages the cells as well as the surface of the plate, which has a significant effect 

on cell motility [175]. Furthermore, scratching with the pipette tip results inconsistent 

initial gap size, which is reflected in the high intra- and inter-assay variability of the assay 

[174]. Instead of scratching, alternative methods to create a cell-free zone have recently 

been described, such as heat stamping, laser, electricity, enzymatic digestion, or vacuum 

[110, 176]. Most of these methods have similar defects, including damaged cells and 

surfaces, or result in gaps with irregular edges and sizes. In this regard, the use of pre-

installed physical barriers where the cell-free zone is generated by plastic equipment or 

biocompatible gels may be a promising option [110-112]. However, these commercially 

available kits are very expensive and, like the scratch assay, mostly work with large 

surfaces (24 or 6 well plates) and thus large amounts of cells, reagents and compounds, 

resulting in a low-throughput technique instead of a high-throughput one [110].  

Our newly developed transient agarose spot (TAS) assay eliminates the 

disadvantages of the above techniques using a simple, cost-effective, and high-throughput 

approach. In TAS assay, hydrogel drops of liquid agarose, which is a widely used, non-

toxic, non-immunogenic biocompatible gel [177, 178], were placed in the center of the 

wells in a 96-well plate to exclude fibroblasts from a consistent, circular area (Fig 14/a). 
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Until the hydrogel drops were removed by pipetting, they remained stable in the center 

of the wells for numerous days despite cell manipulation (e.g., medium change, serum 

starvation, or even transfection). Nevertheless, after removal of the hydrogel drop, the 

fibroblasts began to migrate toward the cell-free surface of the gap, as indicated by a 

decrease in the initial size of the gap area (Fig 14/a, b).  

Based on literature data, fibroblast migration can be stimulated by the addition of 

different profibrotic growth factors [108, 179, 180], as demonstrated by our experiments 

on EGF-treated fibroblasts (Fig 15/a, b). The high accuracy of the TAS assay allows the 

detection of migration differences even at an early stage of the experiment, up to 3 hours 

after the start of treatments (Fig 15/b). During the evaluation of the TAS assay data, cell 

migration is determined at certain intervals after taking serial images of the cell-free area. 

The gap areas can then be easily marked with graphical software (e.g. ImageJ) without 

any previous experience, and the size of the gap can be determined with a single 

measurement command. 

After setting up the TAS assay, we compared its sensitivity and laboratory use 

with that of the gold standard scratch assay on EGF-stimulated fibroblasts (Fig 16). The 

benefits of the 96-well plate based TAS assay, in addition to its less raw material 

requirements, were immediately apparent. Indeed, the entire gap area fits into a single 

field of view of the microscope, allowing for easy automated documentation of the whole 

gap, reducing the need for human resources in the case of TAS assay (Fig 16/b). In 

contrast, in case of scratch assay, the process is more complex and identifying the same 

area at different time points is a real challenge [110]. In accordance with literature data, 

the standard deviation of the initial gap area was 3 times larger in the case of scratch 

compared to TAS assay (Fig 16/a) [108]. This is a serious limitation, as a larger standard 

deviation of the initial gap area may later result in an even higher standard deviation of 

the remaining cell-free gap area. Accordingly, although the kinetics of gap closure were 

similar in both assays, the TAS assay appeared to have significantly higher resolution, as 

evidenced by a 3-fold smaller deviation of the corresponding gap closure values 

compared to the scratch assay (Fig 16/c, d). 

In summary, based on our comparative results, our newly developed TAS assay 

has more advantages in examining fibroblast migration than the scratch assay used as a 

gold standard in many ways. In addition to having the benefits of a scratch assay including 
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low material cost and simple technique, a consistent initial gap size and lower inter-assay 

variability can be achieved with TAS assay. 
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6. Conclusion 

The salt consumption of modern societies far exceeds the recommendations of 

World Health Organization. Recent animal studies, as well as quantitative sodium MRI 

observations on humans demonstrated that remarkable amounts of sodium can be stored 

in the skin. It is also known that increased salt intake can induce inflammatory processes 

in various organs, but its role in dermal pathophysiology has not been elucidated. Our 

aim was therefore to study the effect of high salt loading on dermal inflammation and 

related extracellular matrix (ECM) remodeling. To investigate the effect of high salt 

consumption in the skin, mice were kept on normal (NSD) or high salt diet (HSD) and 

then a mouse model of imiquimod (IMQ) induced dermatitis was performed. The effect 

of high salt loading in vitro on dermal fibroblasts (DF) and peripheral blood mononuclear 

cells (PBMC) was also investigated. HSD resulted in increased dermal sodium 

concentrations in mice. The expression of the inflammatory cytokine Il17 was increased 

in the skin of HSD mice. In addition, the anti-inflammatory Il10 and Il13 expressions 

were decreased in the skin of HSD or HSD IMQ mice. Expression of the fibroblast marker 

Acta2 and the ECM component Fn and Col1a1 was decreased in mice of HSD IMQ 

group. The level of ECM remodeling related Pdgfb and activation of phosphorylated (p)-

SMAD2/3 was lower in HSD IMQ mice. Production of IL10, IL13, and PDGFB was also 

decreased in PBMCs due to high salt loading. In cultured DFs high salt concentration 

resulted in more circular morphology of DFs, decreased expression of cell motility 

regulators, including VIM, VCL, ACTB and decreased ECM production, as well. Our 

findings demonstrate that high salt diet is associated with increased inflammatory status 

of the skin. Although inflammation induces ECM synthesis in most organs, the expression 

of ECM components was decreased in the inflamed skin of mice on increased salt diet. 

Our results suggest that high dietary salt intake may alter the process of dermal tissue 

remodeling. 

We also developed the so called transient agarose spot (TAS) migration assay, a 

new high throughput 96 well plate based method to study fibroblast migration in response 

to various stimuli. Our self-developed assay has several advantages over the most 

frequently used cell migration assays, including its accuracy, price, and high throughput 

property. Based on its advantages our assay may contribute to the fibrosis related basic 

research and identification of new anti-fibrotic compounds, as well.  
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7. Summary 

The salt consumption of modern societies far exceeds the recommendations of 

World Health Organization. Our results showed that high salt diet leads to increased 

dermal sodium content thereby inducing pathological process, including inflammation 

and impaired dermal fibroblast activity. Therefore, our observations raise the possibility 

that high dietary salt intake can be considered as a potential risk factor for skin pathologies 

associated with inflammation and impaired wound healing.  

We also developed a new cell migration assay which can be an improved 

alternative to the most frequently used scratch assay, retaining its advantages and 

eliminating most of its limitations. Since cell migration is a hallmark of tissue remodelling 

processes, including fibrosis, and wound healing, it is important to develop accurate cell 

migration test methods, that can be used to identify new potential anti-fibrotic compound. 
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