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1. Introduction 

 

The skin represents the largest organ of the human body, which functions as the first line of 

protection from a range of external stress factors that can lead to injury. Restoration of skin 

integrity is a fundamental process that ensures survival. The repair response is a complex, 

dynamic interplay of multiple cell types.  This process is divided into three overlapping phases: 

inflammation, proliferation, and remodeling (Singer AJ et al., 1999). 

The initial step that occurs after injury is hemostasis. The injured blood vessels constrict, and 

platelets become activated to form a fibrin clot, which serves not only as a hemostatic plug, but 

also provides a scaffold for incoming inflammatory cells (Clark RA 2003). Neutrophil cells 

are immediately recruited at the wound site to destroy infectious threats. Macrophages are 

recruited within 24–48 h after injury (He L et al., 2013). In the early stages of wound healing, 

pro-inflammatory macrophages phagocyte pathogens and also contribute to eliminating 

expended neutrophils within a few days after wounding (Slauch JM 2011, Martin P 1997, 

Savill J et al., 2000). The adaptive immune system (T cells, dermal dendritic cells, and 

Langerhans cells) is activated, as well. With the resolution of inflammation, anti-inflammatory 

macrophages occur and contribute to angiogenesis (Galli SJ et al., 2011, Leibovich SJ et al., 

1987). In the phase of proliferation, activated endothelial cells break down the 

fibrin/fibronectin-rich clot, which serves as a scaffold for infiltrating cells, while proliferate, 

migrate, form new cell-cell junctions, and branch out to form new capillaries (Eilken HM et 

al., 2010). The resident fibroblasts also invade the clot, proliferate and deposit extracellular 

matrix replacing the provisional matrix by contractile granulation tissue that draws the wound 

margins together (Martin P 1997). Re-epithelialization simultaneously occurs and involves the 

proliferation and migration of epidermal cells from the wound edges to restore the barrier 

function (Rodrigues M et al., 2019). The last phase of wound healing is remodeling, which 

lasts for several months or even years. This phase is characterized by the regression of the 

neovasculature, and reconstitution of granulation tissue to scar tissue, in which collagen III is 

partially replaced by the stronger collagen I (Gurtner GC et al., 2008).   

Impairment of the wound healing process can lead to chronic wounds, which is defined as a 

barrier defect that has not healed in 6 weeks (Fonder MA et al., 2008). The most common 

types are diabetic foot ulcers, venous or arterial leg ulcers and pressure ulcers. Chronic wounds 

represent a significant source of morbidity, with more than 6 million people suffering in the 

U.S. alone and expenditures of ⁓$9.7 billion annually (Powers JG et al., 2016).  
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Diabetes impairs each phase of wound healing. Diabetic wounds exhibit a persistent 

inflammatory phase, due to altered neutrophil and monocyte phenotypes, abnormalities in the 

expression and activity of cytokines and growth factors, the proliferation phase is characterized 

by endothelial cell dysfunction, impaired angiogenesis, decreased keratinocyte migration and 

proliferation, resulting in inadequate granulation tissue formation and reduction in wound 

tensile strength (Pradhan L et al., 2007). Although, there has been exponential growth of 

research in the field of wound management over the past years, with standard of care, still only 

50% of patients with diabetic foot ulcers heal, and to date, no single therapeutic agent has been 

successful in improving the healing rate above 50– 60% (Otero-Viñas M et al., 2016). Hence, 

understanding of the cellular and molecular mechanisms responsible for delayed wound healing 

is essential to find new therapeutic approaches to promote wound healing. 

Immediately after injury several damage signals are released, such as Ca2+ waves and hydrogen 

peroxide (H2O2) gradients (Cordeiro JV et al., 2013). As a major secondary messenger, 

intracellular Ca2+ is involved in various intracellular signaling pathways e.g., excitation-

contraction coupling. The main intracellular Ca2+ stores are the endoplasmic reticulum 

(ER)/sarcoplasmic reticulum (SR) and the mitochondrion. There are two major receptors 

regulating the  Ca2+ release from the SR/ER, the inositol 1,4,5-triphosphate receptors (IP3Rs) 

(Nixon GF et al., 1994) and the ryanodine receptors (RyRs) (Otsu K et al., 1990). In 

mammalian tissues, three genes encode three RyR isoforms and many types of cells express 

each of them. RyR1 (skeletal muscle type) and RyR2 (cardiac type) are primarily expressed in 

the skeletal and the cardiac muscle and they are pivotal for excitation–contraction coupling, 

whereas RyR3 (brain type) contributes to the intracellular calcium regulation in the brain 

(Zucchi R et al., 1997,  Kushnir A et al., 2010). Recently the functional existence of RyR in 

epidermal keratinocytes has been demonstrated (Denda S et al., 2012). 

Intracellular Ca2+ signaling in keratinocytes is essential for cellular processes, including 

migration, proliferation, differentiation, barrier homeostasis and release of proinflammatory 

cytokines (Graham DM et al., 2013, Tu CL et al., 2013, Denda M et al., 2003). It has been 

previously shown that activation of excitatory receptors, such as N-methyl-D-aspartate receptor 

(NMDA), nicotinic acetylcholine receptor, P2X purinergic receptor, and RyR induces elevation 

of intracellular calcium concentration and delays barrier recovery of the skin (Denda M et al., 

2002, Denda M et al., 2003, Fuziwara S et al., 2003). On the other hand, the inhibition of 

calcium channels, such as voltage-gated calcium channel, P2X receptor, and RyR accelerate 

barrier recovery (Denda M et al., 2002, Denda M et al., 2006, Denda S et al., 2012). However, 
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no information is available concerning the effects of RyRs on the healing of full-thickness 

dermal wounds.  

In addition to the above-mentioned receptors, serotonin receptors (5HTRs) and serotonin 

reuptake transporters (SERT), which are responsible for the uptake of serotonin from the 

extracellular space to the intracellular space, decreasing the extracellular serotonin 

concentrations, are also widely expressed on many tissues, including cells present within the 

skin (Slominski A et al., 2003). Serotonin or 5-hydroxytryptamine (5-HT) is a monoamine 

neurotransmitter and cytokine. Although it is mostly synthesized in the gastrointestinal mucosa 

and the central and peripheral nervous system, the biosynthetic pathways of serotonin have also 

been found in cells playing key roles in all phases of wound healing such as inflammatory cells 

(neutrophil granulocytes, macrophages, T lymphocytes), cutaneous human fibroblasts and 

keratinocytes (Slominski A et al., 2002, Slominski A et al., 2005, Ahern GP 2011). There has 

been growing evidence that serotonin has an important role in the promotion of cutaneous 

wound healing (Shah A et al., 2017). The importance of 5-HT in hemostasis has been 

well-established.  In the inflammatory phase platelets release 5-HT, which enhances the 

recruitment of neutrophil cells and macrophages (Duerschmied D et al., 2013). While in the 

early stages, pro-inflammatory M1 macrophages predominate, later the number of anti-

inflammatory M2 macrophages increase contributing to the resolution of inflammatory 

responses. 5-HT modulates macrophage functions by skewing macrophages towards an 

anti-inflammatory M2 phenotype (de Las Casas-Engel M et al., 2014). Interestingly, 5-HT 

has been known to promote fibroblast proliferation in vitro, and also promotes myofibroblast 

differentiation (Lofdahl A et al., 2016, Mann DA et al., 2013), which suggests the important 

role of the serotoninergic pathway in wound healing (Slominski A et al., 2003).  Prior studies 

have shown that selective serotonin reuptake inhibitors (SSRIs), for example fluoxetine (FLX) 

have anti-inflammatory effects such as suppression of T cell activation, cytokine secretion and 

proliferation (Gobin M et al., 2013). The underlying mechanism is likely due to that FLX 

suppresses intracellular Ca2+ signaling by decreasing IP3- and RyR mediated Ca2+ release 

(Gobin M et al., 2015). Therefore, examining SSRI local effects on chronic wounds, 

characterized by stalled inflammatory phase is reasonable. 

These data guided the design of our studies. 
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2. Aims 

 

Our principal goal was to study the effects of locally applied drugs in the process of wound 

healing. For this aim, in vitro and in vivo experiments were designed. The entire study was 

divided into 2 parts (mentioned as Study I and Study II, respectively). 

In Study I, the major objectives were: 

• to examine the effect of induction and inhibition of RyRs on full-thickness wounds in 

SKH-1 mice, 

• to evaluate the rate of wound closure by means of photographic imaging and histological 

analysis, 

• to examine the effects of 4-chloro-m-cresol (4-CMC), a RyR agonist and dantrolene 

(DA), a RyR antagonist on keratinocyte proliferation and monitor different parameters 

of the microcirculation in the wound edges with intravital videomicroscopy and laser 

Doppler flowmetry, 

• to study the effects of the topical agents (4-CMC and DA) on the inflammation process 

of the healing, 

• to monitor the effect of induction and inhibition of RyRs on wound closure of HaCaT 

cells with scratch test. 

The goals of Study II were: 

• to examine the effect of FLX as a topically applied drug on wound healing in db/db 

diabetic mice, a model for impaired wound healing, 

• to evaluate the effect of FLX on keratinocyte migration using an in vitro scratch assay, 

• to monitor if topical FLX treatment induces psychological effects, behavioral 

experiments on wounded diabetic mice treated with topically applied FLX were 

performed. 
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3. Methods    

 

3.1. Materials 

In study I. a ryanodine receptor (RyR) agonist, 4-chloro-m-cresol (4-CMC, 0.5 mM), or a RyR 

antagonist, dantrolene sodium salt (DA, 100 μM) was applied on the wounds of the animals. 

The drugs were dissolved in sterile saline. Immortalized human keratinocytes from the 

HaCaT-cell line after scratching were treated with 4-CMC (0.3 mM) or DA (45 μM). The drugs 

were dissolved in purified water before added to the culture medium. The solutions were 

vortexed and sonicated until DA and 4-CMC were completely dissolved. 4-CMC and DA were 

purchased from Sigma-Aldrich. 

In study II. full-thickness excisional wounds in db/db diabetic mice were treated with either 

0.02% fluoxetine (FLX) or 2% serotonin (5-HT) dissolved in 5% w/v polyethylene glycol 

(5% PEG). Neonatal human keratinocytes (NHKs) isolated from human foreskin after 

scratching were treated with different concentrations of 5-HT (1 µmol/L 5-HT, 

10 µmol/L 5-HT, 100 nmol/L 5-HT) in keratinocyte growth medium (KGM). 

 

3.2. Animals  

In study I. the experiments were performed on 12-15-week-old male SKH-1 hairless mice (body 

weight: 36-44 g). The animals were housed in plastic cages in a thermoneutral environment 

with a 12 h light-dark cycle and had access to standard laboratory chow and water ad 

libitum.  All interventions were in full accordance with the NIH guidelines. The procedures and 

protocols applied were approved by the Ethical Committee for the Protection of Animals in 

Scientific Research at the University of Szeged. (Permit number: V./145/2013.) Animal studies 

are reported in compliance with the ARRIVE guidelines (Kilkenny C et al., 2010, McGrath 

JC et al., 2015). 

In study II. the genetically diabetic male mice (db/db; BKS.Cgm+/+ Leprdb) were obtained 

from Jackson Laboratories (Bar Harbor, ME). Four animals were housed per cage presurgery 

and alone postsurgery, and they were maintained in an animal care facility with a 12-hour 

light/dark cycle throughout the acclimation (4 weeks) and test periods. The animals were 

11 weeks old at the time of surgical wounding. The protocol for this experiment was approved 

by the Institutional Animal Care and Use Committee of University of California, Davis. 
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3.3. Study design  

Study I. 

The mice were divided into 3 treatment groups: (1) wounds were treated with sterile saline 

(pH=7.4); (2) wounds were treated with 4-CMC (0.5 mM, pH=6.5); (3) wounds were treated 

with DA (100 μM, pH=7.1). Photographs were taken every 4 days (4, 8, 12, 16 and 20), then 

the animals were euthanized with an overdose of ketamine and tissue samples were taken for 

histological analysis. 

Monitoring of the microcirculation with intravital videomicroscopy (IVM) was performed on 

days 4, 8 and 12. In a separate group of mice laser Doppler flowmetry was performed on wounds 

treated with either 4-CMC or DA.  

Xanthine-oxidoreductase (XOR) and myeloperoxidase (MPO) activity were measured during 

the inflammatory phase on days 1 and 4. 6 mice were assigned to each group and time point. 

Concerning treatments, the mice were restrained with a plastic cylinder into which they were 

inserted. The titanium frames were fixed to an aperture on the cylinder, hereby free access was 

provided to the wounds. The covering glasses were removed, and sterile saline, the formulation 

of 4-CMC or the solution of DA was administered to the wounds with micropipette (100 μL). 

The covering glasses were then rapidly returned. Daily one treatment was applied in all groups. 

The experimental setup is shown in Figure 1. Groups and treatments are summarized in Table 

1. This part of our investigation also involved in vitro wound-healing assays (these are 

described in chapter 3.11.) 

 

 

 

Figure 1. Experimental protocol in study I. 
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Group Treatment Observation period (days) Method n 

1 4-CMC 
1 laser Doppler 

6 

2 DA 6 

3 NaCl 

1 MPO, XOR 

6 

4 4-CMC 6 

5 DA 6 

6 NaCl 

4 
 

MPO, XOR photography 

histology 

IVM 

6 

7 4-CMC 6 

8 DA 6 

9 NaCl 

8 

photography 

histology 

IVM 

6 

10 4-CMC 6 

11 DA 6 

12 NaCl 

12 

photography 

histology 

IVM 

6 

13 4-CMC 6 

14 DA 6 

15 NaCl 

16 
photography 

histology 

6 

16 4-CMC 6 

17 DA 6 

18 NaCl 

20 
photography 

histology 

6 

19 4-CMC 6 

20 DA 6 

 

Table 1. Summary of research methods. DA, dantrolene; 4-CMC, 4-chloro-m-cresol; MPO, 

myeloperoxidase; XOR, xanthine-oxidoreductase; IVM, intravital videomicroscopy. 

 

Study II. 

Diabetic mice were randomly assigned to control or treatment groups to limit bias. Diabetic 

(db/db) mice (age 11 weeks, blood glucose 300 mg/dL) received two full-thickness 8-mm 

splinted circular excisional wounds as previously described (Park SA et al., 2014). The mice 

were divided into 3 treatment groups: (1) wounds were treated with topically applied FLX; (2) 

wounds were treated with serotonin; (3) wounds were treated with vehicle control 5% w/v 

polyethylene glycol (PEG). Daily treatments were applied topically. On day 9, behavioral 
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experiments were performed. The time mice spent in light versus dark chambers was quantified, 

and percent time not spent in the light chamber is a measure of anxiety. Exploration ratio was 

used to evaluate cognitive ability in mice. On day 10 the animals were euthanized with an 

overdose of CO2, wound tissue was fixed, sectioned, and stained for hematoxylin-eosin or 

immunohistochemistry. In this part of our investigation in vitro wound-healing assays were 

performed as well (these are described in chapter 3.12.). Groups and treatments are summarized 

in Table 2. 

 

Group Treatment Observation period (days) Method n 

1 0.02% FLX 

10 

behavioral experiment 

photography 

histology 

9 

2 2% 5-HT 9 

3 5% PEG 9 

 

Table 2. Summary of research methods. FLX, fluoxetine; 5-HT, serotonin; 5% PEG, 5% w/v 

polyethylene glycol. 

 

3.4. Implantation of dorsal skin fold chamber (Study I.)  

The animals were carefully examined. Mice with any type of injury or apparent sign of disorder 

were discarded. Prior to intervention the animals were anesthetized with a mixture of ketamine 

(90 mg/kg body weight) and xylazine (25 mg/kg body weight) administered intraperitoneally. 

The surgery was performed as described elsewhere (Sorg H et al., 2007). Briefly, two holding 

stitches were inserted in the dorsal midline and moderate tension was exerted in order to form 

a skin fold. Two symmetrical titanium frames (IROLA GmbH, Schonach, Germany) were then 

applied to sandwich the extended double layer of the skin. The skin fold was fixed to the metal 

frames with sutures and sandwiched securely between the frames by means of three nuts and 

bolts. A circular full-thickness wound was formed on one side of the skin fold. A stamp with a 

diameter of 4 mm was used to determine the line of incision. The complete skin and the 

musculus panniculus carnosus were removed. The non-wounded skin of the opposite side still 

consisted of epidermis, dermis and striated skin muscle. The wounded side was treated topically 

with one or other of the test solutions and was then covered with a removable glass coverslip 

incorporated in the titanium frame. The covering glasses were removed only for the times of 

treatments and measurements. 
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3.5. Measurement of wound area (Study I.) 

The animals were anesthetized before measurement, as described above. They were placed on 

a heating pad in a lateral position and the covering glass was removed. Photographs were taken 

with a camera (DiMage A200, KonicaMinolta). Photographing was performed under standard 

circumstances: the same light sources were used in a dark room and the camera was fixated to 

a stand in order to standardize the distance. The resolution of the images was 3264x2448. 

Planimetric analysis of the images was performed by means of a software (modification of the 

ImageJ) (DermAssess©) developed by our working group. This software can be utilized for the 

determination of an area and for the quantification of colour intensity (e.g. grade of erythema), 

as it has been reported in a recent study (Erős G et al., 2014). The area of the wound was 

measured by two investigators independently and referred to the area determined on day 0 in 

order to calculate the rate of wound closure. 

 

3.6. Intravital videomicroscopy (IVM) (Study I.) 

The microcirculation was visualized with a fluorescence intravital videomicroscope equipped 

with a 100 W mercury lamp (Axiotech vario, Zeiss, Jena, Germany). The anesthetized mice 

received a retrobulbar injection of 80 μL 2% fluorescein isothiocyanate-labeled dextran 

(molecular weight 150 kD; Sigma Chemicals, USA). After this injection, a blue (450-490 nm) 

filter set allowed analysis of the microcirculation by the epi-illumination technique, using an 

Acroplan 20x water immersion objective. During examinations, the tissue was superfused with 

37 °C saline. The intravital microscopic images were recorded with a charge-coupled device 

video camera (AVT-BC 12, AVT Horn, Aalen, Germany) attached to an S-VHS video recorder 

(Panasonic AG-MD830) and a personal computer. Quantitative assessment of the 

microcirculatory parameters was performed offline with frame-to-frame analysis, using image 

analysis software (IVM, Pictron Ltd., Budapest, Hungary). The following parameters were 

examined: the red blood cell velocity (RBCV, μm/s) was measured in the capillaries of wound 

edges. At least 2 separate fields of view were visualized in all quadrants of the circular wound 

and measurements were performed in at least 6 capillaries of all fields of view. Vessel diameter 

(VD, μm) was assessed by measuring of all vessels in the given fields or view except those of 

less than 6 μm.  

 

3.7. Microcirculatory measurements by means of laser Doppler flowmetry (Study I.) 

A non-invasive laser Doppler tissue flowmeter (PeriFlux System 5000, Perimed, Järfälla, 

Sweden) was used to evaluate the cutaneous microvascular blood flow. A standard pencil probe 
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producing laser beam was placed on the surface of the wound edge. The method is based on the 

reflection of a beam of laser light (780 nm). The coherent, monochromatic laser beam penetrates 

into the tissues and scattered by moving and stationary tissue cells. The photons scattered by 

red blood cells are Doppler-shifted, and the reflected light is collected by fibers coupled to a 

photodetector. The number of blood cells and their velocities within the measured skin volume 

are linearly correlated with the skin blood flow and expressed in perfusion unit (P.U.) (Jarabin 

J et al., 2015, Zografos GC et al., 1992). We formed circular wounds as big as the probe head. 

We measured the flow 24 h after the surgery. First, we measured the baseline flow, and then 

the wounds were treated. 10 minutes later we repeated the measurements. The signal was 

registered for 20 seconds. 

 

3.8. Tissue XOR activity (Study I.) 

Skin biopsies kept on ice were homogenized in phosphate buffer (pH 7.4) containing 50 mM 

Tris–HCl (Reanal, Budapest, Hungary), 0.1 mM EDTA, 0.5 mM dithiotreitol, 1 mM 

phenylmethylsulfonyl fluoride, 10 μg/mL soybean trypsin inhibitor and 10 μg/mL leupeptin. 

The homogenate was centrifuged at 4 °C for 20 min at 24,000 g and the supernatant was loaded 

into centrifugal concentrator tubes. The activity of XOR was determined in the ultrafiltered 

supernatant by fluorometric kinetic assay based on the conversion of pterine to isoxanthopterine 

in the presence (total XOR) or absence (XO activity) of the electron acceptor methylene blue 

(Beckman JS et al., 1989). 

 

3.9. Tissue MPO activity (Study I.) 

The activity of MPO, a marker of tissue leukocyte infiltration, was measured from homogenized 

skin biopsies by the modified method of Kuebler et al (Kuebler WM et al., 1996). Briefly, the 

pellet was resuspended in K3PO4 buffer (0.05 mol L-1; pH 6.0) containing 0.5% hexa-1,6-

bisdecyltriethylammonium bromide. After 3-times repeated freeze-thaw procedures, the 

material was centrifuged at 4 °C for 20 min at 24,000 g and the supernatant was used for MPO 

determination. During the measurements, 0.15 mL of 3,3’,5,5’-tetramethylbenzidine (dissolved 

in DMSO; 1.6 mmol L-1) and 0.75 mL of hydrogen peroxide (dissolved in K3PO4 buffer; 0.6 

mmol L-1) were added to 0.1-mL samples. The reaction causes the hydrogen peroxide-

dependent oxidation of tetramethylbenzidine, which can be detected spectrophotometrically at 

450 nm (UV-1601 spectrophotometer; Shimadzu, Kyoto, Japan). The MPO activities of the 

samples were measured at 37 °C; the reaction was stopped after 5 min with 0.2 mL of H2SO4 

(2 mol L-1) and the data were referred to the protein content (Varga G et al., 2010). 
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3.10. Routine histology and immunohistochemistry (Study I.) 

The tissue in the window of the titanium chamber was excised. The biopsies were fixed in a 4% 

buffered solution of formaldehyde and embedded in paraffin. One slide was stained with 

haematoxylin-eosin (H&E), while the other was used for immunohistochemical detection of 

Ki-67 (Biocare Medical, Cat#: PRM 325 AA, rabbit monoclonal, prediluted) positive cells. 

Retrieval was performed at pH = 6 at 100°C for 20 min. The antibody was applied overnight. 

A Bond Polymer Refine Detection Kit (Leica Biosystems) was then used; the sections were 

exposed to 3,3’-diaminobenzidine (DAB) for 10 min, followed by counterstaining with 

haematoxylin. 

The sections were subjected to histological examination with the Pannoramic Viewer software 

(3DHISTECH Ltd., Budapest, Hungary). In the H&E-stained sections, we measured the 

diameter of the wound and the length of the growing epithelial tissue on both sides. The sum of 

the growing epithelial tissue was referred to the initial diameter of the wound. In the Ki-67-

stained slides, tissue samples were separated into 100 μm long regions. The wound area was 

divided into 1-4 regions, depending on the length of the growing epithelial tissue, whereas 

unwounded areas surrounding the wound were divided into 4 regions at each side of the wound. 

To analyze the epidermal proliferation in response to the treatments, we calculated the 

epidermal proliferation index; the amount of Ki-67-expressing basal keratinocytes were divided 

by the whole number of basal keratinocytes, to determine the percentage of proliferating cells 

as an indicator for proliferative activity (Safferling K et al., 2013). 

 

3.11. Cell culture and scratch test (Study I.) 

Human HaCaT keratinocytes, kindly provided by Dr N. E. Fusenig (Heidelberg, Germany), 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% foetal bovine 

serum (FBS) until reaching confluency. HaCaT keratinocytes were grown at 37°C in a 5% CO2 

atmosphere. For the experiments, cells were seeded into 24-well plates. 3 different treatments 

were applied by using 6 samples for each case. 

Scratch wounding was performed with a cell scraper of 4 mm width, according to a well-

established in vitro wound-healing assay (Matsuura K et al., 2007). The cells were treated 

once daily with either 4-CMC (0.3 mM), or DA (45 μM), while the control group was left 

untreated. The entire area of a well was imaged using a Nikon Eclipse TS100 inverted routine 

microscope (Nikon Incorporation, Melville, USA) fitted with a Nikon Coolpix 4500 camera 

(Nikon Incorporation, Melville, USA) at the time of wounding (time 0), at 24 h, 48 h, and 72 h 

post-wounding. DermAssess© software was used to measure the width of the scratch. 
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3.12. Cell culture and scratch test (Study II.) 

Keratinocyte Growth: Human keratinocytes were isolated from neonatal foreskins as we have 

reported previously (Isseroff RR et al., 1987), under an approved exemption granted by the 

Internal Review Board at University of California, Davis, and cultured using a modification of 

the method of Rheinwald and Green (Rheinwald JG et al., 1975). The cells were grown in 

keratinocyte growth medium (KGM) (Epilife, 0.06 mM Ca2+), supplemented with human 

keratinocyte growth supplement (0.2 ng/ml epidermal growth factor, 5 µg/ml insulin, 5 µg/ml 

transferrin, 0.18 µg/ml hydrocortisone, and 0.2% bovine pituitary extract) (Cascade Biologics, 

Inc., Portland, OR) and antibiotics (100 units/ml penicillin, 100 µg/ml streptomycin, and 0.25 

µg/ml amphotericin) (Gemini Bio-Products, Inc., Calabasas, CA) at 37 °C in a humidified 

atmosphere of 5% CO2. Cell strains isolated from at least three different foreskins were used in 

all of the experiments, performed with subcultured cells between passages 3 and 7. 

Scratch Assay: Three different strains of keratinocytes were grown to confluence in KGM on 

35-mm culture dishes (Fisher). The cells were either untreated (control) or treated with different 

concentrations of 5-HT (1 µmol/L 5-HT, 10 µmol/L 5-HT, 100 nmol/L 5-HT) in KGM at time 

0. A sterile pipette tip was used to scratch three 500-μm-wide to 1-mm-wide wounds around 

the center of the dish, The rate of healing scratch wounds made in confluent NHK cultures was 

examined by previously reported techniques (Pullar CE et al., 2006). 

Time-lapse images of wounded cultures were every 30 min for 6 h. Healing was calculated as 

follows: 

% healed = SAt=0 – SAt=6 

                       SAt=0 

SA represents surface area of the scratch wound gap at the 0-h (t = 0) or 6-h time point. 

 

3.13. Splinted wound model (Study II.) 

In Study II. mice were anesthetized with isofluorane using a multicircuit anesthesia system for 

rodents (SAA2–3, Viking Medical, Minneapolis, MN). Buprenorphine HCl (0.05 mg/kg, 

buprenorphine HCl injection, Ben Venue, Bedford, OH) was administered subcutaneously prior 

to wounding. For surgery, the dorsal surface was shaved, sterilely prepped, and draped for 

aseptic surgery. All wounding procedures and postoperative treatments were performed by one 

surgeon. Two donut-shaped splints (inner diameter of 10 mm, outer diameter of 14 mm) 

fabricated from a 1.6-mm thick silicone sheet (Press-to-Seal Silicone Sheet JTR-S-2.0, Grace 

Bio-Labs, Bend, OR) were placed bilaterally at the designated locations (centers of the wounds 

were located 40 mm cranial from the tail head and 10 mm lateral from the spine) and adhered 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3144102/#bibr26-0022034510388034
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with cyanoacrylate adhesive (Krazy glue, Elmer’s product, Inc., Columbus, OH) plus eight 

interrupted sutures using 6-0 nylon sutures (6-0 Ethilon Nylon Suture, Ethicon L.L.C., Cornelia, 

GA). A full-thickness wound including the panniculus carnosus layer was created within the 

circumference of each splint by using an 8-mm sterile skin biopsy punch and Westcott scissors 

(model e3322; Bausch Lomb Storz, Manchester, MO). A trimmed plastic cover slip (Fisher 

Scientific, Pittsburgh, PA) was placed on top of the splint, and a semi-occlusive dressing 

(Tegaderm Film 9506W, 3 M Health Care, St. Paul, MN) was applied circumferentially around 

the trunk of the animal. All splints and cover slips used in this study were sterilized using a 

hydrogen peroxide sterilization system (Sterrad 100S system, Advanced Sterilization Products, 

Irvine, CA) (Park SA et al., 2014).  

Daily treatments as indicated were applied topically. Day 10 wound tissue was fixed, sectioned, 

and stained for hematoxylin-eosin or immunohistochemistry. To limit potential bias in scoring 

results of scratch wound assays and histological evaluation of wound re-epithelialization, 

images were captured, coded, and scored by investigators blinded to the treatment group. To 

limit potential bias in the measurement of wound re-epithelialization, wounds were bisected 

through the center of the lesion and multiple sections obtained in order to score the section with 

the largest wound diameter.  

 

3.14. Behavioral experiments (Study II.) 

3.14.1. Light/dark box test 

Anxiety-like behavior was tested using light/dark box test. The model is based on observations 

that, although rodents naturally tend to explore a novel environment, mild stressors, that is, 

open fields and light, inhibit their exploratory behavior. Thus, a drug-induced increase in time 

spent in the illuminated compartment versus the dark compartment is suggested as an index of 

anxiolytic activity (Crawley JN et al., 1980, Bourin M et al., 2003). The test was conducted 

in a large cage lined with bedding containing a light (2/3) and a dark (1/3) compartment. The 

mouse was introduced to the light compartment to initiate the test session. The number of 

transitions from one compartment to the other, and the total amount of time the mouse spent in 

the light box were assessed. Mice were individually tested in ten-minute sessions, recorded by 

a video camera. 

  

3.14.2. Novel object recognition task 

The Novel Object Recognition (NOR) task is one of the most commonly used behavioral test 

for rodents to evaluate cognition, particularly recognition memory. This test is based on the 



21 
 

innate preference of rodents for novelty (Ennaceur A 2010, Berlyne D 1950). It consists of 

three phases: training, resting and testing. During the training phase the mouse was presented 

with two different objects in an open field arena. Mice were videotaped for 5 min, and video 

records were analyzed for the number of times the mouse sniffed or touched the object while 

looking at it. Following the training phase, the animal was returned to his home cage for a 

resting period. In the testing phase the mouse was returned to the open field arena and one of 

the familiar objects was replaced with a novel object. Recognition memory was expressed as 

an exploration ratio, calculated as the frequency of exploration of a novel versus a known object 

(Gareau MG 2011).  

 

3.15. Statistical analysis 

3.15.1. Statistical analysis of study I. 

Data analysis was performed with SigmaStat for Windows (Jandel Scientific, Erkrath, 

Germany). Since the normality test (Shapiro-Wilk) failed in few cases, nonparametric test was 

chosen. Differences between groups were analyzed with Kruskal-Wallis one-way analysis of 

variance on ranks, followed by Dunn method for pairwise multiple comparison. In the Figures, 

median values with 25th and 75th percentiles are given, P < 0.05 was considered statistically 

significant. The data and statistical analysis comply with the recommendations on experimental 

design and analysis in pharmacology (Curtis MJ et al., 2015). 

 

3.15.2. Statistical analysis of study II. 

Data analysis was performed using GraphPad Prism version 5.0 software (GraphPad Software, 

San Diego, CA). Kolmogorov-Smirnov tests were performed to verify normal distribution of 

each data set. For data that do not deviate from normal distribution, Student t test was used to 

compare each individual treatment group to the control; ANOVA was used to determine 

statistical significance when there were three or more groups of treatment. For data that did not 

pass the normality test, the nonparametric Mann-Whitney test was used to assess statistical 

significance. P values #0.05 were considered significant. 
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4. Results 

 

4.1. Study I. 

4.1.1. Inhibition of RyRs accelerates wound closure in vivo 

Planimetric analysis of the wound area on digital images showed a continuous increase in 

epithelialization with approximately 20% wound coverage on day 4, 50% on day 8, and 80% 

on day 12 in the group treated with DA (Figure 2A, 2B). At the end of the experiment, on day 

20 all of the calcium antagonist treated wounds achieved a complete wound closure, while the 

4-CMC treated animals did not. 

The macroscopic finding of increased rate of wound closure in the group treated with DA was 

confirmed by routine histology. The growing epithelial tongues of the edges of the wounds 

were found significantly longer on days 4 and 8, compared to the control animals. From day 12 

to 20, no significant difference was found between the groups (Figure 3A, 3B).  

To determine whether the accelerated wound closure can be attributed to increased 

proliferation, the proliferative activity of the epidermis was quantified by analyzing Ki-67-

stained sections. The epidermal proliferation index was calculated on days 4, 8, 12, 16 and 20 

but our results did not show significant difference temporally or spatially between the groups 

(Figure 4A, 4B). 
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Fig. 2A 

 

 

Fig. 2B 

 

Figure 2. Inhibition of ryanodine receptors accelerates wound closure in vivo. Full-thickness 

excisional skin wounds were created on the backs of SKH-1 mice, topically treated with DA or 4-CMC 

or saline daily. Wounds were digitally photographed every 4 days. Image is representative of a healing 

wound in the control and the DA-treated groups (A). The extent of wound closure was expressed as the 

increasing coverage of the wound area referred to the size of the wound on day 0 (B). # p<0.05 vs 

control, * p<0.05 vs 4-CMC, n=6 (median values with 25th and 75th percentiles are given, p<0.05 was 

considered statistically significant)  
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Fig. 3A 

 

 

Fig. 3B 

 

Figure 3. Analysis of histological sections shows accelerated re-epithelialization after DA 

treatment. Image is representative of a histological section stained with haematoxylin and eosin at 

day 4. Scale bar is 1000 μm, and arrows indicate the two folds of the sandwiched skin, the wound edges 

and the growing epithelial tissue (A). Wound closure rate during 20 days was calculated as a percentage 

of that at 0 h (0%) until total closure of the wound (100%) and is shown in (B). # p<0.05 vs control, n=6 

(median values with 25th and 75th percentiles are given, p<0.05 was considered statistically significant) 
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Fig. 4A 

 

 

 

Fig. 4B 

 

Figure 4. Representative images of Ki-67-stained wound bed sections. The wound area was divided 

into four regions, whereas unwounded areas surrounding the wound were also divided into four regions 

at each side of the wound. Broken line denotes the wound margin (A). Quantification of proliferation 
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by Ki-67 image processing of virtual slides on day 8. The epidermal proliferation index was calculated 

on days 4, 8, 12, 16 and 20 but our results did not show significant difference temporally or spatially 

between the groups (B). n=6 (median values with 25th and 75th percentiles are given, p<0.05 was 

considered statistically significant) 

 

4.1.2. Wound closure of HaCaT cells is accelerated by dantrolene 

We investigated the effect of DA and 4-CMC on wound closure in HaCaT cell monolayers. 

Figure 5A shows the evolution of the scratch on the cell culture. The experimental results 

showed that the scratch closure occurred at a significantly faster rate in the presence of DA 

compared to the control, and the scratch area was completely closed after 72-hour culture. In 

contrast, in cultures treated with 4-CMC the gap closure was delayed by 72 h (Figure 5B). 

 

Fig. 5A 
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Fig. 5B 

 

 

Figure 5. Wound closure of HaCaT cells is accelerated by DA. Representative microscopic images 

of scratch wounds at 0 hour, 24, 48, and 72 hours. The migrating edges were outlined using black 

dashed/dotted lines (A). The gap width was measured in mm at the time of wounding (time 0 h), at 24 

h, 48 h, and 72 h post-wounding. Epithelialization rate of cultures treated with DA is significantly higher 

than those treated with sterile saline at 72 h (B). All data are representative of three independent 

experiments with n=6 per group. # p<0.05 vs control (median values with 25th and 75th percentiles are 

given, p<0.05 was considered statistically significant) 

 

4.1.3. Dantrolene elevates the vessel diameter and the red blood cell velocity  

The analysis of the IVM video records revealed that the vessel diameters did not display a 

change within the 4-CMC and the control groups during the observation period, while the 

calcium channel antagonist increased the vessel diameters by 25% on day 4 compared to the 

control group. This significant difference was also observed on day 8 (17%) and on day 12 

(22%) as well (Figure 6A).  

It has also been shown that inhibition of the RyRs increased the red blood cell velocity in the 

capillaries at all times of measurements by approximately 25%, while there was no difference 

between the 4-CMC and the control group (Figure 6B).  The findings of laser Doppler 

flowmetry have confirmed the data obtained from IVM. The flow curves demonstrated 

consistent significant increases in the blood flow from baseline levels to posttreatment levels 

with an average of 15-fold increase in the group treated with DA (Figure 7). 
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Fig. 6A 

 

Fig. 6B 

 

 

Figure 6. DA elevates the vessel diameter and the red blood cell velocity. Microcirculatory 

parameters were determined from fluorescein isothiocyanate-labeled dextran perfused vessels in the 

dorsal skin-fold. Quantitative analysis of their diameters (μm) during regeneration at days 4, 8, and 12 

post wounding shows a significant increase in caliber in the DA treated mice compared to the control 

group (A). Red blood cell velocity in the microvasculature of calcium antagonist treated mice reached 

800 μm/sec significantly differ to values in the control group (B). # p<0.05 vs control, n=6 (median 

values with 25th and 75th percentiles are given, p<0.05 was considered statistically significant) 
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Fig. 7 

 

 

Figure 7. Laser-Doppler microvascular measurements show increased flow after DA treatment. 

Blood flow in the calcium antagonist treated mice 10 min post-treatment ranged between 200 P.U. and 

500 P.U. significantly differ to baseline values, ranging between 20 P.U. and 30 P.U. # p<0.05 vs before 

treatment, n=6 (median values with 25th and 75th percentiles are given, p<0.05 was considered 

statistically significant) 

 

4.1.4. Inhibition of RyRs decreases XOR activity thereby diminishing ROS production, while 

does not affect MPO activity and leukocyte accumulation 

MPO activity, a commonly used index of inflammatory cell accumulation, was measured during 

the inflammatory phase of wound healing on the first and the fourth days post-

wounding.  According to our results no significant difference was found between the groups 

(Figure 8). In contrast, significant reductions of XOR activity, a critical source of ROS 

production, were observed in the group treated with DA on days 1 and 4 as compared with the 

control group, while 4-CMC did not alter the enzyme activity (Figure 9). 
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Fig. 8 

 

 

Figure 8. Inhibition of RyRs does not affect MPO activity and leukocyte accumulation. The level 

of MPO, a lysosomal protein highly expressed in neutrophil granulocytes and macrophages, which is 

used as a marker of inflammatory cell accumulation was not affected by application of DA during the 

inflammatory phase. n=6 (median values with 25th and 75th percentiles are given, p<0.05 was 

considered statistically significant) 
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Fig. 9 

 

 

Figure 9. Inhibition of RyRs decreases XOR activity. Wounds were harvested on days 1 and 4 post-

wounding. Animals were treated once a day with 4-CMC (0.5 mM, pH=6.5) or DA (100 μM, pH=7.1) 

or saline (control).  Compared to the control group, DA produced a significant decrease in XOR activity 

during the inflammatory phase of wound healing in all six tissues studied at each time point. # p<0.05 

vs control, n=6 (median values with 25th and 75th percentiles are given, p<0.05 was considered 

statistically significant) 

 

4.2. Study II. 

4.2.1. Wound closure of NHK cells is accelerated by fluoxetine in the presence of serotonin 

Although human keratinocytes have been shown to express tryptophan hydroxylase gene 

(Slominski A et al., 2003), an enzyme in the rate-limiting step in 5-HT synthesis, we did not 

find any 5-HT produced by keratinocytes above our lower limit of detection of 9.8 nmol/L. 

Thus, endogenous generation of 5-HT by keratinocytes may be too low to enhance migratory 

speed in FLX-treated keratinocytes in the absence of exogenous 5-HT. In the presence of 5-HT, 

however, FLX improved healing in treated cultures: 60.6% in the 10 nmol/L treatment group, 

62.0% in the 100 nmol/L treatment group (P = 0.01), and 67.0% healed wound area in the 

1 µmol/L FLX group (P = 0.001), relative to the 52.2% healing in the control cultures. To 
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provide further evidence that FLX is working through 5-HT-dependent pathways, scratch 

wound assays were repeated in the presence of the HTR2A blocker ketanserin (KET). The 

HTR2A blocker KET reversed the effects of FLX on wound healing in vitro, again returning 

wound healing to the level of the untreated control group (P = 0.948). These data demonstrate 

not only that FLX increases keratinocyte migration in vitro but that this is dependent upon 5-

HT signaling through HTR (Figure 10). 

 

Fig. 10 

 

 

Figure 10. 5-HT and FLX increase re-epithelialization in vitro. Scratch wound assays were 

performed on confluent cultures of NHKs from three donors with different doses of FLX in the presence 

of 5-HT. HTR2A blocker KET was added to confirm the 5-HT-dependent mechanism. Data represented 

as mean ± SEM. Kolmogorov-Smirnov tests were performed to confirm normality in data distribution. 

Two-way ANOVAs with correction to multiple comparisons were used to assess statistical significance. 

*P≤0.05; **P≤0.01. n = 27/group 

 

4.2.2. Fluoxetine promotes re-epithelialization in vivo 

To test whether FLX promotes re-epithelialization in vivo, full-thickness excisional wounds in 

db/db diabetic mice, a model for impaired wound healing (Park SA et al., 2014), were treated 
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with topically applied FLX, 5-HT, or vehicle control 5% w/v polyethylene glycol (PEG). 

Wounds from mice treated with either 0.02% FLX or 2% 5-HT dissolved in 5% PEG showed 

less exudate compared with vehicle control counterparts at day 10 postwounding. Moreover, 

re-epithelialization was increased from an average of 39.6% in PEG-treated mice to 66.2% in 

mice treated with 0.2% FLX (P = 0.01) (Figure 11). Since the topical application of 5-HT did 

not result in statistically significant improvement in re-epithelialization, likely due to the short 

half-life of serotonin (Udenfriend S et al., 1958), we did not further investigate its direct 

effects. 

 

Fig. 11 

 

Figure 11. FLX increased wound closure in vivo. Average percent re-epithelialization per treatment 

group was quantified at day 10. Data represented as mean ± SEM. Kolmogorov-Smirnov tests were 

performed to confirm normality in data distribution. Student t tests were used to assessed statistical 

significance *P ≤ 0.05. n=9/group 

 

4.2.3. Limited systemic effects of topically applied fluoxetine 

For clinical translation of a topically administered drug, ideally, systemic absorption should be 

minimized to limit the side effect profile. After 10 days of daily dosing with topically applied 

0.2% FLX, the levels of FLX in mouse plasma ranged from 23 to 64 ng/mL, with no change in 

plasma serotonin concentrations. The FLX levels measured are twofold lower than plasma 

levels in patients treated with oral FLX at therapeutic doses and are also significantly lower 
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than levels in mice treated with neurologically therapeutic doses of FLX, either orally or 

intraperitoneally administered (Hodes GE et al., 2010, Dulawa SC et al., 2004). To further 

query if our topical FLX treatment induces psychological effects, we performed behavioral 

experiments on wounded diabetic mice treated with topically applied FLX and found that the 

animals treated with FLX did not exhibit significant changes in their behavior in the light/dark 

chamber box test, a measure of anxiety (Bourin M et al., 2003) (Fig. 14C), or in the novel 

object recognition test, a measure of cognition (Ennaceur A 2010) (Figure 12A, 12B). These 

findings indicate the potential of topically delivered FLX, contrasted to other delivery methods 

for improving healing with minimal systemic effects. 

 

Fig. 12A       Fig. 12B 

 

 

Figure 12. FLX does not alter behavior. On day 9, the time mice spent in light versus dark chambers 

was quantified. The results show no significant differences in the amount of time spent in the light 

compartment between the control and the FLX treated groups. All mice used in this study displayed a 

preference for the dark chamber (A). Exploration ratio, calculated as the frequency of exploration of a 

novel versus a known object in mice treated with vehicle control or FLX, was used to evaluate cognitive 

ability in mice (B). n=9/group 
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5. Discussion 

 

Wounds of different type may considerably decrease the health-related quality of life and place 

substantial burden on healthcare system. Thus, there seems to be a need for novel therapeutic 

approaches accelerating the healing process. In our studies we investigated the effect of already 

marketed drugs - DA, a muscle-relaxant and FLX, an antidepressant - on wound healing. Our 

study has revealed that DA, an inhibitor of RyRs, promotes macroscopic wound closure in vivo 

and the histological examination has confirmed that this agent contributes to the process of 

epithelialization. Furthermore, the in vitro experiments have shown faster closure of the 

keratinocyte layer after application of DA. Regeneration of the epithelium requires tightly 

regulated spatiotemporal process of proliferation, migration and differentiation. Calcium 

signals seem to have a role in these processes.  Epidermis displays a characteristic calcium 

gradient, with low calcium levels in the lower, basal, and spinous epidermal layers, and 

increasing calcium levels towards the stratum granulosum (Menon GK et al., 1985) that 

contributes to keratinocyte differentiation (Elias PM et al., 2002). It has also been described 

that extracellular calcium triggers an increase in the level of intracellular free calcium which 

subsequently promotes cell differentiation (Sharpe GR et al., 1989, Bikle DD et al., 

1996).  Since epidermal injuries disturb the calcium gradient and RyRs are known to be major 

mediators of calcium-induced calcium release, it seemed to be presumptive that influence of 

these receptors may affect wound healing. Denda et al., (have shown that activation of RyRs 

delays the barrier regeneration while inhibition of RyRs by means of topical DA accelerates the 

barrier recovery (Denda S et al., 2012). In the mentioned study, the injury was confined to the 

uppermost layer of the skin. A novelty of our investigation is the demonstration of the efficacy 

of DA in full thickness dermal wounds. According to our findings, inhibition of RyR contributes 

to the healing process via different ways. By means of immunostaining for Ki-67, we have not 

found significantly higher proliferation rate after application of DA. Thus, it can be assumed 

that increased cell migration can be responsible for the accelerated wound closure. Migration 

may be regulated by calcium dependent processes, but this question requires further 

investigation. However, our in vivo experiments have identified another important factor 

playing role in the regeneration.      

The results obtained by means of IVM have shown that local application of DA led to a 

considerable increase in RBCV in the capillaries of the wound edge. This elevation may 

originate in the vasodilation of the arterioles and the relaxation of the precapillary sphincters. 

Measurement of vessel diameters has proven the vasodilation and the laser Doppler flowmetry 
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has also confirmed the elevated blood flow after inhibition of RyR. It is known that RyRs are 

expressed in vessels of different calibres in several organs, e.g. renal resistance arterioles, 

mesenteric arteries, cremaster arterioles, large cerebral arteries and in cerebral microcirculation, 

as well (Arendshorst WJ et al., 2009, Borisova L et al., 2009, Westcott EB et al., 2011, 

Dabertrand F et al., 2013). RyRs play a pivotal role in the regulation of vascular tone but their 

effect may be diverse in different organs. Pharmacological induction of RyRs leads to 

contraction in the smooth muscle of guinea pig mesenteric artery (Itoh T et al., 1981).  The 

RyR antagonist ryanodine results in vasoconstriction in hamster cremaster muscle feed arteries 

(Westcott EB et al., 2011) and rat cerebral arteries (Knot HJ et al., 1998) while DA prevents 

the vasoconstriction induced by serotonin in rat basilar and femoral arteries (Salomone S et al., 

2009). In human, DA attenuates cerebral vasoconstriction without altering systemic 

physiological parameters (Muehlschlegel S et al., 2009). However, the role of RyRs in the 

dermal microcirculation has not been known before. Our results have demonstrated that DA 

considerably elevates the vessel diameter and the RBCV. The increased perfusion of the wound 

area may thus result in a better oxygen and nutrient supply hereby contributing to a faster 

regeneration.  

The present study has also revealed that DA has an impact on inflammation accompanying 

wounds. Inflammation is known to be the first phase of wound repair (Clark RAF 1996) and 

plays an important role in healing. However, an excessive inflammatory reaction may lead to 

chronic wound (Schafer M et al., 2008) and contribute to scar formation (Reinke JM et al., 

2012). Inflammation can be characterized with different factors e.g., inflammatory cell 

accumulation and production of reactive oxygen species (ROS). MPO, which is a lysosomal 

protein highly expressed in neutrophil granulocytes and macrophages, is a critical element of 

oxygen-dependent antimicrobial system in granulocytes (Nauseef WM et al., 1995) and can be 

used as a marker of inflammatory cell accumulation. XOR is a major source of ROS in 

macrophages, it can also be detected in keratinocytes and it is an important component of innate 

inflammatory signaling (Ives A et al., 2015, Nakai K et al., 2006). During normal healing 

process, the expression of XOR is upregulated shortly after wounding (Madigan MC et al., 

2015). Although local application of DA has not influenced the leukocyte accumulation, it 

considerably moderated the ROS production. According to the literature, calcium seems to play 

a role in the regulation of ROS forming mechanisms. Barrier injury is followed by the release 

of various neurotransmitters from the epidermis e.g. ATP, dopamine and glutamate (Glut) 

(Denda S et al., 2012). After wounding, Glut achieves high concentrations in the skin (Albina 

JE et al., 1993). Accumulation of Glut stimulates NMDA receptors which increase the 
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intracellular calcium level triggering a ryanodine-gated calcium release from ER. Moreover, 

inhibition of NMDA receptors or RyRs suppresses ROS production in astrocytes (Kuhlmann 

CR et al., 2009). The calcium influx may also lead to mitochondrial calcium overload which 

can enhance mitochondrial superoxide generation (Hassoun SM et al., 2008). The mentioned 

processes seem to be self-propelling, because ROS-induced damage in the mitochondria leads 

to XO activation and further ROS production (Gladden JD et al., 2011). Furthermore, exposure 

to ROS also activates the RyRs (Csordas G et al., 2009). It can be assumed that restraining of 

intracellular calcium release by inhibition of RyRs results in a decrease of ROS formation.      

The potential anti-inflammatory effect of DA has already been suggested by previous studies. 

In animal experiments, DA was found to suppress the production of pro-inflammatory 

cytokines (TNF-α, IL-12 and IFN-γ), to increase the quantity of anti-inflammatory cytokines 

(IL-10), to attenuate mitochondrial dysfunction and to improve survival in a murine model of 

endotoxemia (Hassoun SM et al., 2008, Fischer DR et al., 2001, Nemeth ZH et al., 1998). 

On the other hand, activation of the RyRs with 4-CMC has not influenced the studied 

parameters, thus seems to have no effect on wound healing.  

FLX has also been shown to exert anti-inflammatory and immunosuppressive effects. In a 

lipopolysaccharide-induced murine model of septic shock, FLX was found to reduce the 

expression of TNF-α and to improve survival (Roumestan C et al., 2007). It has also been 

shown that FLX can suppress graft-versus-host disease (Gobin V et al., 2013). Moreover, FLX 

has been found to reduce LPS-induced ROS/RNS generation in microglial cells and also in 

Huh7.5 cells stimulated with hepatitis C virus respectively (Liu D et al., 2011, Young KC et 

al., 2014). Interestingly, a research on human T lymphocytes showed that FLX interferes with 

Ca2+ signaling by depleting Ca-stores, therefore leaving less Ca2+ available for release after 

IP3R or RyR activation, suggesting a possible mechanism behind the anti-infalmmatory effect 

of FLX (Gobin M et al., 2015). The mentioned study also demonstrated that the depletion of 

Ca-stores is not 5-HT mediated.  In accordance with previous studies, our analysis of wound 

beds by quantitative RT-PCR showed a decrease in TNF, IFN-γ, and IL-6 transcript, 

respectively, compared with the control group, indicating that FLX decreased inflammation in 

the wound bed (data not shown). In addition, our study revealed that FLX shifted the local 

immune milieu toward a less inflammatory phenotype in vivo by promoting the generation of 

pro-reparative M2 macrophages at the local wound environment (data not shown). These results 

are in consistent with the study by F. Su et al., that showed that FLX can inhibit M1 activation 

and improve M2 activation of microglia cells, the brain-specific macrophages (Su F et al., 

2015). 
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The present study has also revealed that signaling through serotonin pathways 5-HT in 

combination with FLX, improved keratinocyte migration in vitro. We discovered that 5-HT 

activated mitogen-activated protein kinase (MAPK) pathways in keratinocytes, evidenced by 

the increase in phosphorylation of ERK and its downstream signals STAT3 and NF-kB (data 

not shown). Furthermore, the in vivo impaired wound healing model has shown increased 

re-epithelialization after application of FLX.  

According to our results topically applied FLX may interact with multiple pathways involved 

in wound healing.  

In conclusion, our results have demonstrated that inhibition of calcium-induced calcium release 

by means of locally applied DA accelerates wound closure in vivo and in vitro. Moreover, DA 

increases the blood flow of the skin. We have also shown that inhibition of RyRs decreases 

XOR activity thereby diminishes ROS production. While there are a variety of materials 

available for wound care, such as dexpanthenol, sodium hyaluronate or zinc hyaluronate, which 

can promote wound healing by increasing fibroblast proliferation and accelerating 

re-epithelialization, to our knowledge there are no other agents for topical use which can 

additionally promote wound healing by increasing perfusion of the wound area. However, we 

have to mention that DA is an expensive compound, but in a previous experiment the 

dose-response evaluation of DA demonstrated a maximal effect in the concentration of 100 μM, 

which is much lower compared to dexpanthenol- or sodium hyaluronate-containing creams and 

ointments, which makes the final product cheaper.  

In the diabetic mouse model of impaired wound healing, we have demonstrated that topical 

FLX improves wound healing through local effects on multiple cell types within the wound. 

The beneficial effects of FLX in our study appear to be independent of psychological changes. 

Our work has demonstrated the potential of repurposing DA, as a RyR antagonist, and FLX, an 

SSRI, as safe and promising therapeutic tools in order to promote dermal wound healing via 

different pathways. 
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6. Summary and new findings  

 

Our in vivo investigation and in vitro experiments were focused on unraveling the roles of RyRs 

and HTR in the process of wound healing.  

We have revealed that inhibition of RyRs has beneficial effects on wound healing with action 

on multiple targets: 

• DA accelerates wound closure in vivo 

• wound closure of HaCaT cells is accelerated by DA 

• DA elevates the vessel diameter and the red blood cell velocity 

• inhibition of RyRs decreases XOR activity thereby diminishing ROS production 

 

We demonstrated that FLX as a topically applied drug: 

• accelerates the wound closure of NHK cells in the presence of 5-HT 

• FLX promotes re-epithelialization in vivo 

• topically applied FLX has limited systemic effects 

Hence, these topically applied drugs represent a safe alternative for the challenging clinical 

problem of chronic, nonhealing wounds. 
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A B S T R A C T

Ryanodine receptors have an important role in the regulation of intracellular calcium levels in the nervous
system and muscle. It has been described that ryanodine receptors influence keratinocyte differentiation and
barrier homeostasis. Our goal was to examine the role of ryanodine receptors in the healing of full-thickness
dermal wounds by means of in vitro and in vivo methods.

The effect of ryanodine receptors on wound healing, microcirculation and inflammation was assessed in an in
vivo mouse wound healing model, using skin fold chambers in the dorsal region, and in HaCaT cell scratch
wound assay in vitro. SKH-1 mice were subjected to sterile saline (n=36) or ryanodine receptor agonist 4-
chloro-m-cresol (0.5 mM) (n= 42) or ryanodine receptor antagonist dantrolene (100 μM) (n= 42).

Application of ryanodine receptor agonist 4-chloro-m-cresol did not influence the studied parameters sig-
nificantly, whereas ryanodine receptor antagonist dantrolene accelerated the wound closure. Inhibition of the
calcium channel also increased the vessel diameters in the wound edges during the process of healing and
increased the blood flow in the capillaries at all times of measurement. Furthermore, application of dantrolene
decreased xanthine-oxidoreductase activity during the inflammatory phase of wound healing.

Inhibition of ryanodine receptor-mediated effects positively influence wound healing. Thus, dantrolene may
be of therapeutic potential in the treatment of wounds.

1. Introduction

As a major secondary messenger, intracellular Ca2+ is involved in
various intracellular signalling pathways e.g. excitation-contraction
coupling. The main intracellular Ca2+ stores are the endoplasmic re-
ticulum (ER)/sarcoplasmic reticulum (SR) and the mitochondrion.
There are two major receptors regulating the Ca2+ release from the SR/
ER, the inositol 1,4,5-triphosphate receptors (IP3Rs) (Nixon et al.,
1994) and the ryanodine receptors (RyRs) (Otsu et al., 1990). In
mammalian tissues, three genes encode three RyR isoforms and many
types of cells express each of them. RyR1 (skeletal muscle type) and
RyR2 (cardiac type) are primarily expressed in the skeletal and the
cardiac muscle and they are pivotal for excitation–contraction coupling,

whereas RyR3 (brain type) contributes to the intracellular calcium
regulation in the brain (Zucchi and Ronca-Testoni, 1997; Kushnir et al.,
2010). Recently the functional existence of RyR in epidermal kerati-
nocytes has been demonstrated (Denda et al., 2012).

Intracellular Ca2+ signalling in keratinocytes is essential for cellular
processes, including migration, proliferation, differentiation, barrier
homeostasis and release of proinflammatory cytokines (Graham et al.,
2013; Tu and Bikle, 2013; Denda et al., 2003). It has been previously
shown that activation of excitatory receptors, such as N-methyl-D-as-
partate receptor (NMDA), nicotinic acetylcholine receptor, P2X pur-
inergic receptor, and RyR induces elevation of intracellular calcium
concentration and delays barrier recovery of the skin (Denda et al.,
2002; Denda et al., 2003; Fuziwara et al., 2003). On the other hand, the
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inhibition of calcium channels, such as voltage-gated calcium channel,
P2X receptor, and RyR accelerate barrier recovery (Denda et al., 2002;
Denda et al., 2006; Denda et al., 2012). However, no information is
available concerning the effects of RyRs on the healing of full-thickness
dermal wounds.

In the present study, we first examined the effect of induction and
inhibition of RyRs on full-thickness wounds in SKH-1 mice. We eval-
uated the rate of wound closure by means of photographic imaging and
histological analysis. We examined the effects of these modulators on
keratinocyte proliferation, and monitored different parameters of the
microcirculation in the wound edges with intravital videomicroscopy
and laser Doppler flowmeter. Finally, we studied the effects of the to-
pical agents on the inflammation process of the healing.

2. Methods

2.1. Animals

The experiments were performed on 12–15-week-old male SKH-1
hairless mice (body weight: 36–44 g). The animals were housed in
plastic cages in a thermoneutral environment with a 12 h light-dark
cycle and had access to standard laboratory chow and water ad libitum.
All interventions were in full accordance with the NIH guidelines. The
procedures and protocols applied were approved by the Ethical
Committee for the Protection of Animals in Scientific Research at the
University of Szeged. (Permit number: V./145/2013.) Animal studies
are reported in compliance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath and Lilley, 2015).

2.2. Implantation of dorsal skin fold chamber

The animals were carefully examined. Mice with any type of injury
or apparent sign of disorder were discarded. Prior to intervention the
animals were anesthetized with a mixture of ketamine (90mg/kg body
weight) and xylazine (25mg/kg body weight) administered in-
traperitoneally. The surgery was performed as described elsewhere
(Sorg et al., 2007). Briefly, two holding stitches were inserted in the
dorsal midline and moderate tension was exerted in order to form a skin
fold. Two symmetrical titanium frames (IROLA GmbH, Schonach,
Germany) were then applied to sandwich the extended double layer of
the skin. The skin fold was fixed to the metal frames with sutures and
sandwiched securely between the frames by means of three nuts and
bolts. A circular full-thickness wound was formed on one side of the
skin fold. A stamp with a diameter of 4mm was used to determine the
line of incision. The complete skin and the musculus panniculus car-
nosus were removed. The non-wounded skin of the opposite side still
consisted of epidermis, dermis and striated skin muscle. The wounded
side was treated topically with one or other of the test solutions and was
then covered with a removable glass coverslip incorporated in the ti-
tanium frame. The covering glasses were removed only for the times of
treatments and measurements.

2.3. Groups and treatments

The mice were divided into 3 treatment groups: (1) wounds were
treated with sterile saline (pH=7.4); (2) wounds were treated with 4-
CMC (0.5mM, pH=6.5); (3) wounds were treated with DA (100 μM,

pH=7.1). Photographs were taken every 4 days (4, 8, 12, 16 and 20),
then the animals were euthanized with an overdose of ketamine and
tissue samples were taken for histological analysis.

Monitoring of the microcirculation with intravital videomicroscopy
(IVM) was performed on days 4, 8 and 12. In a separate group of mice
laser Doppler flowmetry was performed on wounds treated with either
4-CMC or DA.

Xanthine-oxidoreductase (XOR) and myeloperoxidase (MPO) ac-
tivity were measured during the inflammatory phase on days 1 and 4. 6
mice were assigned to each group and time point.

Concerning treatments, the mice were restrained with a plastic cy-
linder into which they were inserted. The titanium frames were fixed to
an aperture on the cylinder, hereby free access was provided to the
wounds. The covering glasses were removed and sterile saline, the
formulation of 4-CMC or the solution of DA was administered to the
wounds with micropipette (100 μL). The covering glasses were then
rapidly returned. Daily one treatment was applied in all groups. The
experimental setup is shown in Fig. 1. Groups and treatments are
summarized in Table 1.

2.4. Measurement of wound area

The animals were anesthetized before measurement, as described
above. They were placed on a heating pad in a lateral position and the
covering glass was removed. Photographs were taken with a camera
(DiMage A200, KonicaMinolta). Photographing was performed under
standard circumstances: the same light sources were used in a dark
room and the camera was fixated to a stand in order to standardize the
distance. The resolution of the images was 3264× 2448. Planimetric
analysis of the images was performed by means of a software (mod-
ification of the ImageJ) (DermAssess©) developed by our working
group. This software can be utilized for the determination of an area
and for the quantification of colour intensity (e.g. grade of erythema), as

Day 0 Day 1 Day 20Day 4 Day 8 Day 12 Day 16

Creation
of wound

Laser Doppler
MPO, XOR

MPO, XOR
Photography

Histology
IVM

Photography
Histology

IVM

Photography
Histology

IVM

Photography
Histology

Photography
Histology

Fig. 1. Experimental protocol.

Table 1
Summary of research methods.

Group Treatment Observation period (days) Method n

1 4-CMC 1 Laser Doppler 6
2 DA 6
3 NaCl 1 MPO, XOR 6
4 4-CMC 6
5 DA 6
6 NaCl 4 MPO, XOR photography 6
7 4-CMC Histology 6
8 DA IVM 6
9 NaCl 8 Photography 6
10 4-CMC Histology 6
11 DA IVM 6
12 NaCl 12 Photography 6
13 4-CMC Histology 6
14 DA IVM 6
15 NaCl 16 Photography 6
16 4-CMC Histology 6
17 DA 6
18 NaCl 20 Photography 6
19 4-CMC Histology 6
20 DA 6

DA, dantrolene; 4-CMC, 4-chloro-m-cresol; MPO, myeloperoxidase; XOR, xan-
thine-oxidoreductase; IVM, intravital videomicroscopy.
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it has been reported in a recent study (Erős et al., 2014). The area of the
wound was measured by two investigators independently and referred
to the area determined on day 0 in order to calculate the rate of wound
closure.

2.5. Intravital videomicroscopy (IVM)

The microcirculation was visualized with a fluorescence intravital
videomicroscope equipped with a 100W mercury lamp (Axiotech vario,
Zeiss, Jena, Germany). The anesthetized mice received a retrobulbar
injection of 80 μL 2% fluorescein isothiocyanate-labeled dextran (mo-
lecular weight 150 kD; Sigma Chemicals, USA). After this injection, a
blue (450–490 nm) filter set allowed analysis of the microcirculation by
the epi-illumination technique, using an Acroplan 20× water immer-
sion objective. During examinations, the tissue was superfused with
37 °C saline. The intravital microscopic images were recorded with a
charge-coupled device video camera (AVT-BC 12, AVT Horn, Aalen,
Germany) attached to an S-VHS video recorder (Panasonic AG-MD830)
and a personal computer. Quantitative assessment of the micro-
circulatory parameters was performed offline with frame-to-frame
analysis, using image analysis software (IVM, Pictron Ltd., Budapest,
Hungary). The following parameters were examined: the red blood cell
velocity (RBCV, μm/s) was measured in the capillaries of wound edges.
At least 2 separate fields of view were visualized in all quadrants of the
circular wound and measurements were performed in at least 6 capil-
laries of all fields of view. Vessel diameter (VD, μm) was assessed by
measuring of all vessels in the given fields or view except those of<
6 μm.

2.6. Microcirculatory measurements

A non-invasive laser Doppler tissue flowmeter (PeriFlux System
5000, Perimed, Järfälla, Sweden) was used to evaluate the cutaneous
microvascular blood flow. A standard pencil probe producing laser
beam was placed on the surface of the wound edge. The method is
based on the reflection of a beam of laser light (780 nm). The coherent,
monochromatic laser beam penetrates into the tissues and scattered by
moving and stationary tissue cells. The photons scattered by red blood
cells are Doppler-shifted, and the reflected light is collected by fibers
coupled to a photodetector. The number of blood cells and their velo-
cities within the measured skin volume are linearly correlated with the
skin blood flow and expressed in perfusion unit (P.U.) (Jarabin et al.,
2015; Zografos et al., 1992). We formed circular wounds as big as the
probe head. We measured the flow 24 h after the surgery. First, we
measured the baseline flow, and then the wounds were treated. 10min
later we repeated the measurements. The signal was registered for 20 s.

2.7. Tissue XOR activity

Skin biopsies kept on ice were homogenized in phosphate buffer
(pH 7.4) containing 50mM Tris–HCl (Reanal, Budapest, Hungary),
0.1 mM EDTA, 0.5 mM dithiotreitol, 1mM phenylmethylsulfonyl
fluoride, 10 μg/mL soybean trypsin inhibitor and 10 μg/mL leupeptin.
The homogenate was centrifuged at 4 °C for 20min at 24,000 g and the
supernatant was loaded into centrifugal concentrator tubes. The ac-
tivity of XOR was determined in the ultrafiltered supernatant by
fluorometric kinetic assay based on the conversion of pterine to iso-
xanthopterine in the presence (total XOR) or absence (XO activity) of
the electron acceptor methylene blue (Beckman et al., 1989).

2.8. Tissue MPO activity

The activity of MPO, a marker of tissue leukocyte infiltration, was
measured from homogenized skin biopsies by the modified method of
Kuebler et al. (Kuebler et al., 1996). Briefly, the pellet was resuspended
in K3PO4 buffer (0.05mol L−1; pH 6.0) containing 0.5% hexa-1,6-

bisdecyltriethylammonium bromide. After 3-times repeated freeze-
thaw procedures, the material was centrifuged at 4 °C for 20min at
24,000 g and the supernatant was used for MPO determination. During
the measurements, 0.15mL of 3,3′,5,5′-tetramethylbenzidine (dissolved
in DMSO; 1.6 mmol L−1) and 0.75mL of hydrogen peroxide (dissolved
in K3PO4 buffer; 0.6 mmol L−1) were added to 0.1-mL samples. The
reaction causes the hydrogen peroxide-dependent oxidation of tetra-
methylbenzidine, which can be detected spectrophotometrically at
450 nm (UV-1601 spectrophotometer; Shimadzu, Kyoto, Japan). The
MPO activities of the samples were measured at 37 °C; the reaction was
stopped after 5min with 0.2 mL of H2SO4 (2mol L−1) and the data were
referred to the protein content (Varga et al., 2010).

2.9. Routine histology and immunohistochemistry

The tissue in the window of the titanium chamber was excised. The
biopsies were fixed in a 4% buffered solution of formaldehyde and
embedded in paraffin. One slide was stained with haematoxylin-eosin
(H&E), while the other was used for immunohistochemical detection of
Ki-67 (Biocare Medical, Cat#: PRM 325 AA, rabbit monoclonal, pre-
diluted) positive cells. Retrieval was performed at pH=6 at 100 °C for
20min. The antibody was applied overnight. A Bond Polymer Refine
Detection Kit (Leica Biosystems) was then used; the sections were ex-
posed to 3,3′-diaminobenzidine (DAB) for 10min, followed by coun-
terstaining with haematoxylin.

The sections were subjected to histological examination with the
Pannoramic Viewer software (3DHISTECH Ltd., Budapest, Hungary). In
the H&E-stained sections, we measured the diameter of the wound and
the length of the growing epithelial tissue on both sides. The sum of the
growing epithelial tissue was referred to the initial diameter of the
wound. In the Ki-67-stained slides, tissue samples were separated into
100 μm long regions. The wound area was divided into 1–4 regions,
depending on the length of the growing epithelial tissue, whereas un-
wounded areas surrounding the wound were divided into 4 regions at
each side of the wound. To analyse the epidermal proliferation in re-
sponse to the treatments, we calculated the epidermal proliferation
index; the amount of Ki-67-expressing basal keratinocytes were divided
by the whole number of basal keratinocytes, to determine the percen-
tage of proliferating cells as an indicator for proliferative activity
(Safferling et al., 2013).

2.10. Cell culture and scratch test

Human HaCaT keratinocytes, kindly provided by Dr. N. E. Fusenig
(Heidelberg, Germany), were cultured in Dulbecco's modified Eagle's
medium (DMEM) containing 10% foetal bovine serum (FBS) until
reaching confluency. HaCaT keratinocytes were grown at 37 °C in a 5%
CO2 atmosphere. For the experiments cells were seeded into 24-well
plates. 3 different treatments were applied by using 6 samples for each
case.

Scratch wounding was performed with a cell scraper of 4mm width,
according to a well-established in vitro wound-healing assay (Matsuura
et al., 2007). The cells were treated once daily with either 4-CMC
(0.3mM), or DA (45 μM), while the control group was left untreated.
The entire area of a well was imaged using a Nikon Eclipse TS100 in-
verted routine microscope (Nikon Incorporation, Melville, USA) fitted
with a Nikon Coolpix 4500 camera (Nikon Incorporation, Melville,
USA) at the time of wounding (time 0), at 24 h, 48 h, and 72 h post-
wounding. DermAssess© software was used to measure the width of the
scratch.

2.11. Statistical analysis

Data analysis was performed with SigmaStat for Windows (Jandel
Scientific, Erkrath, Germany). Since the normality test (Shapiro-Wilk)
failed in few cases, nonparametric test was chosen. Differences between
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groups were analysed with Kruskal-Wallis one-way analysis of variance
on ranks, followed by Dunn method for pairwise multiple comparison.
In the Figures, median values with 25th and 75th percentiles are given,
P < .05 was considered statistically significant. The data and statistical
analysis comply with the recommendations on experimental design and
analysis in pharmacology (Curtis et al., 2015).

2.12. Materials

A ryanodine receptor (RyR) agonist, 4-chloro-m-cresol (4-CMC,
0.5 mM), or a RyR antagonist, dantrolene sodium salt (DA, 100 μM) was
applied on the wounds of the animals. The drugs were dissolved in
sterile saline. Immortalized human keratinocytes from the HaCaT-cell
line after scratching were treated with 4-CMC (0.3mM) or DA (45 μM).
The drugs were dissolved in purified water before added to the culture
medium. The solutions were vortexed and sonicated until dantrolene
and 4-CMC were completely dissolved. 4-CMC and DA were purchased
from Sigma-Aldrich.

3. Results

3.1. Inhibition of RyRs accelerates wound closure in vivo

Planimetric analysis of the wound area on digital images showed a
continuous increase in epithelialization with approximately 20%
wound coverage on day 4, 50% on day 8, and 80% on day 12 in the
group treated with DA (Fig. 2A, B). At the end of the experiment, on day
20 all of the calcium antagonist treated wounds achieved a complete
wound closure, while the 4-CMC treated animals did not.

The macroscopic finding of increased rate of wound closure in the
group treated with DA was confirmed by routine histology. The
growing epithelial tongues of the edges of the wounds were found
significantly longer on days 4 and 8, compared to the control animals.
From day 12 to 20, no significant difference was found between the
groups (Fig. 3A, B).

To determine whether the accelerated wound closure can be at-
tributed to increased proliferation, we quantified the proliferative ac-
tivity of the epidermis by analysing Ki-67-stained sections. The epi-
dermal proliferation index was calculated on days 4, 8, 12, 16 and 20
but our results did not show significant difference temporally or spa-
tially between the groups (data not shown).

3.2. Wound closure of HaCaT cells is accelerated by dantrolene

We investigated the effect of DA and 4-CMC on wound closure in
HaCaT cell monolayers. Fig. 4A shows the evolution of the scratch on
the cell culture. The experimental results showed that the scratch clo-
sure occurred at a significantly faster rate in the presence of DA com-
pared to the control, and the scratch area was completely closed after
72-h culture. In contrast, in cultures treated with 4-CMC the gap closure
was delayed by 72 h (Fig. 4B).

3.3. Dantrolene elevates the vessel diameter and the red blood cell velocity

The analysis of the IVM video records revealed that the vessel dia-
meters did not display a change within the 4-CMC and the control
groups during the observation period, while the calcium channel an-
tagonist increased the vessel diameters by 25% on day 4 compared to
the control group. This significant difference was also observed on day
8 (17%) and on day 12 (22%) as well (Fig. 5A).

It has also been shown that inhibition of the RyRs increased the red
blood cell velocity in the capillaries at all times of measurements by
approximately 25%, while there were no difference between the 4-CMC
and the control group (Fig. 5B). The findings of laser Doppler flowmetry
have confirmed the data obtained from IVM. The flow curves demon-
strated consistent significant increases in the blood flow from baseline

levels to posttreatment levels with an average of 15-fold increase in the
group treated with DA (Fig. 6).

3.4. Inhibition of RyRs decreases XOR activity thereby diminishing ROS
production

MPO activity, a commonly used index of inflammatory cell accu-
mulation, was measured during the inflammatory phase of wound
healing on the first and the fourth days post-wounding. According to
our results no significant difference was found between the groups
(data not shown). In contrast, significant reductions of XOR activity, a
critical source of ROS production, were observed in the group treated
with DA on days 1 and 4 as compared with the control group, while 4-
CMC did not alter the enzyme activity (Fig. 7).

4. Discussion

Wounds of different type may considerably decrease the health-re-
lated quality of life and place substantial burden on healthcare system.
Thus, there seems to be a need for novel therapeutic approaches ac-
celerating the healing process. Our study has revealed that DA, an in-
hibitor of RyRs, promotes macroscopic wound closure in vivo and the
histological examination has confirmed that this agent contributes to
the process of epithelialization. Furthermore, the in vitro experiments
have shown faster closure of the keratinocyte layer after application of
DA. Regeneration of the epithelium requires tightly regulated spatio-
temporal process of proliferation, migration and differentiation.
Calcium signals seem to have a role in these processes. Epidermis dis-
plays a characteristic calcium gradient, with low calcium levels in the
lower, basal, and spinous epidermal layers, and increasing calcium le-
vels towards the stratum granulosum (Menon et al., 1985) that con-
tributes to keratinocyte differentiation (Elias et al., 2002). It has also
been described that extracellular calcium triggers an increase in the
level of intracellular free calcium which subsequently promotes cell
differentiation (Sharpe et al., 1989; Bikle et al., 1996). Since epidermal
injuries disturb the calcium gradient and RyRs are known to be major
mediators of calcium-induced calcium release, it seemed to be pre-
sumptive that influence of these receptors may affect wound healing.
Denda et al., have shown that activation of RyRs delays the barrier
regeneration while inhibition of RyRs by means of topical DA accel-
erates the barrier recovery (Denda et al., 2012). In the mentioned study,
the injury was confined to the uppermost layer of the skin. A novelty of
our investigation is the demonstration of the efficacy of DA in full
thickness dermal wounds. According to our findings, inhibition of RyR
contributes to the healing process via different ways. By means of im-
munostaining for Ki-67, we have not found significantly higher pro-
liferation rate after application of DA. Thus, it can be assumed that
increased cell migration can be responsible for the accelerated wound
closure. Migration may be regulated by calcium dependent processes
but this question requires further investigation. However, our in vivo
experiments have identified another important factor playing role in
the regeneration.

The results obtained by means of IVM have shown that local ap-
plication of DA led to a considerable increase in RBCV in the capillaries
of the wound edge. This elevation may originate in the vasodilation of
the arterioles and the relaxation of the precapillary sphincters.
Measurement of vessel diameters has proven the vasodilation and the
laser Doppler flowmetry has also confirmed the elevated blood flow
after inhibition of RyR. It is known that RyRs are expressed in vessels of
different calibres in several organs, e.g. renal resistance arterioles,
mesenteric arteries, cremaster arterioles, large cerebral arteries and in
cerebral microcirculation, as well (Arendshorst and Thai, 2009;
Borisova et al., 2009; Westcott and Jackson, 2011; Dabertrand et al.,
2013). RyRs play a pivotal role in the regulation of vascular tone but
their effect may be diverse in different organs. Pharmacological in-
duction of RyRs leads to contraction in the smooth muscle of guinea pig
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mesenteric artery (Itoh et al., 1981). The RyR antagonist ryanodine
results in vasoconstriction in hamster cremaster muscle feed arteries
(Westcott and Jackson, 2011) and rat cerebral arteries (Knot et al.,
1998) while DA prevents the vasoconstriction induced by serotonin in
rat basilar and femoral arteries (Salomone et al., 2009). In human, DA
attenuates cerebral vasoconstriction without altering systemic physio-
logical parameters (Muehlschlegel et al., 2009). However, the role of
RyRs in the dermal microcirculation has not been known before. Our
results have demonstrated that DA considerably elevates the vessel
diameter and the RBCV. The increased perfusion of the wound area may
thus result in a better oxygen and nutrient supply hereby contributing
to a faster regeneration.

The present study has also revealed that DA has an impact on in-
flammation accompanying wounds. Inflammation is known to be the
first phase of wound repair (Clark, 1996) and plays an important role in

healing. However, an excessive inflammatory reaction may lead to
chronic wound (Schafer and Werner, 2008) and contribute to scar
formation (Reinke and Sorg, 2012). Inflammation can be characterized
with different factors e.g. inflammatory cell accumulation and produc-
tion of reactive oxygen species (ROS). MPO, which is a lysosomal
protein highly expressed in neutrophil granulocytes and macrophages,
is a critical element of oxygen-dependent antimicrobial system in
granulocytes (Nauseef et al., 1995) and can be used as a marker of
inflammatory cell accumulation. XOR is a major source of ROS in
macrophages, it can also be detected in keratinocytes and it is an im-
portant component of innate inflammatory signalling (Ives et al., 2015;
Nakai et al., 2006). During normal healing process, the expression of
XOR is upregulated shortly after wounding (Madigan et al., 2015).
Although local application of DA has not influenced the leukocyte ac-
cumulation, it considerably moderated the ROS production. According
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Fig. 2. Inhibition of ryanodine receptors accelerates wound closure in vivo. Full-thickness excisional skin wounds were created on the backs of SKH-1 mice, topically
treated with DA or 4-CMC or saline daily. Wounds were digitally photographed every 4 days. Image is representative of a healing wound in the control and the DA-
treated groups (A). The extent of wound closure was expressed as the increasing coverage of the wound area referred to the size of the wound on day 0 (B). #
Indicates significant differences in DA treated mice compared to control, * indicates significant differences in DA treated mic compared to 4-CMC. n= 6.
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to the literature, calcium seems to play a role in the regulation of ROS
forming mechanisms. Barrier injury is followed by the release of various
neurotransmitters from the epidermis e.g. ATP, dopamine and gluta-
mate (Glut) (Denda et al., 2012). After wounding, Glut achieves high
concentrations in the skin (Albina et al., 1993). Accumulation of Glut
stimulates NMDA receptors which increase the intracellular calcium
level triggering a ryanodine-gated calcium release from ER. Moreover,
inhibition of NMDA receptors or RyRs suppresses ROS production in
astrocytes (Kuhlmann et al., 2009). The calcium influx may also lead to
mitochondrial calcium overload which can enhance mitochondrial su-
peroxide generation (Hassoun et al., 2008). The mentioned processes
seem to be self-propelling, because ROS-induced damage in the mi-
tochondria leads to XO activation and further ROS production (Gladden
et al., 2011). Furthermore, exposure to ROS also activates the RyRs
(Csordas and Hajnoczky, 2009). It can be assumed that restraining of
intracellular calcium release by inhibition of RyRs results in a decrease
of ROS formation.

The potential anti-inflammatory effect of DA has already been

suggested by previous studies. In animal experiments, DA was found to
suppress the production of pro-inflammatory cytokines (TNF-α, IL-12
and IFN-γ), to increase the quantity of anti-inflammatory cytokines (IL-
10), to attenuate mitochondrial dysfunction and to improve survival in
a murine model of endotoxemia (Hassoun et al., 2008; Fischer et al.,
2001; Nemeth et al., 1998). On the other hand, activation of the RyRs
with 4-CMC has not influenced the studied parameters, thus seems to
have no effect on wound healing.

In conclusion, our results have demonstrated that inhibition of
calcium-induced calcium release by means of locally applied DA ac-
celerates wound closure in vivo and in vitro. Moreover, DA increases the
blood flow of the skin. We have also shown that inhibition of RyRs
decreases XOR activity thereby diminishes ROS production. While there
are a variety of materials available for wound care, such as dex-
panthenol, sodium hyaluronate or zinc hyaluronate, which can promote
wound healing by increasing fibroblast proliferation and accelerating
re-epithelialization, to our knowledge there are no other agents for
topical use which can additionally promote wound healing by
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increasing perfusion of the wound area. However, we have to mention
that DA is an expensive compound, but in a previous experiment the
dose–response evaluation of DA demonstrated a maximal effect in the
concentration of 100 μM, which is much lower compared to dex-
panthenol- or sodium hyaluronate-containing creams and ointments,
which makes the final product cheaper. Accordingly, DA, as a RyR-
antagonist, seems to be a promising novel therapeutic tool in order to
promote dermal wound healing via different pathways.
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Diabetic foot ulcers represent a significant source of
morbidity in the U.S., with rapidly escalating costs to
the health care system. Multiple pathophysiological dis-
turbances converge to result in delayed epithelialization
and persistent inflammation. Serotonin (5-hydroxytryp-
tamine [5-HT]) and the selective serotonin reuptake in-
hibitor fluoxetine (FLX) have both been shown to have
immunomodulatory effects. Here we extend their utility
as a therapeutic alternative for nonhealing diabetic
wounds by demonstrating their ability to interact with
multiple pathways involved in wound healing. We show
that topically applied FLX improves cutaneous wound
healing in vivo. Mechanistically, we demonstrate that
FLX not only increases keratinocyte migration but also
shifts the local immune milieu toward a less inflamma-
tory phenotype in vivo without altering behavior. By
targeting the serotonin pathway in wound healing, we
demonstrate the potential of repurposing FLX as a safe
topical for the challenging clinical problem of diabetic
wounds.

Chronic wounds represent a significant source of morbid-
ity, with more than 6 million people suffering in the U.S.
alone and expenditures of;$9.7 billion annually (1). With
standard of care, only 50% of patients with diabetic foot
ulcers heal, and to date, no single therapeutic agent has
been successful in improving the healing rate above 50–
60% (2). During the wound healing process, the initial
postwounding inflammatory phase, influx of neutrophils
and macrophages, is critical for normal healing but, if

persistent, results in a chronically inflamed wound that
does not heal (1).

Our early finding of high levels of serotonin (5-hydroxy-
tryptamine [5-HT]) generated by cultured human bone
marrow mesenchymal stem cells (3), cells important for
tissue repair, prompted this investigation into the utility
of serotonin, or selective serotonin reuptake inhibitors
(SSRIs) that increase extracellular serotonin, to improve
wound healing. Serotonin receptors are widely expressed
onmany tissues, including cells present within the skin (4).
A clinical trial of the effects of 5-HT in wounds demon-
strated that ketanserin (a 5-HT receptor 2A [HTR2A]
inhibitor) had no effects on healing of the normal surgical
wound (5); however, it did improve healing in patients
with venous or ischemic ulcers (6). Unfortunately, the
study did not conform to current Consolidated Standards
of Reporting Trials (CONSORT) guidelines for randomi-
zation method, exclusion of rapid healers, size limitations,
and mixed wound etiologies, so conclusions are limited
(5,6). Ketanserin may improve wound healing by blocking
the vasoconstrictive effects of 5-HT on HTR2A (6). In-
triguingly, we found that 5-HT itself appears to be ben-
eficial in an in vivo animal model of impaired healing. We
set out to determine additional targets of serotonin sig-
naling that may mediate the observed improvement in
healing.

Fluoxetine (FLX) is an SSRI that is used to treat
psychiatric disorders. Interestingly, prior studies have
shown that FLX has immune-modulatory properties (7).
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For example, lymphocytes are activated in patients with
depression with dysfunctional serotonergic systems, and
FLX administration reduces their proliferation and im-
mune function (8). Therefore, examining SSRI local effects
on the stalled inflammatory phase that characterizes
chronic wounds is reasonable.

Here we demonstrate the utility of repurposing FLX as
a topically applied drug to improve healing, with action on
multiple targets of wound healing, including improved
re-epithelialization and decreased inflammation.

RESEARCH DESIGN AND METHODS

Protocols Approved
Both institutional review board and institutional animal
care and use committee approval were obtained for all
human tissue and animal experiments.

Primary Neonatal Human Keratinocyte Isolation and
Scratch Wound Assays
Neonatal human keratinocytes (NHKs) were isolated from
human foreskin, and assays were performed as previously
reported (9).

Time-lapse images of wounded cultures were captured
every 30 min for 6 h. Healing was calculated as follows:

% healed ¼ SAt¼0 2 SAt¼6

SAt¼0

SA represents surface area of the scratch wound gap at the
0-h (t = 0) or 6-h time point.

In Vivo Wounding
Mice were randomly assigned to control or treatment
groups to limit bias. Diabetic (db/db) mice (age 11 weeks,
blood glucose .300 mg/dL) received two full-thickness
8-mm splinted circular excisional wounds as previously
described (10). Daily treatments as indicated were applied
topically. Day 10 wound tissue was fixed, sectioned, and
stained for hematoxylin-eosin or immunohistochemistry.

To limit potential bias in scoring results of scratch
wound assays and histological evaluation of wound
re-epithelialization, images were captured, coded, and
scored by investigators blinded to the treatment group.
To limit potential bias in the measurement of wound
re-epithelialization, wounds were bisected through the
center of the lesion and multiple sections obtained in
order to score the section with the largest wound diameter.
In a prior publication (10), we reported on the experimen-
tal conditions that can affect outcomes in interpretation of
healing of splinted wounds in mice and have incorporated
the optimized conditions in the work reported here.

Flow Cytometry
Wound tissues were dissociated mechanically (Tissue Tearor;
BioSpec Products) and enzymatically (Dispase II, Collagenase
D, DNase I; Sigma-Aldrich). Flow was performed with the
following monoclonal antibodies: peridinin chlorophyll
protein complex (PerCP)–conjugated anti-CD45 (30-F11),

BV711-conjugated anti-CD11b (M1/70), phycoerythrin-
conjugated anti-Ly6C (Hk1.4), FITC-conjugated anti-
Ly6G (1A8), phycoerythrin-Cy7–conjugated anti-CD11c
(N418), APC-conjugated anti-F4/80 (BM8), APC-Fire–
conjugated anti-MHC II (M5/114.15.2), and BV421-
conjugated anti-CD206 (C068C2) (all from BioLegend, San
Diego, CA). Data were acquired using an Attune NxT Flow
Cytometer (Invitrogen by Thermo Fisher Scientific) and were
analyzed using FlowJo software (Tree Star Inc.).

Multiplex Assays
Wound lysates were assayed according to the manufac-
turer’s protocol (Millipore Multiplex Assay; MILLIPLEX
MAP 48-680MAG).

RT-PCR
RNA was extracted from wound tissue using Qiazol (Qia-
gen) followed by RNeasy Miniprep (Qiagen). RNA was
reverse transcribed to cDNA using iScript Reverse Tran-
scription Supermix (Bio-Rad). RT-PCR was performed
using PowerUp SYBR Green Master Mix (Thermo/Applied
Biosystems). Data were analyzed and normalized using the
ΔΔCt method with GAPDH, Tbp, and 18S rRNA as house-
keeping genes. Fold change is shown relative to the healthy
unwounded skin.

Statistical Analysis
Kolmogorov-Smirnov tests were performed to verify nor-
mal distribution of each data set. For data that do not
deviate from normal distribution, Student t test was used
to compare each individual treatment group to the control;
ANOVA was used to determine statistical significance
when there were three or more groups of treatment.
For data that did not pass the normality test, the non-
parametric Mann-Whitney test was used to assess statis-
tical significance. P values #0.05 were considered
significant.

RESULTS

Wound re-epithelialization, needed for complete healing,
requires migration of keratinocytes from the wound edge,
a function that is stalled in chronic wounds (11). Using an
in vitro scratch assay to evaluate keratinocyte migration
and ability to re-epithelialize a wound, we found that
serotonin (5-HT) enhanced migration in a dose-dependent
manner (Fig. 1A). Control untreated cultures healed 41.5%
of their scratch wound area compared with 52.2% in the
1 mmol/L 5-HT treatment group (P = 0.01) and 54.7% in
the 10 mmol/L 5-HT treatment group (P = 0.001) (Fig. 1A).
To explore the signaling that modulated migration in these
cells, we probed relevant intracellular signaling pathways
using protein multiplex assays. We discovered that 5-HT
activated mitogen-activated protein kinase (MAPK) path-
ways in keratinocytes, evidenced by the increase in phos-
phorylation of ERK (1.34-fold, P = 0.004) and its
downstream signals STAT3 (1.59-fold, P = 0.043) and
NF-kB (1.66-fold, P = 0.035). There was no modulation
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observed in PI3K/Akt pathways (Fig. 1B). Although human
keratinocytes have been shown to express tryptophan
hydroxylase gene (12), an enzyme in the rate-limiting
step in 5-HT synthesis, we did not find any 5-HT produced
by keratinocytes above our lower limit of detection of 9.8
nmol/L (Supplementary Fig. 1). Thus, endogenous gener-
ation of 5-HT by keratinocytes may be too low to enhance
migratory speed in FLX-treated keratinocytes in the ab-
sence of exogenous 5-HT (Fig. 1C). In the presence of
5-HT, however, FLX improved healing in treated cultures:
60.6% in the 10 nmol/L treatment group, 62.0% in the
100 nmol/L treatment group (P = 0.01), and 67.0% healed
wound area in the 1mmol/L FLX group (P = 0.001), relative
to the 52.2% healing in the control cultures (Fig. 1D). FLX-
enhanced keratinocyte migration effect was consistent
with what we found in keratinocytes derived from patients
with type 2 diabetes (Supplementary Fig. 1). These data
support the hypothesis that signaling through the sero-
tonin pathway increases keratinocyte migration in vitro.
To provide further evidence that FLX is working through
5-HT–dependent pathways, scratch wound assays were
repeated in the presence of the HTR2A blocker ketanserin.
The HTR2A blocker ketanserin reversed the effects of FLX
on wound healing in vitro, again returning wound healing
to the level of the untreated control group (P = 0.948).
These data demonstrate not only that FLX increases
keratinocyte migration in vitro but that this is dependent
upon 5-HT signaling through HTR (Fig. 1D).

To test whether FLX promotes re-epithelialization
in vivo, full-thickness excisional wounds in db/db diabetic
mice, a model for impaired wound healing (10), were treated
with topically applied FLX, serotonin, or vehicle control 5%
w/v polyethylene glycol (PEG). Wounds from mice treated
with either 0.02% FLX or 2% 5-HT dissolved in 5% PEG
showed decreased wound area and less exudate compared
with vehicle control counterparts at day 10 postwounding
(Fig. 2A). Moreover, re-epithelialization was increased from
an average of 39.6% in PEG-treated mice to 66.2% in mice
treated with 0.2% FLX (P = 0.01) (Fig. 2B and C). Since the
topical application of 5-HT did not result in statistically
significant improvement in re-epithelialization, likely due to
the short half-life of serotonin (13), we did not further
investigate its direct effects.

Immunohistochemical analysis showed increased
CD31+ endothelial cells in the wound beds of mice treated
topically with 0.2% FLX (133 cells/mm2), with more visible
scattered small blood vessels compared with control mice
(67 cells/mm2, P = 0.045) (Fig. 2D and E), suggesting
increased angiogenesis and wound bed vascularity. Inter-
estingly, there was a twofold increase in CD11b+ immune
cells within the wound bed at day 10 in control wounds
compared with those treated with 0.2% FLX, indicating
that inflammation persists in the absence of FLX treat-
ment (P = 0.006) (Fig. 2F and G).

Since proreparative macrophages are known to mediate
both wound healing and angiogenesis by acting as cellular
chaperones, we hypothesized that the topically applied

FLX could be promoting the generation of proreparative
macrophages at the local wound environment. This seemed
likely since 5-HT has previously been shown to modu-
late the polarization of macrophages toward an anti-
inflammatory phenotype (14). Therefore, we immune
phenotyped the FLX-treated wounds using flow cytometry.

Wounds were predominantly infiltrated by cells of
myeloid lineage (CD11+CD45+). CD11b+CD45+ cells were
fewer in FLX-treated compared with vehicle-treated
wounds at day 10, from 5.25 3 106 to 1.53 3 106 (P =
0.016) (Fig. 3A and B), confirming the immunohisto-
chemistry observations. Importantly, FLX treatment de-
creased Ly6C+Ly6G2 inflammatory monocyte/macrophage
(mo/ma) numbers overall in the wound at day 10 from
3.2 to 0.53 106 cells (P = 0.032) (Fig. 3C and D). Although
there was an increase in the percentage of neutrophils
(due to a decrease in absolute numbers of mo/ma at the
wounds), there was no difference in the absolute counts
between the two groups (Fig. 3E), suggesting that wound
neutrophils are not affected by FLX. Moreover, within
the Ly6C+Ly6G2 inflammatory mo/ma, there was a no-
table decrease in proinflammatory CD2062MHCII+ mac-
rophages (from 77.9 to 26.2%, P = 0.008), indicating a
shift away from the proinflammatory phenotype (Fig. 3F
and G).

Analysis of wound beds by quantitative RT-PCR (qRT-
PCR; primer sequences listed in Table 1) on day 10 showed
a 1.65-fold increase in arginase 1 (Arg-1), a marker for
alternatively activated, prohealing macrophages (P = 0.04),
and 5.6-fold decrease in inducible nitric oxide synthase
(Nos2), a marker for classically activated, proinflamma-
tory macrophages (P = 0.007), compared with the control
group, supporting the notion of a more proreparative
wound environment (Fig. 4A and B). FLX-treated wounds
had a twofold, 2.4-fold, and 2.2-fold decrease in Tnf, Ifng,
and Il6 transcript, respectively, compared with the control
group, indicating that FLX decreased inflammation in the
wound bed (Fig. 4C–E). Topical application of FLX induced
the expression of Pdgfb (1.8-fold, P = 0.008) and Col3a1
(2.3-fold, P = 0.004), which are essential for granulation
tissue formation and wound resolution (Fig. 4F and G).
Interestingly, we found a significant increase (2.2-fold, P =
0.009) in the Hspa1a transcript (Fig. 4H), which encodes
for the HSP70, an anti-inflammatory mediator, that is
downregulated in diabetic mice postwounding (15). Sero-
tonin has been shown to induce HSP expression in the
absence of heat stress (16,17). Multiple studies have
demonstrated that HSP70 induces Arg-1 (18) and down-
regulates tumor necrosis factor (Tnf) (19), interleukin
6 (Il6), nitric oxide (20), and interferon-g (Ifng) (16)
(Fig. 4I), consonant with the findings in the current study.

For clinical translation of a topically administered
drug, ideally, systemic absorption should be minimized
to limit the side effect profile. After 10 days of daily
dosing with topically applied 0.2% FLX, the levels of FLX
in mouse plasma ranged from 23 to 64 ng/mL (Sup-
plementary Fig. 3A and B), with no change in plasma
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serotonin concentrations (Supplementary Fig. 4). The FLX
levels measured are twofold lower than plasma levels in
patients treated with oral FLX at therapeutic doses and are
also significantly lower than levels in mice treated with
neurologically therapeutic doses of FLX, either orally or
intraperitoneally administered (21,22). To further query if
our topical FLX treatment induces psychological effects, we
performed behavioral experiments on wounded diabetic
mice treated with topically applied FLX and found that
the animals treated with FLX did not exhibit significant
changes in their behavior in the light/dark chamber box test,

a measure of anxiety (23) (Supplementary Fig. 3C), or in
the novel object recognition test, a measure of cognition
(24) (Supplementary Fig. 3D). These findings indicate the
potential of topically delivered FLX, contrasted to other
delivery methods for improving healing with minimal
systemic effects.

DISCUSSION

Chronic nonhealing ulcers, commonly found in patients
with diabetes, represent a significant source of morbidity
and expense to both patients and the health care system in

Figure 1—Serotonin and FLX increase re-epithelialization. Scratch wound assays were performed on confluent cultures of NHKs from three
donors (n = 27/group) in the presence of varying doses of serotonin (5-HT). Scale bar = 100 mm (A). Intracellular signaling nine-plex assays;
NHKs from three different donors were cultured in 100-mm dishes until 80% confluent and treated with 10 mM 5-HT for 6 h. Protein lysates
(n = 6/group) were collected and quantified with Bradford assay before proceeding with Multiplex protocol as outlined in the RESEARCH DESIGN

AND METHODS section. Results were normalized to total GAPDHprotein expression. Fold change comparedwith nontreated control groupwere
presented (B). Significant upregulation of phosphorylation of ERK, NF-kB, and CREB was identified. Scratch wound assays were repeated
with different doses of FLX in the absence (C) and presence (D) of 5-HT. HTR2A blocker ketanserin (KET) was added to confirm the 5-HT–
dependent mechanism. Data represented as mean 6 SEM. Kolmogorov-Smirnov tests were performed to confirm normality in data
distribution. Two-way ANOVAswith correction to multiple comparisons were used to assess statistical significance. *P# 0.05; **P# 0.01.
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the U.S. Persistent inflammation and delayed epithelial-
ization contribute to the stalled healing in these ulcers.
Herein, we have illustrated the polypharmacological tar-
geting in an impaired wound healing model, using a top-
ical formulation of FLX that increases the availability of
5-HT.

Systemic administration of FLX has been shown to
exhibit anti-inflammatory properties in microglia,
splenocytes, and lymphocytes (8). However, the potential
for local modulation of the inflammatory environment
in a chronic wound by topical application of FLX has not
yet been explored. Farahani et al. (25) showed that in
psychologically stressed and nonstressed rats, system-
ically administered FLX improved healing of acute sur-
gical wounds. However, such effects could have been
due to anxiolytic and analgesic properties of FLX. In the
diabetic mouse model of impaired wound healing, we
have demonstrated that topical FLX improves wound

healing through local effects on multiple cell types
within the wound. The beneficial effects of FLX in
our study appear to be independent of psychological
changes.

There are some limitations to this study. Our in vivo
studies are limited to only female diabetic mice. We have
not taken into account the effects of sex hormones that
may (26) or may not (27) impact the outcome of cuta-
neous wound healing. Intact male and female wild-type
mice heal similarly, but gonadectomy revealed the in-
hibitory effects of androgens in males and the enhancing
effects of estrogens (28). In humans, lower total testos-
terone levels commonly occur with type 2 diabetes (29),
which may influence wound healing outcomes. There-
fore, we chose to conduct our study in female mice only
to limit potential confounding factors. Due to the limited
tissue available for harvest from the wound, this study
provides only gene expression data of the proposed

Figure 2—Representative wound images fromday 0 to day 10 after excisional biopsy in db/dbmice treatedwith topical PEG vehicle (control),
topical 0.2% FLX, or topical serotonin (5-HT). Scale bar = 1 mm. A: Representative hematoxylin-eosin stains from each group for
re-epithelialization analysis at day 10. Wound beds are demarcated by orange arrows (B). Average percent re-epithelialization per treatment
group was quantified at day 10 (C ). Immunohistochemical stainings of CD31 (D) and CD11b (F ) on wound bed sections at day
10 postwounding. Average number of positive cells per treatment group was quantified (E and G). Data represented as mean 6 SEM.
Kolmogorov-Smirnov tests were performed to confirm normality in data distribution. Student t tests were used to assessed statistical
significance *P # 0.05; **P # 0.01.
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signaling pathways at the wound site. Although gene
expression is not always predictive of the protein level,
it can be useful in the interpretation of the cellular
and molecular events in the wound microenvironment
(30,31).

Since FLX has undergone extensive toxicology profiling
and safety evaluation, and postmarketing adverse event
reporting, the path to translation to clinic for this novel
indication could be shortened, and a therapeutic need filled
rapidly. We believe that this topical therapeutic represents

Figure 3—Topical FLX attenuates inflammation at wound site as shown by flow cytometry analysis. Wound cells were quantified based on
percent, and cellularity CD11b+CD45+ myeloid cells are noted to be fewer (% and absolute number) (A and B). Within the CD11b+CD45+

population, the Ly6C+Ly6G2 inflammatory macrophages are decreased (C andD). No significant change in Ly6C+Ly6G+ neutrophil counts at
wound site (E). Decreased numbers and percent of MHCII and CD2062 cells within Ly6C+Ly6G inflammatory macrophage population (F and
G). Data represented as mean 6 SEM. Nonparametric Mann-Whitney U tests were performed to assess statistical significance. *P # 0.05;
**P # 0.01.
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Figure 4—Topical FLX induces gene expression in Hsp70 signaling pathways. qRT-PCRwas performed on RNA extracted from flash frozen
skin tissues. Fold change in gene expression compared with healthy nonwounded skin was shown for Arg-1 (A), inducible NOS (iNOS; Nos2)
(B), Tnf (C), Il6 (D), Ifng (E), collagen type III a (Col3a1) (F ), platelet-derived growth factor b (Pdgfb) (G), and heat shock 70 kDa protein 1A
(Hspa1a) (H). Taken together, a signaling pathway for serotonin in cutaneous inflammation was proposed (I). Data represented as mean 6
SEM. Nonparametric Mann-Whitney U tests were performed to assess statistical significance. *P # 0.05; **P # 0.01.
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a safe alternative for the challenging clinical problem of
chronic, nonhealing wounds in patients with diabetes.
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