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Contributors to wound chronicity: 

Investigating the role of age, peripheral nerves, and infection in the 

development of non-healing cutaneous wounds 

 

Abstract 

Chronic wounds are a significant worldwide burden to patients and healthcare 

systems with millions of people suffering from them and treatments costing billions of 

dollars annually. A chronic wound is generally defined as a wound that is open for more 

than a month due to not progressing through the normal healing process. The wound 

healing process is complex involving many cell types and secreted signaling factors, all 

of which need to be tightly controlled both spatially and temporally. Therefore, it is 

important to fully understand the processes that govern physiological wound healing, to 

better recognize how it can become deranged and develop into a chronic wound. 

Additionally, chronic wounds are often complicated by the simultaneous presence of a 

combination of chronic diseases or co-morbidities. These include advanced age, 

infection, and metabolic conditions, but others are known. The most common metabolic 

disease associated with non-healing wounds is diabetes mellitus, which is associated 

with hyperglycemia, hyperlipidemia, peripheral neuropathy, and obesity that may also 

contribute. The work presented in this dissertation sought to better understand the 

contributions of two co-morbidities, advanced age and peripheral neuropathy, in the 

context of a third co-morbidity, infection, to the development of impaired wound healing. 

There is an entrenched paradigm of delayed healing in aged individuals, 

however, some anomalous observations may challenge this paradigm. We investigated 



 x 

the fitness of the skin wound model in the aged mouse (22 months of age: human age-

equivalent 65-70 years) compared to young mice (3 months: human age-equivalent 20 

years) in both sexes and two strains and found no significant difference in healing. 

Therefore, we explored the parameters that may result in the contradictory interpretation 

of results in the literature. Additionally, analysis of serum catecholamine stress 

biomarkers in response to wound trauma revealed elevated dopamine and 

norepinephrine in the aged animals, suggesting an impaired outcome to wound 

infection, an additional stressor. When wounds were infected with Pseudomonas 

aeruginosa, the aged animals’ wounds had significantly reduced healing relative to 

similarly infected young animals. These findings suggest that there is a greater 

physiological stress associated with wound trauma in aged animals, which reduces their 

ability to heal when presented with a secondary challenge. 

Skin sensory nerves play important roles in the homeostatic function of this 

barrier tissue, as well as in response to injury. Recent work has revealed the direct 

contribution of transient receptor potential cation channel, subfamily V member 1 

(TRPV1) expressing sensory nerves in skin infection and disease. Thus, we 

hypothesized that TRPV1+ sensory nerves in the skin are involved in regulating the 

inflammatory phase of cutaneous wound healing, required for physiological progression 

of healing. Comparing wild type mice (C57BL/6) and mice lacking the TRPV1 channel 

(Trpv1-/-) revealed similar healing in uninfected excision wounds, though some cellular 

and molecular differences at baseline were observed. In view of these results, we 

pursued the role of TRPV1 in P. aeruginosa infected wounds and found delayed healing 

in the Trpv1-/- wounds and a number of immunophenotypic differences from C57BL/6, 
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such as infiltrating immune cell frequency differences, elevated pro-inflammatory 

cytokine transcription, and defective dermal tissue repair on day 10. These results 

suggest that TRPV1 is associated with regulation of inflammation in response to wound 

infection. This study is a first step in understanding the role of nociceptors in cutaneous 

wound healing, but more work is needed to elucidate the direct contribution of TRPV1+ 

nociceptors. We believe this is a worthy investigation that may lead to improved 

therapies for infected diabetic foot ulcers. 
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Chapter 1: Wound Healing and Chronic Wound Introduction 

Chronic wounds are a significant burden to patients and healthcare systems in 

developed countries with an estimated 1 to 2 percent of the population suffering from a 

chronic wound in their lifetime [1]. In 2014, it was estimated that over 8.2 million people 

suffer from chronic wounds in the United States alone, with inpatient treatments costing 

$5-24.3 billion and the cost of outpatient treatments surpassing that at $9.9- 35.8 billion 

[2]. Chronic wounds are classified by the Wound Healing Society into 4 major 

categories: pressure ulcers, diabetic foot ulcers, venous ulcers, and arterial insufficiency 

ulcers. One of these categories alone, diabetic foot ulcers, has had a similar five-year 

mortality rate to cancer since 2007, 30.5% for the former and 31% for the latter [2]. Due 

to these alarming statistics, research is being conducted to reveal the underlying 

mechanisms that contribute to the development of non-healing wounds, and the 

mechanisms that result in the progression of an acute wound to a chronic one. While 

much has been discovered, there is more work to be done. 

A chronic wound is defined as a wound that is open for more than a month due to 

not progressing through the normal healing process [3]. Therefore, it is important to 

know the processes that govern physiological wound healing. Four spatially and 

temporally coordinated phases comprise the wound healing process: hemostasis, 

inflammation, proliferation and remodeling. These phases are overlapping and begin 

immediately after injury, continuing for years and in some cases indefinitely. The main 

role of barrier tissues is to separate the outside from the inside of an organism [4], and 

so the purpose of the first phase, hemostasis, is to prevent excessive bleeding and seal 

the site of injury to provisionally reestablish this separation [5]. A wound clot forms by 
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initiation of the coagulation cascade, and then platelets adhering to the extracellular 

matrix and aggregating, which additionally provides a scaffold to infiltrating and 

migrating cells [5]. Platelets are activated to release their granular contents, including 

platelet-derived growth factor (PDGF), calcium, serotonin, histamine, and epinephrine 

[5]. This perpetuates the clot formation as well as initiates the next phase, inflammation, 

synergistically with the release of damage-associated molecular patterns (DAMPs) and 

pathogen-associated molecular patterns (PAMPs) [6]. The inflammation phase of 

wound healing acts through resident and infiltrating immune cells as a defense against 

any pathogens, opportunistic and otherwise, that entered when the barrier was broken, 

and in response to the damage caused by the injury. Tissue resident immune cells that 

respond include mast cells (MCs) [7], gd T cells [8], and Langerhans cells (LCs) [9], as 

well as keratinocytes that provide immune signals [10]. The innate signaling from these 

cells guides infiltrating immune cells to the wound, and influences any adaptive immune 

response needed in conjunction with LCs migrating to lymph nodes [5]. Infiltrating cells 

are dominated by neutrophils at first, and then monocytes that transition to 

macrophages. These cell populations are sufficient, unless the wound becomes 

infected, in which case additional dendritic cell and T cell populations may be required 

[5]. The next phase of wound healing, the proliferation phase, occurs simultaneously 

with the inflammation phase at first. It is proposed that the progression from the 

inflammation to proliferation phase is guided by the transition of macrophages from the 

pro-inflammatory M1 phenotype to the pro-reparative M2 phenotype [11]. The 

proliferation phase is also characterized by the ascendency of angiogenesis, 

keratinocyte proliferation and migration, and replacement of the wound clot with 
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granulation tissue by fibroblasts [5]. Closure of the wound by re-epithelialization marks 

the end of the proliferation phase and then the tissue enters the remodeling phase, 

though there is some overlap. This final phase can last years and the goals of 

remodeling are pruning new vasculature and nerve endings, extracellular matrix 

replacement, and reorganization [5]. Macrophages are essential during this phase for 

their phagocytic function to clear ECM and apoptotic cells, with dysfunction producing 

scarring or chronic wounds [11]. This brief description is a simplification of an extremely 

complicated and multifactorial process but provides a condensed overview of the 

phases of wound healing and the immune cells involved. 

Due to the overlapping mechanisms in normal wound healing, there are usually 

multiple contributing factors that impair healing, not a single factor. Chronic wounds are 

often complicated by co-morbidities, which is the simultaneous presence of a 

combination of chronic diseases. Co-morbidities include advanced age, infection, and 

metabolic conditions, but others are known. These settings contribute to the common 

characteristics of non-healing wounds, namely high level of proteases and inflammatory 

markers, low growth factor activity, reduced cellular proliferation, and dysfunctional stem 

cells [12]. Advanced age is considered a risk factor for developing chronic wounds [13], 

which is a concern in the United States with 3% of the population over 65 years of age 

having open wounds and the US government estimating that the elderly population will 

be over 77 million by the year 2060 [2]. Another common risk factor for developing 

chronic wounds in the skin is infection, which happens when the wound disrupts the 

barrier tissue making it susceptible to invasion by opportunistic or pathogenic microbes 

that reside on the external surface of the skin [14]. Known pathogens commonly found 
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in chronic wound infections include Gram positive bacteria (Staphylococcus aureus, 

Enterococcus spp), Gram negative bacteria (Pseudomonas aeruginosa, Acinetobacter 

spp), and fungi (Candida spp, Aspergillus spp), several of which are antibiotic resistant 

[15, 16]. Infection results in the production of inflammatory mediators that compound 

with the necrotic tissue caused by the microbes, providing an environment for further 

infection leading to a vicious pathologic cycle. The prolonged inflammatory phase stalls 

the normal wound healing process, which can turn an acute wound into a non-healing 

wound and, if it persists, a chronic wound. Metabolic disease is a third co-morbidity that 

contributes to chronic wound development. The most common metabolic disease 

associated with non-healing wounds is diabetes mellitus, which according to the CDC 

affects 34.2 million Americans (10.5 percent of the U.S. population) as of 2018 [2]. Work 

is still elucidating the direct effects of insulin deficiency to chronic wound development, 

and how its associated conditions including hyperglycemia, hyperlipidemia, peripheral 

neuropathy, and obesity may also contribute to chronicity [17]. Co-morbidities make it 

difficult to track these various factors in chronic wounds and so pre-clinical animal 

models are used to tease apart these components. 

The work presented in this dissertation seeks to reveal the contributions of two of 

these co-morbidities, advanced age and peripheral neuropathy, in the context of a third 

co-morbidity, infection, to the development of impaired wound healing. To model the 

advanced age condition, wound healing was compared in young (10-12 week old) and 

aged (22-24 month old) wild type (WT, C57BL/6) mice. In an effort to model the loss of 

peripheral nociceptor signaling that occurs in peripheral neuropathy, healing in mice 

genetically manipulated to lack an ion channel highly expressed on nociceptors, the 
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transient receptor potential cation channel subfamily V member 1 (KO, Trpv1-/-) was 

compared to age matched WT mice. The results were illuminating and generated areas 

for future investigation.  
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To the Editor 

The increasingly prevalent clinical problem of chronic wounds in aged humans (2.21 per 

1000 population) [1] has spurred the search for pre-clinical aged animal wound models. 

Murine aged models have uncovered a multitude of mechanical, biochemical and 

immunological alterations all capable of impacting wound healing (reviewed in [2], and in 

this special issue) that can potentially contribute to delayed healing in aging. Similar 

age-related changes have been identified in humans (reviewed in [3]). These studies 

have led to the entrenched paradigm of delayed healing in aging, using the aged mouse 

as the model. However, some anomalous observations may challenge this paradigm. 

Limited experimental reports [4] suggest that healing of uncomplicated skin wounds in 

healthy aged humans may not be delayed. Indeed, the paradigm of age-related delay, 

in mice and humans, in healing has been challenged as far back as 1995 [5].  

The difficulty in performing matched young/aged wound studies in humans has 

propelled work in mouse models. Therefore, we explored the fitness of the aged mouse 

(22 months of age: human age-equivalent 65-70 years) versus young (3 months: human 

age-equivalent 20 years) in animal studies approved by the University of California, 

Davis Institutional Animal Care and Use Committee. Multiple studies have reported 

delays in skin wound healing when comparing these two populations using wound area 

and wound re-epithelialization as outcomes, however some recent studies provide 

evidence that challenged the paradigmatic framework of delayed healing in healthy, 

unchallenged mice. Indeed, some aged mice were reported to exhibit faster healing 

than young comparators [6]. One variable may be the methods used to measure wound 

healing. Here, we examined healing in young/aged mice in an excisional murine model 
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in both sexes and two strains, and finding no significant difference, we explore the 

parameters that may contribute to discrepancy with the interpretation of results in the 

literature. 

Day 7 post wound tissues, the midpoint of the full healing trajectory for the 8 mm 

size excisional punch wound, were examined. Surprisingly, there was no difference 

between the young and aged mice, either in wound surface area (WA) or 

histomorphometric wound re-epithelialization (RE) (Figure 1a, b). Splinted and 

unsplinted wounds were examined in both male and female animals, as were two 

different mouse strains (C57BL/6 and BALB/c; Figure 1c). This finding also held true at 

earlier (day 3) and later (day 15) time points (Figure 1d). The RE measurements were 

not impacted by gender, strain, or splinting; however, the WA measurements differed 

significantly by gender for both young and aged wounds (Figure S1). Interestingly there 

were no significant correlations between WA and RE measurements (Figures 1c, d). 

Regardless of the measurement used, either WA or RE, no significant difference was 

observed between wound healing in young and aged mice. 

Healing may not be delayed in unstressed wounds, but given an additional 

challenge, such as infection, the well-documented age-related immune aberrations 

(“inflammaging”) contributes to impaired healing [7]. Additionally, elevated systemic 

stress catecholamines sustain wound inflammation and delay healing [8]. Analysis of 

serum catecholamine stress biomarkers in response to wound trauma (Figure 2a) 

revealed that both dopamine and norepinephrine were significantly elevated in the aged 

animals compared to young at day 7 (Figure 2b, S2), suggesting an impaired outcome 

to an additional stressor, such as wound infection. When wounds were infected with 
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Pseudomonas aeruginosa, a prevalent pathogen of chronic wounds, the RE of the aged 

animals’ wounds was significantly reduced relative to similarly infected young animals 

(Figure 2c, d). These findings suggest that the trauma of wounding places a greater 

physiological stress on aged animals, further reducing their ability to heal the wound 

when it is presented with a secondary challenge, such as infection. 

Many studies reporting delayed healing in aged mice rely on WA measurements 

that can be subject to confounding factors. If wounding is not performed in telogen skin 

(evident only after full depilation), contribution from hair follicles in adjacent anagen skin 

can accelerate healing [9], and obscure wound edge. Although splinting limits wound 

contraction [10], the present study did not find a significant difference between young vs 

aged unsplinted and splinted wounds, suggesting limited contribution of contraction 

during the healing process (vs post wound closure) in mice, as previously reported [11]. 

Whether or not occlusive dressings are used (or loosen during the experiment) can alter 

the healing trajectory, confounding results [12]. Even subtle changes in the camera 

angle relative to the wound plane can alter measured WA [13]. Additionally, it is difficult 

to identify the margin of the 2-3 cell thick neo-epidermis by eye in the WA images (eg 

see Figure 1a). Machine learning algorithms attempt to remove subjectivity from this 

assessment. 

Since the defining feature of a healed wound is intact epidermis, histological 

confirmation is required. However, histological RE measurements are not without their 

confounding factors as well. As opposed to linear incisional wounds, circular wounds 

(often used in murine studies) heal with irregular, non-circular shapes [14], and despite 

efforts to identify the center of the wound, selection of where to ‘bisect’ can vastly alter 
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the measurement (Figure S3). The edge of the neo-epidermis can be difficult to 

distinguish on H&E stained sections, and may be better identified using keratin 

immunostaining [15]. Investigators have used different markers of the original wound 

edge—last hair follicle, edge of cut panniculus carnosus, or edge of adipose tissue—

these different landmarks can alter the RE percent of original wound. Discordance 

between WA and RE measurements are noted here and elsewhere [16]. 

In this study, neither measurement of WA nor histological measurement of RE 

detected a difference between young and aged animals in wound healing of uninfected 

excisional wounds, early (day 3), at the midpoint (day 7), or late (day 15) in the healing 

trajectory. Interestingly, despite having similar catecholamine serum levels at baseline 

(Figure S4), the aged animals respond to the simple trauma of the wound with a 

significant increase in dopamine and norepinephrine levels. It appears that although 

aged animals have the ability to cope with one insult, due to multiple alterations in 

immune, biomechanical and stress responses, they do not have the capacity to handle 

a secondary assault, be it infection or possibly obesity or other metabolic derangement. 

Thus, despite the entrenched paradigm, and as proposed by Ashcroft et al in 1995 [5], 

the anomalous findings here and the caveats regarding confounding factors in 

assessing murine wound healing suggest that, although the aged animal may indeed 

exhibit multiple immunological, biochemical and structural differences compared to 

young counterparts, the measured outcomes of wound area and wound re-

epithelialization do not reliably indicate delayed healing in the unstressed wound in a 

healthy aged mouse, and therefore may not be the ideal pre-clinical model in which to 

examine impairment of healing in aging. 



 12 

ORCIDs 

Michelle D. Bagood1, https://orcid.org/0000-0002-9639-5654 

Anthony C. Gallegos1,2, https://orcid.org/0000-0003-1667-9065 

Andrea I. Medina Lopez1,2, https://orcid.org/0000-0001-5346-929X 

Vincent X. Pham3, https://orcid.org/0000-0002-7763-8614 

Daniel J. Yoon1,2, https://orcid.org/0000-0001-6939-6267 

Daniel R. Fregoso1, https://orcid.org/0000-0001-5173-0773 

Hsin-ya Yang1, https://orcid.org/0000-0002-5325-494X 

William J. Murphy1,4, https://orcid.org/0000-0002-2793-401X 

R. Rivkah Isseroff1,2, https://orcid.org/0000-0001-7813-0858 

 

Conflict of Interest 

The authors state no conflict of interest. 

 

Acknowledgments 

We would like to acknowledge the biostatisticians of the UCD Health Clinical and 

Translational Science Center (National Center for Advancing Translational Sciences, 

National Institutes of Health grant number UL1 TR001860) for their assistance with data 

analysis. This work was also partially supported by grants to M.D.B. (Floyd and Mary 

Schwall Dissertation Year Fellowship in Medical Research 2018-2019 and Stephen F. 

and Bettina A. Sims Immunology Fellowship 2018-2019 and 2019-2020) and R.R.I. 

(DARPA grant number A20-0427-S002). 

 



 13 

Author Contributions 

Conceptualization: MDB, RRI, WJM, HY; Data curation: MDB, ACG, AIML; Formal 

Analysis: MDB, ACG, AIML, VXP; Funding Acquisition: RRI, WJM; Investigation: MDB, 

ACG, AIML, VXP, DJY, DRF; Methodology: MDB, ACG, AIML; Project Administration: 

MDB; Resources: RRI, WJM; Supervision: RRI, WJM; Validation: RRI, WJM; 

Visualization: MDB; Writing – original draft: MDB, ACG, AIML, RRI; Writing – review & 

editing: MDB, RRI, WJM. 

 



 14 

Figures 

 

 

 

Figure 1. Lack of correlation of wound healing measurements by wound closure surface 
area vs. wound re-epithelialization. a) Representative images of young and aged BALB/C 

splinted wounds on day 7 post wounding demonstrating variability in response. b) 

Representative images of histological sections stained with hematoxylin and eosin used to 

measure wound re-epithelialization. Orange arrows indicate original wound edges, blue arrows 

indicate end of epithelial tongue. Scale bar = 200 µm. c) Bar graphs comparing wound area 

change and re-epithelialization on day 7 post wounding. The mean ± SEM of young (n = 9) and 

aged (n = 9) unsplinted and splinted wounds in C57BL/6 and splinted wounds in BALB/c (young 

n = 13, aged n = 9). Corresponding correlation graphs of paired wound measurements for 

young and aged wounds. R

2
 = correlation coefficient.

 
 d) Bar graphs comparing wound area 

change and re-epithelialization on days 3 and 15 post wounding. The mean ± SEM of young (n 

= 3) and aged (n = 3) splinted wounds in BALB/c on day 3 and splinted wounds in C57BL/6 on 

day 15 (young n = 8, aged n = 8). Corresponding correlation graphs of paired wound 

measurements for young and aged wounds. R

2
 = correlation coefficient. 
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Figure 2. Wounding elevates catecholamine stress biomarkers and may contribute to 
delayed healing of infected wounds in aged mice. a) Time course of serum catecholamines 

in wounded young mice (12 wks old, n = 2-4). The mean ± SEM, * p<0.05, ** p<0.01, *** 

p<0.001 versus day 0 by 1-way ANOVA. In young animals, dopamine levels fluctuated post-

wounding, though not significantly different from baseline. Norepinephrine levels, however, 

significantly peaked two days after the mice were wounded. b) Comparison of serum dopamine 

and norepinephrine levels of wounded (uninfected) young and aged mice. C57BL/6 female 
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(young n = 5, aged n = 4) mice, day 7 post wounding. The mean ± SEM, * p<0.05, ** p<0.01, *** 

p<0.001 versus young by two-tailed t test. c) Representative images of young and aged infected 

wounds on day 7 post wounding showing greater purulence in aged wounds. Wound surface 

area is obscured by purulence and not measured. d) Re-epithelialization of infected wounds. 

Young (n = 5) and aged (n = 5) C57BL/6 mice were wounded and infected with Pseudomonas 
aeruginosa (2 x 10

4
 CFU per wound). Day 7 post wounding mean ± SEM, ** p<0.01 versus 

young. e) Representative images of histological sections stained with hematoxylin and eosin 

used to measure wound re-epithelialization. Orange arrows indicate original wound edges, blue 

arrows indicate end of epithelial tongue. The increased intensity of the inflammation of wound 

bed in the aged animals infected wounds can be seen. Scale bar = 200 µm.
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Supplementary Materials and Methods 

Mice 

Young (12-14 week old) C57BL/6 and BALB/c male and female mice were obtained 

commercially (Jackson Laboratory, Bar Harbor, ME). Aged (22-24 month old) C57BL/6 and 

BALB/c male and female mice were purchased from the National Institutes on Aging, National 

Institutes of Health (NIH) or commercially (Jackson Laboratory, Bar Harbor, ME). All animal 

studies were approved and performed in accordance to the regulations established by the 

University of California, Davis Institutional Animal Care and Use Committee. Mice were 

acclimated for at least a week, housed 4/cage before beginning in vivo experiments, after which 

they were singly housed.  

 

Wounding surgery and daily monitoring 

One day prior to wounding, dorsal surfaces of mice were shaved and then depilated (Nair, 

Church & Dwight Co., Inc., Ewing, NJ). On day 0, mice were anesthetized with 2.5% isoflurane 

and injected subcutaneously with analgesic (Buprenex, 0.05 mg/mL, 2 μL/g body weight). After 

betadine and alcohol washes of the mouse dorsum, one or two sterile silicon splints (10 mm 

inner diameter, 16 mm outer diameter, 1.6 mm thick) were glued (Superglue, 3M, Maplewood, 

MN) at 35 mm from the base of the skull, and 10 mm on either side of the spine on each mouse, 

and secured with six to eight sutures (6-0 Ethilon, #697G). Wounds were created in telogen hair 

bearing skin, evidenced by absence of visible dark follicles. All mice received two 8-mm full-

thickness, circular wound either in the center of each splint for splinted wounds, or equidistant 

from the midline for unsplinted wounds, by a biopsy punch (Miltex ® Instruments, Integra 

Lifesciences, Princeton, NJ) and surgical microscissors. A 16-mm circular plastic coverslip was 

applied on top of the splints and the entire wound area in both splinted and unsplinted, wounds 
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was sealed with a transparent, semi-permeable dressing (Tegaderm, 3M, Maplewood, MN). The 

mice were housed singly after wounding, and daily mice were weighed and wounds were 

imaged. On days 3, 7, or 15, animals were euthanized by exsanguination and tissues were 

collected for analysis detailed below. 

 

Wound infection 

For infected wounds, inoculum was prepared from Pseudomonas aeruginosa (PAO1) (HER-

1018) purchased from ATCC, grown in LB broth and maintained as frozen 20% glycerol stocks. 

The stocks were streaked out to isolated colonies on fresh LB agar plates grown at 37°C before 

experiments. Single colonies of PAO1 were grown in LB medium overnight at 37°C with shaking 

at 200 RPM. A sample of the culture was then plated onto LB agar plates to determine CFU/ml 

concentration, and the rest refrigerated in 4°C overnight. Before the mouse surgery, the 

culture’s previous day CFU/ml concentration was determined. The culture was then diluted to 

the desired concentration of 1x10

6
 CFU/ml in fresh LB medium and plated onto LB agar plates 

for verification. The inoculum was kept on ice to prevent further growth until the time of infection. 

On day 0, 2x10

4
 CFU of PAO1 were pipetted into each wound prior to sealing with Tegaderm. 

Mice with infected wounds were housed, monitored, and harvested as described above and 

below for mice with uninfected wounds. 

 

Wound image scoring 

Daily images were taken starting on day 0. Scorer was blinded to treatment group. Wound area 

was measured using Image J software (NIH, Bethesda, MD). Day X change in wound area % 

was calculated as [1-(day X  area divided by day 0 area)]x100. 
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Wound tissue collection and histology 

Wound tissue was collected on day 7 post wounding. The Tegaderm, coverslips, sutures, and 

splints were removed and a 1 × 1 cm

2
 section of skin tissue around the wounds was excised and 

fixed in 4% paraformaldehyde (PFA, Sigma, Cat# P6148) at room temperature for 24 hours for 

histological analysis. Samples were washed in 1% PBS and then stored in 70% ethanol at room 

temperature until processing. After processing samples were embedded in paraffin, sectioned 

(5µm), and stained using hematoxylin and eosin (H&E). Stained sections were imaged by light 

microscopy on BZ-9000 BioRevo microscope (Keyence, Osaka, Japan), and images analyzed 

using BZ-II Analyzer software (BZ-H1ME; Keyence, Osaka, Japan). The wound edges were 

defined by the first hair follicle and wound healing is determined by measuring the neo-

epidermis extending onto the wound surface. The outgrowth of the newly formed epidermis was 

tracked manually from the wound edges and the percentage of the combined length of the re-

epithelialization to the total length of the wounds was calculated. Personnel scoring the wounds 

were blinded to the treatment group. 

 

Ultra-High Performance Liquid Chromatography (UHPLC) 

Catecholamines in mouse serum were measured using ion-pairing UHPLC with amperometric 

detection following purification via phenylboronic acid silica solid phase extraction (PBA SPE). 

The mobile phase consisted of 4:96 acetonitrile: phosphate-citrate buffer pH=6.0 (100 mM 

each), 0.1 mM EDTA and 600 mg/L sodium octanesulfonic acid. Catecholamines were 

separated on an Acquity UPLC BEH C18 column (1 mm ID x 100 mm L, 1.7 um particle 

diameter, Waters, Ireland) at a flow rate of 50 µl/minute and a temperature of 37°C. A 5 µl full-
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loop injection was used. The applied potential for the glassy carbon working electrode was 0.46 

V versus the Ag/AgCl reference electrode, with a filter of 0.5 Hz and a range of 20 nA/V.  

 

For PBA SPE clean-up, 50 µl serum was first spiked with 20 µl internal standard solution (750 

nM DHBA in H2O) and mixed with 100 µl acetonitrile containing 0.1% (v/v) formic acid to 

precipitate proteins, centrifuged and supernatant spiked with 10 µl antioxidant solution (1.25% 

ascorbic acid + 2 mM EDTA in water), buffered to pH=8.5, and diluted to 800 µl final volume 

with H2O. This loading solution was applied to a conditioned Monospin PBA cartridge (800 µl 

capacity, GL Sciences, Tokyo, Japan), and eluted with 50 µl of 1% (v/v) acetic acid in H2O. A 

short dry spin was used between sample loading, washing, and elution steps, and after the final 

elution step, to remove residual liquid from the sorbent. All other spins were performed at 1000 

x g. 

 

Statistical analysis  

Statistical analysis was performed and results plotted using GraphPad Prism version 8.4.3 

software. Power calculation was conducted with one outcome (surface wound area or re-

epithelialization) and the Type I error rate was set at 0.05. With a total sample size of 10 

consisting of 5 in each group, based on percent change seen in preliminary studies, the 

experiment had 80% power to detect a 2 standard deviation difference between two groups. 

Statistical comparisons of two groups for more than one variable with normal distributions were 

analyzed by two-way analysis of variance (ANOVA). Statistical comparisons of two groups for a 

single variable with normal distributions were analyzed by unpaired t test. To test the 

relationship between wound surface area and re-epithelialization, correlation analysis was 

performed. A single variable with repeated measures was statistically analyzed by one-way 
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ANOVA with Dunnett’s multiple comparisons post hoc test performed to find significant 

differences from day 0. Data are represented as means ± standard error of the mean (SEM) 

throughout the figures.  
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Supplementary Figures 

 
 

Supplementary Figure S1. Gender but not strain or splinting impacts WA measurements. 
Gender, strain, and splinting do not impact re-epithelialization comparisons between 
young and aged mice. Two-way ANOVA analysis of wound healing measurements separately 

conducted to determine the influence of gender, strain, or splint. The mean ± SEM, * p<0.05, ** 

p<0.01, *** p<0.001 versus young by 2-way ANOVA.  
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Supplementary Figure S2. Serum dopamine and norepinephrine levels of wounded 
(uninfected) aged mice are consistently higher than young mice across gender and 
strain. C57BL/6 male (n = 5 per group) and BALB/c female (young n = 5, aged n = 4) mice, day 

7 post wounding. The mean ± SEM, * p<0.05, ** p<0.01, *** p<0.001 versus young by two-tailed 

t test. 
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Supplementary Figure S3. Re-epithelialization measurement is dependent on selection of 
bisection plane. Two images of the same wound showing horizontal or vertical bisection 

resulting in different lengths of neo-epithelium. Combined length of neo-epithelium across the 

horizontal bisection (8.8 mm, blue) is shorter than combined length of neo-epithelium along the 

vertical bisection (11.0 mm green). Scale bar = 6 mm. 
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Supplementary Figure S4. Baseline serum dopamine and norepinephrine levels are 
similar in young and aged mice. Serum collected at day 0 from young mice (n = 6-7) and 

aged mice (n = 6-8) compared using multiple t tests. The mean ± SEM, * p<0.05, ** p<0.01, *** 

p<0.001. 
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Chapter 3: TRPV1: role in skin and skin diseases and potential target for 

improving wound healing 
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systemic inflammatory response syndrome; STAT: signal transducer and activator of 

transcription; TCA: trichloroacetic acid; TGFβ: transforming growth factor-β2; TNFa: 

tumor necrosis factor alpha; TrkA: tropomyosin receptor kinase A; TRPV1: transient 

receptor potential cation channel, subfamily V member 1; TRPV1+: TRPV1 expressing; 

Trpv1-/-: TRPV1 knockout mouse; TRPV1-ARD: ankyrin repeat domain of TRPV1 
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Abstract 

Skin is innervated by a multitude of sensory nerves that are important to the function of 

this barrier tissue in homeostasis and injury. The role of innervation and neuromediators 

have been previously reviewed so here we focus on the role of the transient receptor 

potential cation channel, subfamily V member 1 (TRPV1) in wound healing, with the 

intent of targeting it in treatment of non-healing wounds. TRPV1 structure and function 

as well as the outcomes of TRPV1-targeted therapies utilized in several diseases and 

tissues are summarized. In skin, keratinocytes, sebocytes, nociceptors, and several 

immune cells express TRPV1, making it an attractive focus area for treating wounds. 

Many intrinsic and extrinsic factors confound the function and targeting of TRPV1 and 

may lead to adverse or off-target effects. Therefore, a better understanding of what is 

known about the role of TRPV1 in skin, and other tissues, and wound healing will inform 

future therapies to treat impaired and chronic wounds to improve healing.  
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1. Introduction 

The skin is innervated by afferent sensory nerves, to detect and distinguish 

between innocuous and noxious stimuli, and efferent autonomic nerves, to maintain 

barrier tissue homeostasis [1]. The sensory nerves of the skin that originate from the 

dorsal root ganglion (DRG) can be further categorized as dermal myelinated Ab- and 

Ad-fibers, which make up about 80% of DRG afferents, and unmyelinated C-fibers that 

make up the other 20% and are present in the dermis and epidermis (Figure 1) [2]. The 

C-fibers are either peptidergic or non-peptidergic based on the presence or absence of 

neurotransmitter peptide expression such as substance P or calcitonin gene related-

peptide (CGRP) that signal in an autocrine and paracrine manner to elicit downstream 

effects [3]. About 70% of the unmyelinated C fibers are classified as C-polymodal 

nociceptors, which respond to various trophic stimuli determined by their membrane 

protein expression, such as calcium and sodium channels (e.g. TRPV1 and NaV1.8) [2]. 

Classification based on neurotransmitter expression does not align with classification 

based on membrane protein expression as there is overlap in some fibers but not in 

others. This is an important nuance to consider for the various gain and loss of function 

models utilized in the studies reviewed here. Moreover, C-fibers have been shown to 

interact with keratinocytes, mast cells (Figure 1), Langerhans cells, blood vessels, and 

other cells of the skin to perform efferent functions through release of neuropeptides [4-

12]. These neuronal mechanisms govern normal skin physiology but, when 

dysregulated, can contribute to abnormal cutaneous manifestations. 

One area where integration of neuronal signaling is critical is in tissue repair, 

where neuroimmune mechanisms signal for cellular responses that contribute to the 
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repair mechanism. The global role of innervation and neuromediators in cutaneous 

wound healing has been reviewed previously [13-15]. Therefore, this review focuses on 

a well-characterized channel, the transient receptor potential cation channel, subfamily 

V member 1 (TRPV1), that is highly expressed by cutaneous peripheral sensory nerves, 

as well as central nerve endings in the DRG, and in varying degrees on other skin and 

immune cells (Figure 1). Understanding what is already known about its role in wound 

healing, and how TRPV1-targeted therapies work in skin as well as other tissues, may 

inform future therapies to improve healing in impaired and chronic wounds. 

 

 

Figure 1. Sensory nerves of the skin and transient receptor potential cation channel, 
subfamily V member 1 (TRPV1) expression. The skin is innervated by sensory nerves 

originating from the dorsal root ganglion (not in the skin as noted by the dashed line) that can be 

categorized as myelinated (Aβ- and Ad-fibers) or unmyelinated (C-fibers). C-fibers can be 

further characterized as peptidergic or non-peptidergic and terminate in the epidermis. C-fibers, 

mast cells, keratinocytes, sebocytes, and hair follicles, to name a few, have been shown to 

express TRPV1 (green tetramer, not to scale). 
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2. TRPV1 structure and function 

The capsaicin activated TRPV1 channel was first discovered in rats by the Julius 

Lab in 1997 through cloning [16] and its human ortholog showed similar properties [17]. 

TRPV1 is a tetrameric ion channel [16], each subunit consisting of 838 amino acids 

(Figure 2) [18], that has been found in homotetrameric and heterotetrameric forms [19, 

20], each with distinct functional properties [21]. The 3D structure of TRPV1 has been 

determined by electron cryomicroscopy showing that it is 150 Å tall and consists of two 

major regions [18]. The small region is 60 Å × 60 Å and 40 Å high, while the large region 

is 100 Å × 100 Å with a height of 110 Å with a basket-like mass containing a large 

opening in its center [18]. The N and C termini of each subunit of the channel is located 

intracellularly [16], with the N terminus playing a role in the channel’s sensitivity to 

activators [22] and the TRP box containing C terminus impacting channel stability and 

function (Figure 2) [23, 24]. Additionally, sensitization or desensitization of the TRPV1 

channel can be achieved through the modulator protein calmodulin (CaM) depending on 

where it is bound to TRPV1 [23, 24] or phosphorylation (Figure 2) [24] of the channel by 

protein kinase C (PKC) [25], protein kinase A (PKA) [26], or calcium calmodulin-

dependent kinase II (CaMKII) [27]. Activators of TRPV1 include not only capsaicin, the 

compound isolated from chili peppers that is responsible for their burning sensation, and 

other vanilloids and endovanilloids, but also noxious heat (>43°C) [16], acidic conditions 

[28], divalent cations [29], and several animal toxins [30-33], though this list is still under 

investigation (reviewed by Fischer et al [34]). These activators can act individually 

through distinct pathways as well as functionally coupled, making the channel activation 

polymodal and complex (reviewed in detail by Zheng [23]). Upon activation by a ligand, 
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channel opening is achieved through a dual gate mechanism involving conformational 

changes in a selectivity filter and a lower gate [35]. Opening the TRPV1 channel 

permeabilizes the cell membrane to ions in a non-selective manner, with very high 

relative permeability to calcium ions [16]. The downstream signaling activated by the 

calcium influx is determined by the intracellular machinery present, as is the functional 

impacts of this signaling on the cell. To further complicate matters, there have been 

reports of alternative splicing of TRPV1, which can lead to non-functional channels or 

splice variant co-expression with TRPV1 that inhibit function [36]. Altogether, the multi-

layered intricacy of the TRPV1 channel, its activators, and the downstream effects of its 

activation make developing TRPV1-targeted therapy and the ultimate outcome of this 

therapy complex. 

Prior to the discovery of the TRPV1 channel, capsaicin use to activate and 

desensitize sensory nerves became an active area of research in pre-clinical models in 

the 1970s [37], but the burning feeling and increased blood flow in skin after its 

application was observed by Hogyes a century before that in 1878 [38]. Indeed, TRPV1 

activation by capsaicin forms the basis for a number of therapeutic and diagnostic 

approaches. However, the reversibility and extent of desensitization reached using 

capsaicin or its ultrapotent analog, resiniferatoxin (RTX), remained elusive [34], as 

shown by RTX being sensory nerve specific and not affecting TRPV1 expression in skin 

[39]. In 2000, the Julius lab created and characterized a TRPV1 knockout mouse 

(Trpv1-/-) that lacks exon 13, encoding the pore loop and transmembrane domain 6 of 

the channel, and does not respond to capsaicin [40]. The development of this mouse 

and other tools has allowed preclinical studies and made TRPV1 an appealing 
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pharmacological target, though the outcome of the therapy is as varied as the 

conditions it is utilized to treat and the precise mechanisms are still under investigation. 

 

Figure 2. Transient receptor potential cation channel, subfamily V member 1 (TRPV1) 
structure. a) The TRPV1 channel is a nonspecific ion channel expressed in the cell membrane 

made of four subunits with 838 amino acids per subunit, and homo- and heterotetrameric forms 

exist. When activated by capsaicin (CAP) or other stimuli, the dual gate pore opens and allows 

ion influx into the cell, with high relative permeability to calcium ions. b) Each subunit of the 

TRPV1 channel is made up of six transmembrane domains. The pore loop is located between 

the S5 and S6 segments. Both the N and C termini are located intracellularly where they interact 

with CAP and phosphatases. The N terminus contains six ankyrin repeats, known as ankyrin 

repeat domain of TRPV1 (TRPV1-ARD), as well as a calmodulin (CaM) binding site. The C 

terminus contains the TRP box and a CaM binding site involved in stability and function. 

Adapted from [24] Figure 2. 
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The majority of TRPV1-targeted therapies are for the treatment of pain; however, 
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discover of the specific channel they activated, and are still in use today to treat many 

types of pain [41]. Several antagonists and a few agonists have been developed and 

progressed to clinical trials in various tissues and pathologies [41, 42]. In addition to 

direct activation or inhibition of TRPV1, extracellular hyaluronan (HA) was shown to 

stabilize the closed state of the TRPV1 channel, thereby reducing TRPV1-mediated 

firing in DRG neurons in vitro and reducing heat and capsaicin nocifensive responses 

after HA subcutaneous injection in vivo [43]. While there have been clear benefits 

demonstrated from TRPV1-targeted therapies, the complexity of the signaling pathways 

affected and the function of the channel itself have shown associated risks, making it 

imperative to weigh all these factors when pursuing these treatments. 

3.1. Clinical Targeting of the TRPV1 channel with Capsaicin to Treat Pain 

While capsaicin is known as the molecule that gives peppers their burning 

sensation and causes pain, it has paradoxically been utilized to treat pain. It was 

observed that repeated or high doses of capsaicin produced analgesia after the initial 

pain subsided, called desensitization [44]. The mechanism of desensitization is not fully 

understood, but there are several proposed actions that are not mutually exclusive but 

are dependent on concentration and frequency of capsaicin application. One proposed 

mechanism is the depletion of neuropeptides in the sensory nerves expressing TRPV1 

after activation by capsaicin, resulting in loss of sensitivity by the neuron to stimuli [45]. 

Another possible mechanism for the refractory state is the influx of calcium leading to 

calcium-dependent proteins acting on the channel to desensitize it. Rosenbaum and 

colleagues have shown that the cytosolic ankyrin repeat domain of TRPV1 (TRPV1-

ARD), which sensitizes TRPV1 when bound to ATP, is bound by calmodulin (CaM) in a 
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calcium-dependent manner to desensitize TRPV1 after capsaicin activation (Figure 2) 

[46]. Finally, desensitization may be the result of capsaicin-induced cell death of TRPV1 

expressing (TRPV1+) sensory neurons [47], most likely via caspase-dependent 

apoptosis and mitochondrial permeability [48], though there is evidence of caspase-

independent cell death as well [49]. Furthermore, Menendez and colleagues showed 

that capsaicin-mediated analgesia is enhanced up to 30 days in inflammatory 

environments compared to control [50]. These are just a few of the studies that have 

begun to reveal the mechanisms underlying the analgesic effects of capsaicin, and 

future investigations will reveal more details of how they work individually and together. 

Not fully understanding desensitization has not stopped the use of capsaicin clinically to 

treat pain. 

Capsaicin is available by prescription and over the counter in various forms to 

treat a wide range of pain conditions. Capsaicin cream is available in 0.025%, 0.075% 

and 0.1% concentrations and has been utilized to treat pruritus [51], postherpetic 

neuralgia [52], osteoarthritis [53], and diabetic neuropathy [54]. The application of 

topical capsaicin (0.075%) four times a day over a three-week period resulted in 

degeneration of sensory nerves and reduced sensitivity to all cutaneous stimuli, 

especially noxious heat and mechanical stimuli [55]. In addition to creams, capsaicin 

has been used in a nasal application to reduce the occurrence of cluster headaches [56] 

and a clinical trial has been conducted to test the effectiveness of capsaicin lozenges to 

treat mucositis caused by radiation therapy (www.clinicaltrials.gov; NCT00003610). The 

past success of capsaicin treatment for various forms of pain has led to continued 

investigation of its efficacy in ongoing clinical trials. 
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The majority of clinical trials are assessing the benefits of a capsaicin patch 

(NGX-4010 or trade name Qutenza) to treat neuropathic pain [41, 57]. A capsaicin 8% 

patch was well tolerated and effective when used to treat post-traumatic and post-

surgical neuropathic pain [58], post-herpetic neuralgia [59], HIV-associated distal 

sensory polyneuropathy [60], and peripheral diabetic neuropathy pain [61]. This patch is 

in trials to treat pain resulting from a variety of diseases, including HIV-associated 

neuropathy [62], herpes, surgery, amputation, cancer, and complex regional pain 

syndrome type 1 (www.clinicaltrials.gov; NCT03794388, NCT01748435, NCT04704453, 

NCT00468390). The 8% capsaicin Qutenza patch (Acorda Therapeutics, Ardsley, NY) 

and capsaicin topical liquids (1% and 5%) are in clinical trials to treat osteoarthritic pain 

(www.clinicaltrials.gov; NCT03528369), as well as the intraarticular injection of trans-

capsaicin to treat osteoarthritic pain in the knee [63]. A 0.075% capsaicin gel has 

sufficiently treated acute back and neck pain [64] and is also in a Phase III clinical trial 

to treat diabetic neuropathy (www.clinicaltrials.gov; NCT03113448). The use of 

capsaicin to target TRPV1 in pain has revealed the potential of focusing on this channel 

and opened the door to treating many other conditions via TRPV1. Understanding the 

successes and off-target effects of TRPV1-targeted treatments in other tissues and 

diseases reveals mechanisms that may be utilized in the skin, as well as cautions 

against unwanted outcomes. 

3.2. Targeting TRPV1 in the Bladder 

The presence of TRPV1 in the bladder and its role in the micturition reflex has 

been well documented [65]. Based on this, TRPV1-targeted therapy for the treatment of 

patients with overactive bladder has been attempted. TRPV1 agonist RTX administered 
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intravesicularly has shown some benefit in clinical trials for patients suffering neurogenic 

detrusor overactivity and spinal cord injury associated incontinence [66, 67]. On the 

other hand, TRPV1 antagonists seem to be more effective in the treatment of interstitial 

cystitis [67]. The nuances of treating bladder disorders by targeting TRPV1 with either 

agonists or antagonists demonstrates the intricacy of pinpointing the desired outcomes 

of the treatment. 

3.3. Targeting TRPV1 in Cancer Therapy 

The presence of TRPV1 in some tumors has been established and led to 

targeting this channel for anti-cancer therapies, as has been recently comprehensively 

reviewed [68] and is briefly discussed here. This work highlights the role of TRPV1 in 

inflammation and calcium signaling, mechanisms associated with tumorigenesis, 

metastasis, and cancer cell survival. However, the variability in expression and role of 

TRPV1 in cancer development is still under investigation and may account for the mixed 

results yielded by studies in this field. For example, TRPV1 has been shown to be 

upregulated in breast cancer tissue compared to healthy [69] but downregulated in 

urothelial cancer [70]. Preclinical studies provide evidence that absence of TRPV1 or 

TRPV1 antagonism may contribute to cancer development, suggesting that TRPV1 

plays a role in suppressing cancer development. In mice globally lacking the TRPV1 

channel (Trpv1-/- mice), there is evidence for higher rates of colitis-associated colon 

cancer but, while the authors showed that lack of TRPV1 resulted in decreased anti-

inflammatory neuropeptides and increased inflammation in the colons, the direct 

mechanism of TRPV1 in cancer development was not demonstrated in vivo [71]. In the 

TPA-induced skin cancer model, TRPV1-/- mice showed an increase in skin 



 39 

carcinogenesis and the authors showed TRPV1 and epidermal growth factor receptor 

(EGFR) have an inverse relationship, with TRPV1 promoting EGFR degradation and 

preventing malignant cell transformation [72]. Further investigation into the involvement 

and mechanistic impacts of TRPV1 agonism or antagonism has begun to fine tune 

TRPV1-targeted therapies against cancer. 

In an effort to induce cancer cell apoptosis, some anti-cancer therapy focused on 

the calcium influx property after TRPV1 activation. The application of capsaicin to 

activate TRPV1 induced apoptosis in triple-negative breast cancer cell line (SUM149PT) 

[69]. In contrast, capsaicin treatment of other breast cell lines (MCF7, MDA-MB-231, 

BT-474) and some prostate cancer cell lines (PC-3, Du 145, LNCaP) showed no 

cytotoxic effects [73]. These mixed results may be explained by differing concentrations 

of capsaicin used in these treatments, 150 µM in the former versus 50 µM in the later. 

Additionally, there was evidence that capsaicin treatment of KB cancer cells disrupted 

mitochondrial membrane potential which led to apoptosis [74]. Taken together, these 

studies demonstrate the complexity of calcium signaling and reveal the need to 

characterize the precise TRPV1 mediated mechanism in individual cancers to 

determine efficacy of TRPV1-targeted anti-cancer therapy. 

On the other hand, there is evidence that some TRPV1 focused anti-cancer 

therapy may be working through TRPV1-independent mechanisms. Osteosarcoma 

MG63 cells treated with capsaicin increased phosphorylation of AMPK and p53 

independent of TRPV1 [75]. And in pancreatic cancer cells, capsaicin impacted b-

catenin and TCF-1 by inhibiting signaling through the AMPK/p53 pathway [76]. There is 

also the possibility that capsaicin is acting independently of the TRPV1 channel in oral 
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squamous cell carcinoma cells. In this cell line, the presence of TRPV1 was confirmed, 

however, treating the cells with capsaicin resulted in cytotoxicity via reactive oxygen 

species production, even when capsaicin activation of TRPV1 was blocked with 

capsazepine [77]. Taken together, these studies raise the possibility that treatment of 

wounds with TRPV1 agonists such as capsaicin may improve healing through a 

TRPV1-independent mechanism. 

Combination anti-cancer therapies have yielded positive results, suggesting the 

capacity for similar synergetic treatments with TRPV1 agonists and other 

pharmaceuticals for wounds. Anti-cancer therapy success in vitro against human breast 

cancer cell line MCF-7 and human papillary thyroid carcinoma BCPAP cells was 

achieved by combining capsaicin with chemotherapy [78-80]. The main outcome is 

apoptosis of the cancer cells, though the mechanism by which TRPV1 enhances this 

effect in these specific examples still needs to be elucidated. It has been suggested that 

capsaicin may open the TRPV1 channel, allowing the chemotherapy drug to pass more 

easily into the cell through the channel pore [68]. From the growing library of anti-cancer 

TRPV1-targeted therapy studies, it is becoming clear that this strategy is not universal 

but does have potential to modulate various signaling pathways and in some cases 

apoptosis. 

3.4. Adverse effects with TRPV1-targeted treatments 

Targeting TRPV1 has not occurred without complication, and the lessons learned 

from these adverse effects need to be taken into consideration when developing wound 

therapy. Early challenges to TRPV1 targeting for analgesia were off-target adverse 

effects like noxious heat sensation and hyperthermia [81], and so channel activator 
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blockade by antagonists was pursued [42]. A potential downside to targeting TRPV1 

may be the carcinogenic effects, but the extent of this risk is still under investigation. 

One preclinical study found that topical application of AMG-9810, a TRPV1 antagonist, 

increased EGFR expression and its downstream Akt/mammalian target of rapamycin 

(mTOR)-signaling pathway in vivo, as well as cell proliferation promotion in Telomerase-

immortalized primary human keratinocytes 1 (N/TERT1) cells [82]. This evidence might 

suggest the chronic blockade of TRPV1 may increase the risk for cancer development. 

However, a recent examination of this antagonist and two other TRPV1 antagonists 

(SB-705498 and PAC-14028) in normal human epidermal keratinocytes (NHEK) and 

HaCat cells found no change in cell proliferation or EGFR/Akt/mTOR signaling pathway 

protein expression, nor could AMG-9810-treated skins activate the EGFR signaling 

pathway in TPA-induced papilloma formation [83]. Testing a TRPV1 antagonist for 

tumorigenicity in a mouse model of skin carcinogenesis, PAC-14028 1.0% cream was 

well tolerated by female mice after 169 days of topical application and was not 

carcinogenic in a two-stage carcinogenesis study [84]. The contradictory findings of 

these studies need to be addressed, but the potential impact on the EGF/Akt/mTOR 

signaling pathway does need to be taken into account when utilizing TRPV1-targeted 

therapies in wound healing. 

3.5. TRPV1 involvement in Sepsis 

In addition to possible carcinogen risks, pre-clinical studies may provide evidence 

of TRPV1 functionality playing a role in the development of sepsis. Mice deficient in 

TRPV1 with the cecal ligation and puncture (CLP) model of sepsis suffered from more 

severe disease compared to WT mice, including increased peritoneal mononuclear cell 
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apoptosis, decreased neuropeptide-dependent phagocytosis, decreased reactive 

oxygen species, increased inflammatory mediator levels, and reduced bacterial 

clearance [85]. The authors concluded that TRPV1 deletion is associated with 

decreased macrophage-associated defenses and so TRPV1 protects against sepsis 

damage, possibly influencing the transition from local inflammation to systemic disease 

[85]. There is also evidence of a shift of TRPV1 function from anti-inflammatory to pro-

inflammatory in systemic inflammatory response syndrome (SIRS) and sepsis models 

as an organism ages, shedding light on another factor to consider when utilizing 

TRPV1-targeted therapy in older patients. Wanner and colleagues showed that TRPV1 

antagonism in young (12 wk) mice resulted in increased LPS-induced mortality, 

demonstrating an anti-inflammatory role for TRPV1 in SIRS [86], supporting earlier work 

in the CLP sepsis model [85, 87, 88]. Accelerated mortality was also seen with CLP in 

aged animals with TRPV1 deleted compared to wild type littermates [86]. However, 

when antagonizing TRPV1 or deleting it globally in middle aged mice (43-44 wks), 

systemic tumor necrosis factor alpha (TNFa) levels were reduced and mortality was 

delayed and decreased [86], demonstrating a reversal of TRPV1 function with age and 

the suppressive role of TRPV1 on TNFa. This evidence reveals a potential adverse 

effect broad TRPV1 antagonism could have in older individuals, potentially making them 

susceptible to the development of SIRs or sepsis. The evidence of off-target risks and 

age-associated function demonstrates that, when developing therapy to improve wound 

healing, the cell population(s), TRPV1 expression levels, and age of patient should be 

well defined, and potential risks considered. Topical treatment of skin wounds may 

circumvent these concerns. 
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4. TRPV1 in skin  

4.1. Targeting TRPV1 in Skin 

One strategy for treating skin pain is targeting expression of TRPV1 on 

keratinocytes. A recent report shows in human embryonic kidney (HEK) 293 cells and 

DRGs, TRPV1 is constitutively internalized in a clathrin- and dynamin-dependent 

manner when cyclin-dependent kinase 5 (CDK5) phosphorylates adaptor protein 

complex 2 (AP2) and then the μ2 subunit of AP2 (AP2μ2) interacts directly with TRPV1 

[89]. When TRPV1 internalization was inhibited in DRGs, there was reduced 

inflammatory thermal hyperalgesia, which the authors suggest as a potential drug target 

for the clinical treatment of pain [89]. While these treatment mechanisms have not been 

tested in keratinocytes yet, further studies may substantiate their therapeutic anti-

inflammatory potential in keratinocytes in addition to their pain reduction via the DRGs. 

TRPV1 antagonists and TRPV1 pathway antagonists have been used or are 

currently in clinical trials to treat atopic dermatitis and psoriasis. While pre-clinical study 

results were positive, their clinical efficacy is yet to be determined [90]. The antagonist 

PAC-14028 decreased scratching behavior and attenuated or reversed barrier damage 

by improving the expression of the epidermal barrier proteins, loricirin or filaggrin [90]. 

Another approach to limiting TRPV1 action is by using CT327/SNA-120, a tropomyosin 

receptor kinase A (TrkA) inhibitor, which acts by reducing TrkA sensitization. TrkA is the 

NGF receptor and a major player in the TRPV1 pain pathway, and targeting it results in 

the downstream up-regulation of TRPV1. Application of CT327 0.05% to psoriatic skin 

resulted in a reduction of pruritis on the visual analog scale but no change in the 

objective score over vehicle in a phase IIb clinical trial [91]. Tradipitant, an inhibitor of 
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neurokinin 1/substance P, a neuropeptide released after TRPV1 activation on sensory 

nerves, ameliorated pruritis though not statistically significant in a phase II clinical trial 

and the results of another phase II trial for tradipitant in atopic dermatitis (AD)-

associated treatment-resistant pruritus have yet to be published [90]. VPD-737, 

antagonist of the substance P receptor, neurokinin 1 receptor (NK-1R), showed 

reduction in chronic pruritus and was well tolerated in a phase II clinical trial for AD [92]. 

To better understand how these treatments are acting in the skin, it is imperative to fully 

characterize TRPV1 expression and function, as well as downstream mechanisms, in 

the various cells that make up the skin compartment. 

4.2. TRPV1 Expression and Function in Keratinocytes 

The expression of TRPV1 by keratinocytes was characterized many years ago 

and its function extensively studied. Denda and colleagues first demonstrated the 

presence of TRPV1 (previously known as VR1) on human epidermal keratinocytes in 

situ in 2001 [93]. Heat, photoaging, and natural aging have been associated with 

increased TRPV1 expression by human keratinocytes ex vivo and in vivo [94, 95]. This 

may in part be due to the UV irradiation, which has been shown to enhance Src kinase 

mediated trafficking of TRPV1 to the cell membrane surface in HaCat cells from 

intracellular vesicles in 15 minutes [96]. Taken together, these studies provide strong 

evidence for the expression of TRPV1 on human keratinocytes. 

While keratinocytes may express TRPV1, the role that TRPV1 manipulation 

plays in the functionality of keratinocytes is complicated, summarized here and in Figure 

3, and requires more study. In zebrafish keratinocytes, cell motility and intracellular 

calcium activity are TRPV1-dependent [97]. This finding was supported in murine 



 45 

keratinocytes (Pam212 cells) which revealed the de novo expression of integrin β4 and 

TRPV1 in migrating cells, capsaicin promotion of migration, and TRPV1 antagonist 

inhibition of wound closure in a scratch wound assay [98]. In contrast, it is possible that 

TRPV1 channel opening by capsaicin or heat may delay barrier recovery after tape 

stripping in hairless mouse skin and human skin [99]. The detrimental effect of TRPV1 

activation finding was also supported recently in nitrogen mustard (NM) skin injury 

model. Though calmodulin signaling is known to desensitize TRPV1 after activation 

[46], in vitro NM increased TRPV1 expression, intracellular Ca2+, and Ca2+/calmodulin-

dependent kinase kinase b/AMP-activated protein kinase/unc-51-like kinase 1 

(CaMKKb-AMPK-ULK1) signaling in keratinocytes [100]. This signaling led to autophagy 

and cell death, and this phenotype was confirmed in vivo in NM-treated skin [100]. 

TRPV1 activation with trichloroacetic acid (TCA) induced keratinocyte production of 

growth factors and cytokines that enhance proliferation in vivo [101]. Although it seems 

TRPV1 activation promotes keratinocyte proliferation in acidic conditions, evidence 

suggests TRP channels other than TRPV1 are important for keratinocyte differentiation 

[102, 103]. Therefore, it may be better to target a different TRP channel if the desired 

effect is keratinocyte differentiation instead of proliferation. 

In addition to its part in keratinocyte function, TRPV1 significantly impacts 

keratinocyte-dependent inflammation. TRPV1-dependent inflammation was 

demonstrated in vitro with NHEK and HaCat cells, where TRPV1 activation by capsaicin 

or acidification induced increased intracellular calcium and release of cyclooxygenase-2 

(COX-2), interleukin (IL)-8 and prostaglandin E2 [104, 105]. TRPV1 mediated the 

expression of matrix metalloproteinase 1 (MMP-1) mRNA and protein via calcium influx 
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in response to heat, capsaicin, or UV irradiation in NHEK and HEK 293 cells has been 

demonstrated, and follow-on studies showed the calcium influx resulted in PKCα 

signaling in HaCat cells for this outcome [94, 106, 107]. Additionally in HaCat cells, UV 

radiation activated TRPV1 to open and allow calcium influx, which turned on the 

calcineurin/nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) pathway [108]. 

This in turn induced gasdermin-C expression in the HaCat cells, which also fed into the 

increase of MMP-1 expression [108]. Taken together, these studies show the various 

downstream signaling pathways that are activated after TRPV1 opens and allows 

calcium influx into keratinocytes. Depending on the type of wound being treated, it is 

important to understand if TRPV1 is activated by injury, and if so, how it affects the 

functionality of the keratinocytes in wound healing in order to properly target TRPV1 

with either agonist or antagonist. 

 
Figure 3. Effects of different activators of TRPV1 on keratinocyte function and signaling. 
In vitro studies have elucidated that TRPV1 is expressed by keratinocytes and activated by 

several known activators in vitro. Keratinocyte intra- and extra-cellular signaling and, in some 
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cases, function was determined post-activation. This figure represents the findings of these 

various in vitro studies, with different dashed lines showing the downstream signaling/function 

each activator induced. The signaling shown may or may not occur simultaneously, and this 

figure demonstrates the overlap in signaling outcomes of the various stimuli. Heat – >43ºC, UV 

– ultraviolet radiation, CAP – capsaicin, H

+
 – acidic environment. 

 

4.3. TRPV1 Expression and Function in the Pilosebaceous Unit 

The pilosebaceous unit consists of a hair follicle (bulge, isthmus, junction zone, 

and infundibulum) and a sebaceous gland, each with distinct stem cell populations that 

remain compartmentalized (Figure 4) and do not contribute to interfollicular epidermis 

(IFE) during homeostasis [109]. While stem cells of the IFE are responsible for the 

majority of IFE repair [110], Page and colleagues demonstrated that stem cells from 

both the hair follicle and sebaceous gland break compartmentalization and contribute to 

repair of the IFE after wounding [109], supporting earlier work in this field [111-114]. 

Moreover, in a murine study, wounds healed significantly faster if the hair follicles were 

in the anagen (growth) phase of the hair cycle [115], though this enhancement appears 

to be from the isthmus, infundibulum, and sebaceous gland stem cells, but not the bulge 

stem cells [116]. Though no studies have shown TRPV1 activation in bulge stem cells 

contributing to functionality, TRPV1+ sensory neurons innervating the hair follicle 

promoted epithelial proliferation and bulge stem cell progeny migration after wounding 

[117]. The authors suggested that sensory innervation modulated hair follicle stem cell 

physiology through the neuropeptides substance P and CGRP, as receptors for those 

proteins were seen on CD34+ cells of the bulge stem cell niche [117]. The contribution 

of stem cells from the pilosebaceous unit to re-epithelialization makes it important to 

understand both the presence of TRPV1 and potential outcome of TRPV1 activation in 



 48 

these cell populations (Figure 4) to better understand how they may contribute during 

healing. 

TRPV1 is present and functional in human and mouse hair follicles and its 

activation may inhibit hair growth. Bodó and colleagues demonstrated TRPV1 

expression in the outer root sheath (ORS), matrix, and, to a lesser degree, the inner 

root sheath keratinocytes of the human hair follicle (HF) in vivo, but TRPV1 was absent 

from HF mesenchyme and dermal papilla fibroblasts [118]. In an organ-cultured human 

scalp HF and cultured human ORS keratinocytes, TRPV1-specific stimulation by 

capsaicin inhibited hair shaft elongation, suppressed proliferation, enhanced apoptosis, 

led to premature catagen, upregulated hair growth inhibitors (IL-1β and transforming 

growth factor-β2 [TGFβ]) and downregulated hair growth promoters (hepatocyte growth 

factor, insulin-like growth factor-I (IGF-I), and stem cell factor) [118]. To advance these 

findings, analysis of TRPV1 immunoreactivity during depilation-induced HF cycling in 

mice showed the strongest signal in the regressing catagen and telogen follicles, 

whereas highly proliferating follicle cells had reduced signal [119]. Additionally, Trpv1−/− 

mouse skin showed no obvious skin abnormalities compared to wild-type control, 

however, catagen retardation was observed in the transition from HF morphogenesis to 

cycling skin appendage [119]. Both cultured human and mouse HF demonstrated 

similar responses to capsaicin treatment, showing the role of TRPV1 in the hair cycle, 

and suggesting the detrimental effect activation of TRPV1 on keratinocytes could have 

on the contribution of HF stem cells to wound healing in the epidermis. By contrast, the 

stimulation of TRPV1 on subcutaneous sensory nerves with capsaicin induced the 

release of CGRP, which, in conjunction with isoflavone, increased the IGF-I levels in the 
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skin and hair regrowth of mice [120]. These results were translated into human patients 

when 48 volunteers with alopecia were orally administered capsaicin and isoflavone for 

five months and 64.5% of them had higher IGF-I serum levels and significantly 

promoted hair growth [120]. Taken together, these studies show the potential 

contradictory effects TRPV1 activation may have in the wound healing environment. If 

TRPV1 activation on HF keratinocytes leads to apoptosis and hair growth delay, while 

sensory nerve TRPV1 activation induces CGRP release and healing promotion, then 

these two actions may cancel out each other and result in less effective skin. Timing of 

TRPV1 activation is another parameter to examine closely and consider since wound 

healing is tightly temporally controlled, and a release of CGRP may be beneficial early 

in healing but detrimental in the later stages. 

 
 

Figure 4. Impact of capsaicin (CAP) on substructures of the pilosebaceous unit. 
Keratinocytes and their stem cell precursors express TRPV1 (green tetramer, not to scale) and, 

when stimulated with CAP, show increased expression of growth inhibition factors and 

decreased growth promotion factors, accompanied by increased apoptosis. CAP activation 
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inhibits lipid synthesis in the sebaceous gland (SG). Additionally, low dose CAP stimulation in 

the SG has increased proliferation, but high dose CAP stimulation leads to cell death. 

 

The other compartment of the pilosebaceous unit is the sebaceous gland (SG), 

where TRPV1 expression has been shown in a human SG in situ and in vitro using 

human sebocyte cell culture model (SZ95 sebocytes) [121]. Activation of TRPV1 in 

SZ95 sebocytes inhibited lipid synthesis in a dose-, time-, and extracellular calcium-

dependent manner (Figure 4) [121]. This may be detrimental to barrier recovery as it 

has been previously shown that lipid synthesis is initiated after injury and different lipids 

are synthesized in different phases of healing [122]. Additionally, low-dose capsaicin 

stimulated sebocyte proliferation, while high-dose treatment led to cell death (Figure 4) 

[121]. This evidence suggests that targeting TRPV1 may be beneficial for acne and 

other sebaceous diseases, though its presence in sebaceous glands and response to 

high dose capsaicin needs to be considered when using TRPV1-targeted treatments in 

wounds. 

4.4. TRPV1 in Other Mesenchymal Skin Cells 

In an extensive study of TRPV1 immunoreactivity of epithelial and mesenchymal 

cells in normal human skin in situ, sweat gland epithelium was strongly positive, but 

melanocytes and connective tissue fibroblasts were both found to be TRPV1 negative 

[123]. In contrast, cultured primary human melanocytes were positive for TRPV1 

expression by immunocytochemistry, and were able to increase intracellular calcium 

when activated by capsaicin, though this did not impact melanogenesis [124]. One 

possible explanation for these incongruous results may be that the low levels in vivo 

required more amplification to detect using IHC, as newer technologies have shed light 
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on TRPV1 expression in melanocytes. A genome-wide transcriptome analysis of human 

epidermal melanocytes found expression of TRPV1, though it was 75 times lower than 

TRPV2, which was one of the top 25 highly expressed ion channel genes [125]. Kim 

and colleagues were able to show mRNA and protein expression of TRPV1 in cultured 

human skin fibroblasts, as well as channel functionality when treated with capsaicin 

[126]. In murine embryonic fibroblasts, Bode and colleagues found that, not only was 

TRPV1 expressed, but TRPV1 induced the ubiquitylation of EGFR, leading to EGFR 

degradation via the lysosomal pathway and reduced malignant cell transformation [72]. 

While evidence suggests that there may be expression of TRPV1 on melanocytes and 

fibroblasts, the extent to which it impacts function of these cell populations requires 

further examination, and future studies should shed light on the potential impact of 

TRPV1-targeted therapy on mesenchymal cells. 

4.5. TRPV1 in Immune Cells Involved in Wound Healing 

The tissue resident immune cells and skin immune responses have been 

extensively reviewed over the years, including several recent comprehensive reviews 

[127-129] that integrate all immune cells rather than focus on specific cell types or 

diseases. The multiple immune processes contributing to wound repair are reviewed in 

this journal issue (and elsewhere [130]), and here we focus on the contribution of the 

TRPV1 channel to this process. While the utility of many immune cells has been 

elucidated over the years, the study of TRPV1 function on different immune cells is 

limited and for the most part has not been conducted in the wound healing environment. 

TRPV1 is expressed by mouse mast cell (MC) lines and bone marrow derived 

MCs, and these cells have demonstrated similar calcium influx and desensitization after 
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TRPV1 activation by capsaicin and RTX [131]. However, there is conflicting evidence 

about TRPV1 expression on human skin mast cells [132, 133]. Neutrophils isolated from 

healthy human anti-coagulated venous blood expressed TRPV1, but application of 

capsaicin failed to induce a current [134]. TRPV1 has been shown to be expressed by 

murine dendritic cells (DCs) with activation by capsaicin leading to maturation of 

immature DCs in vitro and migration of dermal DCs to lymph nodes in vivo [135]. In 

contrast, while human monocyte-derived DCs expressed TRPV1, capsaicin activation 

inhibited cytokine-induced DC differentiation, DC activation, pro-inflammatory cytokine 

secretion, and bacterial phagocytosis, suggesting an anti-inflammatory role for TRPV1 

on human DCs [136]. Anti-inflammatory actions were also shown in vitro in RAW 264.7 

macrophages when capsaicin activation of TRPV1 inhibited LPS-induced NO, iNOS, 

COX-2 and PGE2 production via the NFkB pathway and inhibited IFNg-induced NO and 

iNOS via the signal transducer and activator of transcription (STAT)-1 pathway [137]. 

CD4+ T cells, both mouse and human, expressed functional TRPV1, which co-located 

with the TCR and, in a T cell-mediated colitis model, contributed to TCR-induced IFNg, 

IL-17A, IL-2, IL-10, IL-4, and TNFa production [138]. Similar results were found in the 

allergic rhinitis (AR) mouse model where Th2 and Th17 cytokines were reduced in the 

TRPV1 knockout AR mice compared to wild type AR mice [139]. Several immune cells 

express TRPV1, however, differences in functionality have been demonstrated between 

mouse and human immune cells, and both pro-inflammatory and anti-inflammatory 

downstream effects are possible depending on the cell and model used. 

5. Using TRPV1-targeted therapy to improve wound healing 
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While there is strong evidence of presence of non-neuronal TRPV1 and its many 

roles in skin function, the evidence for targeting TRPV1 for skin wound healing has 

proven complicated. The sometimes discrepant results of TRPV1 activation, inhibition, 

or ablation in various skin diseases (Table 1) and wound types (Table 2) are 

summarized, and may be due to activator/inhibitor dosage levels, TRPV1 splice variant, 

animal model, tissue investigated, etc. Despite rat dorsal paw and plantar skin being 

immunopositive for TRPV1 in keratinocytes, fibroblasts, lymphocytes, and vascular 

endothelial cells, chemical treatment with RTX did not influence TRPV1 mRNA and 

protein expression levels in non-neuronal cells of either skin types as it does in sensory 

neurons [39]. This puzzling result may be explained by an earlier study that found 

HaCat and NHEK cells did not respond to capsaicin or RTX with calcium cytotoxicity like 

neurons [140]. The authors suggest that TRPV1B expression, a dominant negative 

splice variant, and the low level of TRPV1 expression contributed to human keratinocyte 

resistance to capsaicin and other vanilloids [140]. This may suggest the need for a more 

personal medicine approach where TRPV1-targeted therapies to improve wound 

healing are tailored to the channel splice variant expressed and dosage selected based 

on expression level, as seen in sebocytes, to reach the desired outcome. 

There is evidence of functionality of TRPV1+ peripheral sensory nerves in the 

skin through which TRPV1-targeted therapy may improve wound healing. TRPV1+ 

peripheral sensory nerves are known to contribute to vasodilation in the skin through the 

release of CGRP [141]. Systemic stimulation with RTX was shown to induce sensory 

neurons in the skin to release pituitary adenylate cyclase activating polypeptide 

(PACAP-38) [142], and later this same group showed that PACAP regulated TRPV1-
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mediated acute neurogenic edema in plantar skin after capsaicin injection, though this 

edema was not accompanied by immune cell infiltration as seen with CFA-induced 

edema [143]. Poitras and colleagues found that high dose application of TRPV1 agonist 

capsaicin to neurons in vitro led to toxic neurodegeneration, but low dose capsaicin led 

to outgrowth plasticity [144]. In vivo, capsaicin treatment of sciatic nerve crush injury 

resulted in better thermal sensation recovery and improved epidermal axon 

reinnervation of the skin approaching contralateral skin levels [144]. Local application of 

capsaicin to mouse ear skin yielded early axon loss followed by later hyperinnervation 

[144]. This evidence demonstrates the role TRPV1 activation plays in regeneration of 

adult sensory neurons and their axons which may impact reinnervation of wounded skin 

by thermosensitive axons. 

In addition, TRPV1+ nociceptors have been shown to play a role in psoriasis, 

barrier recover, atopic dermatitis, and allergic contact dermatitis. In the imiquimod (IMQ) 

induced psoriasis model, dermal dendritic cells (dDCs) were imaged in contact with 

cutaneous sensory neurons expressing TRPV1 and NaV1.8 [145]. Further, ablation of 

these nerves resulted in greatly reduced IMQ-associated inflammation including 

reduction in immune cell infiltration and cytokine production (IL-23, IL-17A/F, and IL-22) 

[145]. Using other mouse models, the authors confirmed that TRPV1+NaV1.8+ 

nociceptors actively induced and controlled IL-23 production by dDCs [145]. In a 

hairless murine model of tape stripping that previously showed delayed healing in 

response to capsaicin or heat [99], the TRPV1 antagonist PAC-14028 was shown to 

accelerate barrier recovery [146, 147]. PAC-14028 also alleviated dermatitis-associated 

damages in the oxazolone-induced AD-like murine model, including reducing IL-4 and 
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IL-13 signaling through STAT-3 and STAT-6 and TRPV1 expression [146, 147], aligning 

with observations of its trial in human atopic dermatitis [148]. In the squaric acid 

dibutylester (SADBE)-induced allergic contact dermatitis (ACD) model, SADBE not only 

directly activates the TRPV1 channel but also TRPV1 was expressed on MrgprA3 and 

MrgprD expressing DRG neurons, and the authors concluded that these TRPV1+ 

neurons were responsible for the persistent itch signal after SADBE exposure [149]. 

Additionally, TRPV1 deficiency resulted in increased macrophage infiltration and TNFa, 

IL-1b and IL-6 expression in the SADBE-induced ACD model, providing further 

evidence of TRPV1+ sensory neuron involvement in cutaneous inflammation [149]. In a 

skin equivalent model, TRPV1 activation by low pH stimulated proliferation when 

glycolic acid was applied, an effect subsequently blocked by TRPV1 antagonist [150]. 

These results demonstrate that TRPV1 may be involved in different skin diseases 

though it may improve or exacerbate depending on the condition, which will determine if 

it’s better to activate or inhibit the TRPV1 channel. 

5.1. Barrier Tissue Infection 

The strongest evidence for a role of TRPV1+ nociceptors in barrier tissues is found 

in the recent studies of infection in skin and lungs. Chiu et al. showed that TRPV1+ 

DRGs in vitro and NaV1.8 + nociceptors in vivo, which have 80% overlap with TRPV1+ 

nociceptors [145], are directly activated by pathogen associated molecular patterns 

(PAMPs), specifically formyl peptides and a-hemolysin [151]. Activated nociceptors 

released CGRP responsible for modulating the immune response to a subcutaneous 

injection of Staphylococcus aureus. The authors demonstrated this in vitro, where 

CGRP released by DRG nerves suppressed TNFa production by macrophages [151]. 
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Chiu and colleagues went on to demonstrate the anti-inflammatory effects of TRPV1+ 

nociceptors in the lung in response to Staphylococcus aureus. Here, the CGRP 

released from TRPV1+ afferents suppressed recruitment and surveillance of neutrophils 

leading to better outcomes for the infected animals due to reduced inflammation-

associated damage [152]. The beneficial effect of immunosuppression achieved through 

TRPV1+ sensory nerve ablation was demonstrated in skin against a different pathogen, 

Streptococcus pyogenes [153]. 

Not only does TRPV1 play a role in modulating the immune response to bacterial 

pathogens but work by the Kaplan group and others have extended this to fungal ones 

as well. In bone infection, Candida albicans stimulates NaV1.8 + nociceptors via Dectin-1 

to release CGRP in a TRPV1/TRPA1 dependent manner [154]. CGRP reduces 

osteoinflammation in response to fungal infection by directly suppressing NFkB p65 via 

the transcriptional repressor Jdp2 [154]. The Kaplan group found that C. albicans 

directly activated sensory neurons to release CGRP in the skin and the secreted CGRP 

drove IL-23 production by CD301b+ dDCs, proliferation of dermal gd T cells that 

produced IL-17A, and resistance to cutaneous candidiasis [155]. Utilizing an elegant 

optogenetic model system, this group further demonstrated a nerve reflex arc that 

results in anticipatory innate type 17 immunity at sites adjacent to those stimulated, 

either by light or infection [156]. Taken together, these studies show that skin 

nociceptors are directly activated by cutaneous invading microbes and/or microbial 

products and then communicate with tissue resident immune cells, however, the 

outcome of this communication, either stimulatory or regulatory, is tissue and context 

dependent.  
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Table 1. TRPV1 involvement in skin disease.  

Condition Model System TRPV1 Action Outcomes Conclusion Reference 

Psoriasis IMQ-induced 
psoriasis in 
mice 

Ablation of 
TRPV1+ 
nociceptors 

TRPV1+NaV1.8+ 
nociceptors actively 
induced and controlled IL-
23 production by dDCs 

Removing TRPV1+ 
nociceptors reduced IMQ-
associated inflammation 
including immune cell 
infiltration and cytokine 
production (IL-23, IL-17A/F, 
and IL-22) 

Riol-
Blanco et 
al, 2014 

Nitrogen 
Mustard 
Skin Injury 

Keratinocytes in 
vitro and in vivo 
(SKH-1 hairless 
mice) 

Nitrogen 
mustard 
application to 
dorsal skin pre-
treated with 
chloroquine 
(CQ), 
capsazepine 
(CPZ), or 
nothing (NM) 

NM activated the TRPV1 
signaling through 
CaMKKβ-AMPK-ULK1 
which led to increased 
inflammatory response 
and autophagy in skin. 
Both CQ and CPZ 
attenuated this response. 

NM-induced autophagy is 
mediated by activating the 
TRPV1 signaling pathway 
and casues cutaneous injury 

Chen et al, 
2021 

Atopic 
dermatitis 

Oxazolone (Ox)-
induced AD-like 
murine model 

TRPV1 
inhibition with 
PAC-14028 

Reduced IL-4 and IL-13 
signaling through signal 
transducer and activator of 
transcription (STAT)-3 and 
STAT-6 and reduced 
TRPV1 expression 

Blocking TRPV1 alleviated 
dermatitis-associated 
damages  

Lee et al, 
2018; Yun 
et al, 2011 

Allergic 
Contact  
Dermatitis 

SADBE-induced 
ACD in WT vs 
TRPV1 KO mice 

Lack of TRPV1 
in KO mice 

SADBE directly activated 
TRPV1 and TRPV1 KO 
mice had increased 
macrophage infiltration 
and TNF⍺, IL-1β and IL-6 
expression  

TRPV1+ sensory neurons 
are responsible for persistent 
itch in SADBE-induced ACD 
and TRPV1 presence was 
anti-inflammatory 

Feng et al, 
2017 
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Barrier 
tissue 
infection 

Intradermal 
injection of 
Staphyloccocus 
aureus 

PAMP 
activation of 
TRPV1+ 
nociceptors 

CGRP released from 
TRPV1+ nociceptors 
reduced TNF⍺ production 
from macrophages 

Cutaneous neuronal 
signaling had an anti-
inflammatory effect in gram-
positive bacterial infection 

Chiu et al, 
2013 

Staphyloccocus 
aureus lung 
infection 

Ablation of 
TRPV1+ 
nociceptors 

CGRP suppressed 
recruitment and 
surveillance of neutrophils 
and reduced inflammation-
associated damage 

Immunosuppression 
improved infected animal 
survival 

Baral et al, 
2018 

Intradermal 
injection of 
Streptoccocus 
pyogenes 

PAMP 
activation of 
TRPV1+ 
nociceptors 

PAMPs activated TRPV1+ 
nociceptors to release 
CGRP that inhibited 
neutrophil recruitment and 
function 

BonT/A or CGRP 
antagonism blocked neuron-
mediated suppression of 
host defense preventing 
infection 

Pinho-
Ribiero et 
al, 2018 

Topical Candida 
albicans skin 
infection 

PAMP 
activation of 
TRPV1+ 
nociceptors 

CGRP drove IL-23 
production by CD301b+ 
dermal dendritic cells 
(dDCs) and proliferation of 
dermal gd T cells that 
produced IL-17A 

Cutaneous neuronal 
signaling had a pro-
inflammatory effect in fungal 
infection 

Kashem et 
al, 2015 
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5.2. Incision Wounds 

One of the earliest pieces of evidence that TRPV1+ nociceptors were involved in 

the wound environment was the TRPV1-dependent increase in heat hyperalgesia in a 

mouse hind paw incision model [157]. This was not mediated by a change in TRPV1 

expression, as equivalent expression was shown on the ipsilateral peripheral TRPV1+ 

sensory nerves and the DRG and sciatic nerves as compared to the contralateral skin 

and nerves [157]. This response was later determined to be dependent on a very 

specific set of afferents [158], which were also positive for isolectin B4 (IB4) [159], 

possibly sex dependent [160], and used the insulin-like growth factor 1/Akt signaling 

pathway to execute their effect [161]. In a later study of the role of TRPV1 in tissue 

swelling after surgical incision, the loss of TRPV1 did not show a significant difference in 

hind paw swelling after incision, suggesting TRPV1 does not play a part in incision-

associated edema [162]. Taken together, these studies show that the pain associated 

with incision wounds is dependent on TRPV1+ afferents but the edema uses another 

pathway suggesting a combination therapy may be more beneficial when treating this 

type of wound. 

5.3. Burn Wounds 

TRPV1 expression and activation seem to be affected by burn injury, known to be a 

highly inflammatory process, and in turn affect recovery by contributing to the post injury 

inflammation in both central and peripheral mechanisms. Recent evidence suggests 

that burn injury increased CGRP-associated TRPV1 channel expression on the DRG 

[163]. CGRP can induce either pro- or anti-inflammatory responses, depending on 

context, and in the burn injury model, induced inflammation in DRG nerves [163]. The 
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authors additionally showed that this TRPV1 expression was attenuated by the 

overexpression of Fibulin-5, an extracellular matrix protein known to induce granulation 

tissue formation and promote wound healing, by downregulating a subunit of eukaryotic 

initiation factor 2 phosphorylation, which reduced CGRP, IL-1b, and TNFa expression 

[163]. In the periphery, evidence suggests the role of oxidized linoleic acid metabolites 

in activating TRPV1+ sensory nerves [164]. This nociceptor activation increased 

inflammation in the form of increased leukocyte/macrophage infiltration after burn injury, 

a process that was dependent on cytochrome P450 metabolism of linoleic acid [164]. In 

addition to the agonist capsaicin, another example of a natural product modifying 

TRPV1 expression to treat third degree burns is honokiol, a poly-phenolic compound 

extracted from various magnolia species, though the exact mechanism by which it alters 

expression is not fully understood. Treatment with this compound, either intradermally 

or intraperitoneally was shown to decrease mRNA and protein expression of TRPV1 

and the purinergic G protein-coupled receptor P2Y, thereby reducing the inflammation 

and pain associated with these burn wounds in mice [165]. Additionally, keratinocytes 

from burn scars with pruritis have increased thymic stromal lymphopoietin protein levels 

when compared to keratinocytes from normal control skin, and this increase is 

enhanced by TRPV1 or TRPV3 activation [166]. In contrast, severe ulceration resulted 

after application of TCA to mice lacking the TRPV1 channel in a chemical burn model, 

suggesting a role for TRPV1 in this type of burn [101]. The authors propose TRPV1 is 

important for the induction of growth factor and cytokine release in the recovery from 

chemical burn injury [101]. Taken together, this evidence suggests that activation of 

TRPV1 in the periphery may be disadvantageous in some burn wounds by exacerbating 
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inflammation, unlike its anti-inflammatory effects centrally shown by Chiu and 

colleagues. Conversely it may be advantageous in chemical burns by leading to the 

release of CGRP to induce cytokines and growth factors vital to healing. Thus, the 

context and the overall inflammatory environment may modulate the effects of TRPV1 

activation. 

5.4. UVB Damage Wounds 

In another type of wound caused by UV damage, inhibition of TRPV1 on 

keratinocytes may help dampen UV-induced inflammation. Inflammatory mechanisms 

have been targeted in mouse keratinocytes using TRPV1-specific blocker 5′-

iodoresiniferatoxin (I-RTX) to reduce UV-induced mRNA and protein expression of 

MMP-13, MMP-9, MMP-3, and MMP-2, mRNA expression of pro-inflammatory 

cytokines IL-1β, IL-2, IL-4, and TNFα, and protein expression of COX-2 and p53 [167]. 

More recently, Chung and colleagues have developed a TRPV1 inhibitory peptide701-709 

and shown that it inhibited UV-induced MMP (MMP-13 and MMP-9 in mouse and MMP-

1 and MMP-2 in human) and pro-inflammatory cytokine expression (IL-6 and TNFα in 

mouse and IL-6 and IL-8 in human), as well as calcium influx, in HaCaT cells, mouse 

skin, and human skin [168]. Taken together, this evidence suggests that in wounds with 

hyperinflammation, inhibiting TRPV1 on keratinocytes may decrease the keratinocyte 

dependent inflammatory signals, decreasing feedback and reducing overall 

inflammation. 

One recent study explored the role of neuropeptide, namely CGRP, in sterile 

wounds (although the work did not specifically address the TRPV1 channel). One high 

dose of UVB radiation induces inflammation, as evidenced by edema and sensitivity to 



 62 

mechanical stimuli (testing the skin with von Frey filaments). This inflammation is 

associated with increased infiltration of neutrophils and monocyte-derived macrophages 

and dendritic cells on days two and three post irradiation followed by increased ab T 

cells and dDCs on days 5 and 10 and Langerhans cells on day 10 [169]. The infiltration 

of T cells and dDCs is reduced when CGRP is knocked out of the mouse, suggesting 

that CGRP may play a role in the immune cell expansion in response to UVB induced 

inflammation [169]. Interestingly, using a series of loss of function models, the authors 

did not find TRPV1 or TRPA1 contributed to this reduced infiltration indicating a 

mechanism that does not involve these channels [169]. This is a narrow example of 

UVB wounding and does not exclude the involvement of TRPV1 in low dose UVB 

wounds, as detailed in the studies noted above, or other TRP channels. However, it 

does shed light on the role of CGRP in immune cell infiltration after wounding, which 

may be induced in other models of wound healing via TRPV1 activation, as shown in 

infection. 

5.5. Corneal Wounds 

Cornea alkali burn causes severe inflammation and tissue fibrosis. However, Okada 

and colleagues found reduced opacification and stroma thickness, both measures of 

scarring, in corneas lacking TRPV1, as well as decreased inflammatory mediator gene 

expression [170]. This phenotype was reproduced with the application of TRPV1 

antagonists in the corneas of WT mice, confirming the involvement of TRPV1 in the 

alkali burn-associated inflammation and fibrosis [170]. In contrast, Sumioka et al [171] 

showed the importance of TRPV1 in the healing of epithelium debrided corneal defects 

in both rat and mouse models. Wounds in rat corneas cultured ex vivo healed defects 
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Table 2. TRPV1 involvement in skin wound healing.  
Type of 
Injury 

Model System TRPV1 Action Outcomes Conclusion Reference 

Tape 
stripping  

Hairless 
murine model 

TRPV1 activation 
with capsaicin or 
heat 

Delayed barrier recovery TRPV1 involved in barrier 
recovery 

Denda et al, 2007 

Hairless 
murine model 

TRPV1 inhibition 
with PAC-14028 

Accelerated barrier 
recovery 

Blocking TRPV1 improved 
healing 

Lee et al, 2018; 
Yun et al, 2011 

Incision 
wound 

Mouse hind 
paw incision in 
WT vs TRPV1 
KO mice 

Lack of TRPV1 in 
KO mice 

Increased heat 
hyperalgesia after incision 
in KO animals 

Incision-associated heat 
hyperalgesia is TRPV1 
dependent 

Banik and 
Brennan, 2009 

Mouse hind 
paw incision in 
WT vs TRPV1 
KO mice 

Lack of TRPV1 in 
KO mice 

No difference in edema 
between WT and KO 

Incision-associated edema is 
TRPV1 independent 

Motojima et al, 
2018 

Burn wound Dorsal skin 
burn in mouse 

Increased TRPV1 
expression after 
burn 

CGRP induced 
inflammation in DRG which 
was attenuated by Fibulin-
5 overexpression through 
decreased eIF2⍺ 
phosphorylation 

Burn induced TRPV1 
expression in CNS which 
increased inflammation and 
reduced recovery 

Hou et al, 2017 

Partial 
thickness skin 
burn in rat 

OLAM activation 
of TRPV1 or 
pharmacological 
blockade of 
TRPV1 

Increased OLAM levels in 
intact skin after burn 
Increased 
leukocyte/macrophage 
infiltration and colocalized 
with TRPV1-positive fibers 
after burn 
Blockade of TRPV1 or 
OLAM reduced thermal 
allodynia 

Postburn allodynia is 
dependent on OLAM 
activation of TRPV1 

Green et al, 2013 
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3rd degree 
burn in mice 

Intradermal or 
intraperitoneal 
application of 
honokiol 

Decrease mRNA and 
protein expression of 
TRPV1 and the purinergic 
G protein-coupled receptor 
P2Y 

Honokiol treatment reduced 
inflammation and pain 

Khalid et al, 2019 

Human 
keratinocytes 
from burn with 
pruritis 

TRPV1 activation 
with capsaicin 

Emhanced TSLP 
production by 
keratinocytes 

TRPV1 activation increased 
keratinocyte contribution to 
inflammation 

Park et al, 2017 

TCA-induced 
chemical burn 
in WT vs 
TRPV1 KO 
mice 

Lack of TRPV1 in 
KO mice 

Severe ulceration in KO 
mice compared to WT 

TRPV1-dependent 
production of growth factors 
and cytokines was important 
for chemical burn recovery 

Li et al, 2012 

UVB wound UV irradiated 
mouse 
keratinocytes 

TRPV1-specific 
blocker 5′-
iodoresiniferatoxi
n (I-RTX)  

Reduced MMP-13, MMP-
9, MMP-3, MMP-2, IL-1β, 
IL-2, IL-4, TNFα, COX-2, 
and p53 expression 

TRPV1 block in 
keratinocytes had an anti-
inflammatory effect after UV 
irradiation 

Lee et al, 2011 

HaCaT cells, 
mouse skin, 
and human 
skin  

TRPV1 inhibitory 
peptide701-709 
(TIP)  

Reduced UV-induced 
MMP expression (MMP-13 
and MMP-9 in mouse and 
MMP-1 and MMP-2 in 
human), pro-inflammatory 
cytokine expression (IL-6 
and TNFα in mouse and 
IL-6 and IL-8 in human), 
and calcium influx 

TRPV1 inhibition in 
keratinocytes had an anti-
inflammatory effect after UV 
irradiation 

Kang et al, 2017 

Corneal 
wound 

Mouse cornea 
alkali burn 
wound 

Lack of TRPV1 in 
KO mice 

Increased scarring and 
inflammatory mediator 
gene expression in the 
presence of TRPV1 

TRPV1 contributes to 
inflammation and fibrosis in 
cornea burn healing 

Okada et al, 2011 

64 



 65 

Rat cornea 
debridement 
wound 

Activating TRPV1 Accelerated wound healing TRPV1 promotes healing in 
the rat cornea 

Sumioka et al, 
2014 

Mouse cornea 
debridement 
wound 

Inhibiting TRPV1 Delayed wound healing TRPV1 promotes healing in 
the mouse cornea 

Sumioka et al, 
2014 

Mouse cornea 
debridement 
wound in WT 
vs TRPV1 KO 
mice 

Lack of TRPV1 in 
KO mice 

Impaired healing, 
decreased epithelial 
proliferation and migration, 
and reduced IL-6 and 
substance P gene 
expression in KO mouse 
corneas 

TRPV1 signal promotes 
healing in the mouse cornea 
including IL-6 and substance 
P upregulation 

Sumioka et al, 
2014 

Cornea 
incision wound 
in WT vs 
TRPV1 KO 
mice 

Lack of TRPV1 in 
KO mice 

Reduced collagen type 1a 
on day 3, delayed TGFb 
expression, and delayed 
healing in the KO corneas 

Lack of TRPV1 in mouse 
cornea is associated with 
reduced pro-healing 
biomarkers and delayed 
healing 

Bukowiecki et al, 
2017 
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faster post activation of TRPV1, while blocking its activation delayed healing [171]. In 

vivo, the absence of TRPV1 in mice was associated with impaired corneal healing, 

decreased proliferation of epithelium, and reduced IL-6 and substance P gene 

expression [171]. These findings were further supported in a cornea incision mouse 

model which showed reduced collagen type 1a on day 3, delayed TGFb expression by 

5 days compared to the wild type control mice, and delayed healing in the Trpv1-/- 

corneas compared to the WT [172]. Despite these differences, there were no alterations 

found in infiltrating immune cells [172]. Therefore, in addition to the robust evidence that 

TRPV1 activation is important for immune signaling in infected wounds, TRPV1 impacts 

wound healing in the cornea without an immune component. There are many parallels 

between skin and cornea healing such as inflammatory cell influx, myofibroblast 

differentiation, extracellular and scar formation [173]. However, unlike the skin where it 

is essential, the cornea does not induce capillary sprouting after injury [173]. 

Additionally, the cornea is an immune privileged site resulting in a different immune 

response if antigen is present during repair [173]. These two important differences need 

to be taken into account when translating experimental evidence between the cornea 

and skin for wound healing, as well as the type of wound that is being treated. 

6. Conclusion 

TRPV1 is a non-specific ion channel highly expressed by cutaneous sensory nerves 

and other skin cells, including circulating and skin resident immune cells. Understanding 

the role of TRPV1 in wound healing may inform future TRPV1-targeted therapies to 

improve healing in impaired and chronic wounds. Many factors contribute to the 

polymodal nature of TRPV1 channel activation including tetrameric composition, splice 
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variant, accessory protein sensitization or desensitization, activator concentration/ 

coupling, etc. TRPV1 targeting is further complicated by the downstream pathways 

induced after its activation and the resulting functionality of the cell expressing it, which 

may lead to adverse or off-target effects, as well as potential shifts in functional 

outcomes with age. TRPV1-targeted therapies in use and in clinical trials, mainly 

comprised of capsaicin-based treatments, are for pain relief, however, this work has 

been expanded into the fields of urology, oncology, and dermatology, recently in skin 

wound biology.  

In skin, TRPV1 is expressed by keratinocytes, nociceptors, and several immune 

cells, therefore TRPV1-targeted therapy may impact these cell populations. The 

preponderance of evidence indicates that TRPV1 expression and activation on 

keratinocytes seems to promote inflammation. Perhaps in accord with this, skin 

diseases and wound types that are highly inflammatory benefit from the inhibition or 

absence of TRPV1 (Table 1 and 2). On the other hand, skin acid burn, cornea 

debridement, and cutaneous fungal infection showed improved outcomes when TRPV1 

is activated on epithelium or nociceptors. These TRPV1+ nociceptors have been shown 

to promote Type 17 inflammation in some models and anti-inflammatory mechanisms in 

other models. These effects are contradictory but likely responsible for balancing 

inflammation in response to injury or infection so as to reduce inflammation-associated 

tissue damage. Therefore, blocking TRPV1 may improve wound healing in inflammatory 

wounds, though the wound environment must be taken into account when deciding to 

employ this treatment. 
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Use of TRPV1-targeted therapy may impact the pilosebaceous unit as well, which 

may improve or delay healing depending on the dose and timing of treatment. TRPV1 

activation on keratinocytes and the sebaceous gland may be detrimental to healing as 

evidence has shown hair growth inhibition and decreased lipid synthesis. By contrast, 

TRPV1+ nociceptors that innervate the hair follicle play a role in bulge stem cell 

proliferation and migration to improve healing. Therefore, it is critical to tailor the 

TRPV1-targeted therapy to extract the most benefit from the pilosebaceous unit for 

wound healing. 

It is clear TRPV1 is expressed in many cell populations in the skin that are involved 

in wound healing, and activation or inhibition of TRPV1 impacts the function of these 

cells. However, more work is needed to confirm the benefits of TRPV1-targeted 

therapies for healing various types of wounds, as well as resolve the dose and timing of 

these treatments. 
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Chapter 4: Transient receptor potential cation channel subfamily V member 1 

(TRPV1) deletion is associated with hyper-inflammation and delayed healing of 

Pseudomonas aeruginosa infected wounds in female mice 

 

Introduction 

In the United States alone, over 6 million people suffer from chronic wounds, with 

treatment costing $9.7 billion dollars in a single year [1]. Our understanding of how an 

acute wound transitions to a chronic one is still incomplete. Cutaneous wound healing is 

a complex, multifactorial process involving several systems intricately coordinated in 

space and time. Among the intrinsic factors regulating this process is the nervous 

system, as suggested by the findings of decreased wound healing in denervated skin 

[2-6]. Although dysfunction of this system can contribute to the development of chronic 

wounds, studies are still unraveling the underlying mechanisms. Another intrinsic 

component of the healing process is the immune system that contributes resident and 

infiltrating immune cells, providing secreted signals to direct mechanical functions and 

help orchestrate the healing. Among these are various phenotypes of macrophages, 

which are present at every phase of the healing process [7, 8]. There is some evidence 

that disruption in the transition between these phenotypes contributes to stalling wound 

healing [9].  

Beyond the intrinsic factors of the nervous and immune systems that may 

contribute to wound healing pathologies, there is strong evidence that extrinsic factors 

influence wound chronicity. Importantly, the complicated process of healing becomes 
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deranged when pathogens invade the breached epidermal barrier, with resultant delays 

in wound healing [10, 11]. Pseudomonas aeruginosa, one of the most frequently found 

pathogens in chronic wounds, is a multidrug resistant bacterium that belongs to the 

ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 

species) [12-14]. ESKAPE microbes are the leading cause of nosocomial infections 

throughout the world and present a great challenge in clinical practice [11, 12, 15]. 

Thus, investigators have relied on infected skin wound models to help unravel the 

contribution of these various elements, both internal and external, to healing. 

Recent work revealed interactions of the nervous, immune, and microbial 

systems in skin. Nociceptors, unmyelinated sensory nerves present in the skin, are 

directly activated by pathogen associated molecular patterns (PAMPs) [16-18]. 

Activated nociceptors released calcitonin gene-related peptide (CGRP) responsible for 

suppressing the immune response to Staphylococcus aureus and Streptococcus 

pyogenes in the skin [16, 17]. Not only are bacterial pathogens recognized by 

cutaneous nociceptors, but fungal ones as well. Candida albicans directly activated 

sensory neurons to release CGRP in the skin and the secreted CGRP drove IL-23 

production by CD301b+ dermal dendritic cells (dDCs), proliferation of dermal gd T cells 

that produced IL -17A, and resistance to cutaneous candidiasis [19]. In the absence of 

infection, these nociceptors were also responsible for an anticipatory Type 17 immunity 

in the skin [20]. These studies focused on the cutaneous nociceptors characterized by 

their expression of the transient receptor potential cation channel subfamily V member 1 

(Trpv1), a nonselective cation channel activated by heat, low pH, and capsaicin [21, 22]. 
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Taken together, these studies show that skin nociceptors are directly activated by 

microbes and/or microbial products and then communicate with tissue resident immune 

cells, however, the outcome of this communication, either protective or suppressive, is 

context dependent. 

 Since these studies demonstrate that cutaneous nociceptors can modulate the 

inflammatory response to skin pathogens, and uncontrolled inflammation is associated 

with delayed healing (reviewed in [23, 24]), we hypothesized that TRPV1+ sensory 

nerves in the skin are involved in regulating the inflammatory phase of cutaneous 

wound healing, required for physiological progression of healing. To test this 

hypothesis, we compared healing of full-thickness excision wounds in wild type mice 

(WT, C57BL/6) and mice with the TRPV1 channel genetically ablated (KO, Trpv1-/-). 

Uninfected surgical wounds healed similarly in the C57BL/6 and Trpv1-/- animals, 

though some cellular and molecular differences at baseline were observed, and 

increased cellular infiltration occurred after wounding in the KO wounds. In view of 

these results, we next pursued the role of TRPV1 in infected wounds. Healing was 

delayed in the Trpv1-/- wounds infected with P. aeruginosa compared to the C57BL/6 

wounds. The infected KO wounds also exhibited a number of immunophenotypic 

differences from WT, such as infiltrating immune cell frequency differences and 

elevated pro-inflammatory cytokine transcription on day 7, and defective dermal tissue 

repair on day 10 post wounding and infecting. These results suggest that the lack of 

functioning TRPV1+ sensory nerves resulted in prolonged inflammation in response to 

wound infection, resulting in delayed healing. This study is a first step in understanding 
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the role of nociceptors in cutaneous wound healing, but more work is needed to 

elucidate the direct contribution of TRPV1+ nociceptors.  

 

Results 

Wild type and TRPV1 knockout mice demonstrate similar wound healing rates 

Due to the high expression of the TRPV1 ion channel on peripheral sensory 

nerves [22], we began by comparing the healing of 8mm full-thickness excision wounds 

in the back skin of wild type (WT, C57BL/6) and TRPV1 knockout (KO, Trpv1-/-) mice as 

a proxy of the role of nociceptors in cutaneous wound healing. We hypothesized that 

the lack of TRPV1 in the knockout mice would result in the loss or delay of neuronal 

signaling from the nociceptors, resulting in delayed healing. We took daily images of the 

wounds and measured the surface wound areas by planimetry (Figure 1a). Based on 

the surface area of the initial wound (day 0) and the subsequent daily surface wound 

areas, we calculated the wound closure rate for both groups. Although it appeared the 

percent of wound closure was higher in the KO wounds than WT wounds at early time 

points, we did not see a statistically significant difference in closure rates at any time 

points between days 0 and 7 (Figure 1b). It can be difficult to determine where the true 

edge of the wound is beneath the obscuring eschar, and so we collected the wound 

tissue on day 7 to conduct histomorphometric analysis of hematoxylin- and eosin-

stained wound cross sections (Figure 1c). WT and KO wound healing was similar in 

both deposition of granulation tissue (Figure 1d) as well as percent re-epithelialization 

(Figure 1e), the true measure of healing at the cellular level. Therefore, by comparison 
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of morphological and histomorphometrical methods, cutaneous wound healing was not 

impacted by the loss of the TRPV1 channel. 

Despite skin healing as well in the presence or absence of the TRPV1 channel, 

we were interested to see if there were any differences in immune cell populations or 

gene transcription at baseline. In healthy back skin, we did not find differences in 

myeloid or T cell populations by flow cytometry (data not shown), though we did see 

mRNA levels were decreased in the Trvp1-/- skin on day 0 for Il1b, Il6, and Tgfb 

transcripts (Figure 1f). Dendritic epidermal T cells (DETC) have been shown to be 

important to skin wound healing [25] and so uninjured mouse ear skin was stained and 

imaged as previously described [26], then average number of DETCs per square 

millimeter and average number of arms per DETC were quantified (Supplementary 

Figure 1a-c). While there was no difference in average counts, the DETCs in Trpv1-/- 

skin had on average more arms per DETC than the C57BL/6 cells. This preliminary 

evidence demonstrated potential morphological differences in resident DETCs and a 

disordered cytokine milieu in homeostatic skin. 

Next, we wondered how the immune cell infiltration into the wound tissue was 

impacted by the loss of TRPV1. Flow cytometry analysis revealed increased cellular 

infiltration into the Trpv1-/- wounds (Supplementary Figure 2a) on day 7 post wounding, 

though CD45+ immune cell frequencies were similar between C57BL/6 and Trpv1-/- 

wounds (Supplementary Figure 2b). Within the CD45+ immune cell compartment, the 

frequency of CD11b+CD207+ cells was slightly decreased (Supplementary Figure 2c) 

and CD11b+F4/80- cell frequency was increased in the Trpv1-/- wound tissue compared 

to C57BL/6 tissue (Supplementary Figure 2d). Taken together, this indicates a divergent 
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cellular response to wound trauma in the absence of TRPV1; however, this deviation 

did not impede healing (Figure 1b, e) nor was the expression of proinflammatory 

cytokines in the KO wounds divergent from WT on day 7 (Figure 1f). These results were 

surprising and contrary to our hypothesis but indicated potential impacts on wound 

healing in an inflammatory environment, turning our interest to healing of infected 

wounds in the absence of TRPV1. 

 

Pseudomonas aeruginosa significantly delays healing, especially in KO wounds 

While there was no major deficit in healing of TRPV1 KO wounds relative to WT 

wounds, the evidence that peripheral sensory nerves are involved in the immune 

response to infection in the lung and skin has been growing recently [16, 17, 19, 20, 27]. 

Therefore, we sought to understand how these nerves impacted wound healing of 

infected wounds in WT and KO mice. We hypothesized that the aberrant inflammatory 

mediator transcription at baseline and atypical cellular infiltration after wounding in the 

absence of TRPV1 would result in delayed inflammation and ultimately decreased 

healing in the KO infected wounds. However, before comparing healing in infected 

wounds of C57BL/6 and Trpv1-/- mice, we needed to establish and validate an infected 

wound model. We decided to infect the wounds with Pseudomonas aeruginosa based 

on multiple studies [28, 29] and a longitudinal study of chronic wounds that found P. 

aeruginosa to be the third most common bacteria in chronic wounds [30]. Additionally, 

the Center for Disease Control classification of P. aeruginosa as a serious threat based 

on infections and deaths since 2013 in their Antibiotic Resistance Threats in the United 

States report in 2019 [31]. We wounded WT C57BL/6 mice, as described previously, 
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then treated the wounds with either 2x104 CFU P. aeruginosa in 10µl per wound 

topically for infected wounds or an equivalent volume of growth media for uninfected 

wounds (Figure 2a). Purulence under the wound dressings hampered our measurement 

of surface wound areas on the daily images, and so we only compared surface wound 

areas on day 7 when wounds were harvested (Figure 2b). By this measurement, the 

infected wounds had significantly larger surface wound areas (Figure 2c), indicating they 

had delayed healing compared to uninfected wounds. Using histomorphometric analysis 

we saw typical healing in the uninfected wounds, while the infected wounds appeared 

inflamed and had smaller epithelial tongues (Figure 2d), and this was confirmed by 

comparing the re-epithelialization percentage, which was decreased for infected wounds, 

indicating infection significantly delayed healing (Figure 2e). Additionally, at higher 

magnification we saw greater cellular infiltration (Figure 2d) and this observation was 

supported by flow cytometry that showed increased total cell counts, higher CD45+ 

immune cell frequencies, and increased CD11b+F4/80- myeloid cells within the CD45+ 

compartment (Figure 2f-h) in the infected wounds. Collectively, these results 

demonstrate that inoculating wounds with P. aeruginosa topically on day 0 results in 

wound infection and delayed healing associated with increased inflammatory cell 

infiltration. 

With our validated infected wound model, we compared healing of infected 

wounds in WT and KO skin to determine if the absence of TRPV1 would delay healing 

as we predicted. Purulence again impeded our planimetric surface wound area analysis, 

though observation of the daily images indicated that C57BL/6 wound infection, as 

evidenced by purulence, resolved sooner than Trpv1-/- wounds and appeared more 
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healed on day 10 (Supplementary Figure 3). Histological and microbial analysis of the 

wounds showed at the early time point (day 3) there was not a difference in bacterial 

burden or healing between the WT and KO wounds (Figure 3b,e), though the C57BL/6 

wounds did show a significant correlation between wound bacterial burden and 

percentage of re-epithelialization (Supplementary Figure 4a). However, on day 7 post 

wounding and infection, the loss of TRPV1 resulted in significantly decreased healing 

(Figure 3c), despite not having an impact on bacterial burden (Figure 3f). On day 10, the 

bacterial burden was again similar between the strains (Figure 3g), and, while the 

healing of the KO wounds was catching up, it was still trending lower than WT wounds 

(Figure 3d). Infection and healing did not significantly correlate at other time points in 

either strain (Supplementary Figure 4b-f). Altogether, these data demonstrate that the 

TRPV1 channel may not be important for the defense against P. aeruginosa infection in 

skin wounds, but its absence does result in delayed healing. Therefore, we wondered 

what differences were present at the cellular and molecular levels between the infected 

WT and KO wounds that may be contributing to the wound healing delay in the absence 

of TRPV1. 

 

Infected KO wounds exhibit hyper-inflammation and defective dermal tissue 

Due to the increased cell infiltration (Supplementary Figure 2a), including 

CD11b+F4/80- myeloid cells (Supplementary Figure 2d), we saw in the absence of 

TRPV1 on day 7 after wounding alone, we expected to see similar or enhanced 

differences when the wounds were infected. To our surprise we did not see a difference 

in cell infiltration comparing the C57BL/6 to the Trpv1-/- wounds when the cell counts 
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were normalized to the amount of tissue processed (Figure 4a). Additionally, these cells 

had equivalent viability (Figure 4b) and CD45+ immune cell frequencies (Figure 4c) in 

the presence or absence of TRPV1. Comparison of relative mean frequency of a few 

subpopulations of CD45+ cells (Figure 4d) revealed decreased prevalence of the 

CD11b+CD207+ cells (Figure 4e) and CD11b+F4/80+ macrophages (Figure 4f) in the 

absence of TRPV1, but not in increase non-macrophage myeloid cells (CD11b+F4/80-) as 

observed in the uninfected wounds (Supplementary Figure 2d). Overall, it appeared 

there was no significant difference in cellular infiltration into the wounds between the 

WT and KO wounds, however, in the absence of TRPV1, there was a decreased 

abundance in some of the immune cell subpopulations we explored. 

While this result was unexpected, it prompted us to wonder if the wound 

environment, based on mediator gene expression, was pro-inflammatory or pro-

reparative. Therefore, we turned to analyzing the transcription of immune mediators to 

determine the cytokine milieu on day 7 post wounding in infected wounds, comparing 

expression to that seen in healthy skin and on day 7 after wounding alone. We did not 

find differences in expression of established cytokine biomarkers of tissue damage (IL-

25, IL-33), Th1 (IFNg), or Th2 (IL-4, IL-13) immune responses after wounding or 

infecting in either strain (data not shown). In the conventional inflammatory mediators 

(IL-1b, IL-6, and TNFa) we did see elevated expression in response to wounding alone 

and to a more significant degree after infection in WT wounds (Figure 5a-c). In the 

absence of TRPV1, this same expression trend was found but at 10-fold higher levels in 

the infected wounds (Figure 5d-f). This indicates that inflammation in the infected KO 

wounds was significantly increased compared to WT, despite there being a lower 
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abundance of macrophages in the absence of TRPV1 on day 7. Furthermore, we 

examined the IL-23/IL-17 pathway reported to be associated with peripheral nociceptor 

driven defense against Candida albicans skin infection [19]. These mediators were not 

expressed on day 7 after wounding alone, in agreement with the literature reporting a 

decrease in Il17a after day 3 [32], but were transcribed in infected WT wounds (Figure 

5g-i). Again, the infected Trpv1-/- wounds followed the same expression trend but 10-fold 

higher than infected C57BL/6 wounds on day 7 (Figure 5j-l). Interestingly, the expression 

of neuropeptide transcripts, known to be the mediators of neuroimmune cross-

communication and wound healing in the skin, were not found to be different with or 

without TRPV1 in healthy skin, after wounding, or after infecting wounds 

(Supplementary Figure 5a-f). Collectively, our cellular and molecular studies indicated 

that immune cell infiltration was not affected by the loss of TRPV1, but there was a shift 

in relative abundance of CD207+ and F4/80+ myeloid cell populations within the immune 

cell compartment, and this was associated with significantly increased inflammatory 

mediator expression on day 7 post wounding and infecting. 

The perturbations we observed on day 7 propelled us to investigate additional 

aspects of healing on day 10, when Trpv1-/- wound healing appeared to be approaching 

the C57BL/6 levels by the re-epithelialization parameter (Figure 3d). We measured the 

surface wound areas in the day 10 images (Figure 6a) and found that the absence of 

TRPV1 was associated with significantly larger surface wound areas on day 10 (Figure 

6b). Examination of the day 10 wound histology slides showed that the WT wounds 

appeared inflamed but healing, as evidenced by the neo epithelial tongues (Figure 6c). 

However, a number of the KO wounds showed intense inflammation and some limited 
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wound re-epithelialization, but also evidence that the inflammatory infiltrate extended 

beyond the wound edge and enlarged the margins of the original wound (Figure 6c). 

Additionally, to examine the quality of the healed dermal bed, we used the picrosirius 

stain that in brightfield images stains collagen red and cytoplasm yellow, which under 

polarized light newly deposited immature thin type III collagen appears green, while 

mature thick type 1 collagen is yellow-red. In the infected WT wound on day 10, we noted 

deposition of type III collagen in the wound bed, outlined by the blue line (Figure 6d), 

indicating that the wound is progressing through the proliferation phase and generating 

new collagen. However, in the KO wound there is a lack of new collagen deposition, 

outlined by the yellow line (Figure 6d), supporting the conclusion that dermal remodeling 

is defective in the infected KO wounds. 

 

Discussion 

 Neuronal signaling by nociceptors is an important component for neuroimmune 

signaling and angiogenesis, needed for tissue repair (reviewed by [33, 34]). Therefore, 

the absence of TRPV1 on nociceptors delaying healing was anticipated. To the contrary, 

healing was not impaired in uninfected wounds on animals globally lacking TRPV1 ion 

channels, though there was aberrant mRNA expression and potential morphological 

differences in DETCs in healthy skin. Additionally, there was increased immune cell 

infiltration 7 days after wounding, including higher abundance of the CD11b+F4/80- cell 

population. In wounds infected with Pseudomonas aeruginosa, the increased cellularity 

was magnified 10-fold though this increase was similar between C57BL/6 and Trpv1-/- 

wounds. The CD11b+F4/80+ macrophage prevalence was reduced in the infected KO 
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wounds compared to the WT. Also in the absence of TRPV1 ion channels, there was an 

enhanced inflammatory environment, indicated by increased Il1b, Tnfa, Il23, and Il17 

mRNA levels, which exaggerated the inflammation phase and impaired healing at the 

day 7 timepoint. While this elevated inflammatory response may have limited the 

infection so that both WT and KO wounds exhibited similar bacterial burden, it also may 

have resulted in defective dermal tissue in the hyper-inflamed Trpv1-/- infected wounds. 

We did not find direct evidence of neuropeptide involvement, although a definitive 

conclusion will require further scrutiny. 

 A limitation of this study is the use of the pan-TRPV1 knockout mouse model that 

prevents distinguishing between the effects of TRPV1 channel loss on sensory nerves 

versus other cell populations that express TRPV1 and are present in the wound. In skin, 

keratinocytes, sebocytes, nociceptors, and several immune cells express the TRPV1 ion 

channel. Denda and colleagues have demonstrated TRPV1 expression and functionality 

in vitro on human keratinocytes, though the calcium influx was slower and to a lesser 

degree compared to dorsal root ganglion nerves [35, 36]. In a human skin equivalent 

model, application of glycolic acid induced keratinocyte proliferation mediated by pH 

activation of TRPV1 [37]. These studies suggest that TRPV1 activation on keratinocytes 

leads to proliferation and may contribute to the reduced re-epithelialization in our Trpv1-

/- wounds. However, this mechanism does not account for the increased immune cell 

infiltration we observed. TRPV1 activation on keratinocytes has been shown to signal to 

cutaneous nociceptors [38]. Therefore, absence of TRPV1 channels on keratinocytes in 

the pan-TRPV1 KO mouse may result in diminished signaling to sensory nerves, which in 
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turn may alter nociceptor-derived signaling responsible for immune cell activation, leading to 

the aberrant relative immune cell prevalence we observe.  

 TRPV1 is also present on various immune cells and, depending on the cell 

expressing it, can have activating or inhibiting effects. TRPV1 activation on mast cells 

leads to degranulation and cytokine synthesis [39]. Similarly, TRPV1 complexes with the 

T cell receptor (TCR) on CD4+ T cells and is phosphorylated by Lck after stimulation of 

the TCR, which is required for downstream signaling and subsequent cytokine 

production [40]. We did not characterize mast cells or CD4+ T cells in our model, and so are 

unable to determine how loss of TRPV1 in these populations may have changed their 

contribution to the cytokine gene expression we observed. TRPV1 is expressed by 

Langerhans cells (LCs), though its functionality is unknown [41]. It has been shown that 

capsaicin activation of TRPV1 inhibited cytokine-induced differentiation of induced 

dendritic cells (iDCs), monocyte-derived dendritic cells differentiated in vitro, and 

inhibited the phagocytotic activity of the iDCs [42]. We observed decreased 

CD11b+CD207+ cell frequencies in the absence of TRPV1, both with and without wound 

infection. Perhaps the LCs or dermal dendritic cells that express CD207 and TRPV1 had 

altered function in the mice lacking TRPV1, accounting for these findings. 

Relevant to our study of the role of the TRPV1 channel in skin wound infections, 

Fernandes and colleagues investigated the role of TRPV1 in the cecal ligation and 

puncture (CLP) model of sepsis. Trpv1-/- mice with CLP had diminished macrophage-

associated defenses, including increased cytokine levels, decreased reactive oxygen 

species and nitrite levels, and increased mononuclear cell apoptosis. In addition, 

peritoneal macrophages lacking TRPV1 and treated with LPS in vitro showed reduced 
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phagocytosis [43]. While our finding of persistently decreased monocyte/macrophages 

in the Trpv1-/- wounds agrees with the CLP model, suggesting that TRPV1 on 

macrophages may partially account for the delayed healing phenotype, in contrast we 

observed increased systemic IL-1b and similar bacterial burden between C57BL/6 and 

Trpv1-/- wounds. To discriminate between these potential confounding factors and 

develop targeted treatment of infected wounds in the clinic, specific ablation of TRPV1+ 

nociceptors versus its ablation on immune cells is needed to tease apart contributions of 

each of these TRPV1 expressing cell populations. 

Several recent studies support the paradigm of peripheral nociceptors 

contributing to immune responses in the skin and other tissues. There exists strong 

evidence that cutaneous nociceptors, when activated by imiquimod [44] or C. albicans 

derived antigens [19], initiate the IL-23/IL-17 pathway through the mediator CGRP, in 

addition to a nerve reflex arc that results in anticipatory innate type 17 immunity at 

adjacent sites [20]. This pathway is thought to be responsible for psoriasiform 

inflammation as well as defense against Candida albicans. Interestingly, we found 

increased gene expression of IL-23/IL-17 pathway mediators in the absence of TRPV1. This 

difference may be explained by the anti-inflammatory role shown by other studies. LPS-

induced TNFa production was inhibited in rats and mice after activation of sensory 

nerves via TRPV1 demonstrating the anti-inflammatory role of TRPV1 [45]. In our model 

of Gram-negative bacterially infected wounds, the absence of TRPV1 and its associated 

role of inflammation suppression could have contributed to the elevated wound 

inflammation we observed. In Staphylococcus aureus infection, nociceptor-derived 

CGRP has an immunoregulatory role in in both the skin and lungs [16, 17, 27]. 
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Pharmacological ablation of nociceptors resulted in local inflammation, 

lymphadenopathy, suppressed TNFa production by macrophages, and suppressed 

recruitment and surveillance of neutrophils. Therefore, we expected to see an alteration 

in CGRP gene expression in the absence of TRPV1. Curiously, no difference was 

observed in skin levels of CGRP gene transcription between C57BL/6 and Trpv1-/- 

animals either after wounding alone or in infected wounding. This preliminary analysis is 

incomplete without receptor expression and protein levels. Therefore, in future studies 

we plan to examine neuropeptide protein levels as well as neuropeptide receptor gene 

expression and protein production to reveal neuroimmune cross-communication in its 

entirety. 

While the role of CGRP has been established in infection, the unique conditions 

of our model may require different primary neuropeptide drivers. The prior cited studies 

looked at neuroimmune interactions in the skin, but they did not have the added insult of 

skin injury and a wound healing component that requires reestablishment of the tissue, 

circulatory, and nervous systems. Both neuropeptide Y (NPY) and substance P have 

been shown to promote these aspects of wound healing. NPY, a known vasoconstrictor 

and promoter of angiogenesis, was significantly up-regulated in the dorsal root ganglia 

in a rat nerve injury model [46]. In a NPY receptor KO mouse model, skin wound healing 

was significantly delayed [47]. Divergent findings for the role of Substance P (SP) in 

cutaneous wound healing are reported. Cutaneous wound closure was delayed by 

morphine inhibition of SP and NKA secretion into the wound as well as decreased SP 

receptor, NK-1R, expression on inflammatory and parenchymal cells [48]. Exogenous 

application of SP to mechanically denervated cutaneous wounds improved healing in a 
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rat model [49]. Conversely, a NK-1R KO mouse model did not show an effect on skin 

wound healing [50] and capsaicin-induced SP release did not affect wound healing in a 

rat model [51]. Based on the role TRPV1 plays in the release of NPY and SP, and the studies 

that found decreased healing in the absence of NPY receptor and increased healing with 

exogenous SP, we expected NPY and SP to play a role in the skin wound model 

examined here. In contrast, we did not find a difference in mRNA expression of NPY or 

SP genes between C57BL/6 and Trpv1-/- wounds, though wounding itself did induce 

their transcription in both strains. To determine the complete impact of the loss of 

TRPV1 on NPY and SP release and downstream impacts, we understand the importance 

of quantifying NPY and SP neuropeptide and neuropeptide receptor protein levels in 

infected cutaneous healing, and will do so in our follow-on investigations. Additionally, 

specific ablation of TRPV1+ nociceptors would assist in determining the sensory nerve-

derived neuropeptide kinetics and levels. 

Our examination of skin wound healing in the presence and absence of TRPV1 

has yielded results both in agreement and contrary to our predictions. The exacerbated 

inflammation and delayed and defective healing of infected wounds lacking TRPV1 

indicates that TRPV1 does have a role in modulating the inflammatory response to 

wound infection. Uncovering the mechanism underlying this role will require further 

studies. We believe this is a worthy investigation that could benefit diabetic patients with 

infected wounds. Diabetic skin has been shown to have reduced TRPV1 

immunoreactivity [52], which may contribute to the development of diabetic foot ulcers. 

With a better understanding of how TRPV1 is involved in wound healing may lead to 

improved therapies for infected diabetic foot ulcers. 
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Figure 1. Mice lacking the TRPV1 ion channel heal wounds as well as wild type controls, 
despite having lower cytokine mRNA levels at baseline. a) Representative images of full 
thickness excisional wounds in wild type (C57BL/6, blue circles) and TRPV1 knockout (Trpv1-/-, 
red squares) dorsum skin 7 days post wounding. These images are used for planimetry 
measurements of surface wound area. b) Quantification of wound closure by day based on the 
area of the wound on surgery day (day 0) measured using wound images. Wound closure 
percentage calculated as [(area of wound on day X) ÷ (area of the wound on day 0)]*100. Blue 
line represents C57BL/6 wound closure rate with daily means ± standard error of the mean 
(SEM). Red line represents Trpv1-/- wound closure rate with daily means ± SEM. c) 
Representative image of hematoxylin and eosin-stained wound cross section (20x, scale = 
300µm) used to measure granulation tissue and re-epithelialization. Green line designates 
length of the original wound measured from hair follicle at left wound edge to hair follicle at right 
wound edge. Yellow line outlines the granulation tissue in the wound bed used to measure area. 
Blue lines indicate the neo-epithelial tongues migrating across the surface of the wound from left 
and right edges of the original wound. Re-epithelialization percentage calculated as [(sum of 
neo-epi tongue lengths) ÷ (length of original wound)]*100. d) Comparison of granulation tissue 
areas for C57BL/6 and Trpv1-/- wounds shows no difference in area on day 7. Bars represent 
mean wound area ± SEM. e) Comparison of re-epithelialization percentage on day 7 shows no 
difference in C57BL/6 and Trpv1-/- wounds. Bars represent mean re-epithelialization percentage 
± SEM. f) Gene transcription comparison between healthy (day 0) skin and wound tissue (day 7) 
of C57BL/6 and Trpv1-/- mice. Bars represent mean relative normalized expression of target 
gene ± standard error of the mean (SEM). 
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Figure 2. Infecting full-thickness excision wounds on C57BL/6 mice with Pseudomonas 
aeruginosa significantly delays healing and increases immune cell infiltration. a) Wound 
infection schema showing infected wounds had 2x104 CFU per wound P. aeruginosa applied 
topically while uninfected wounds received equivalent volume of media per wound on day 0. b) 
Day 7 images of uninfected, control and infected wounds used to measure wound area. c) 
Comparison of wound areas shows infected wounds had significantly increased areas. d) 
Quantification of re-epithelialization demonstrates infection significantly decreases healing 
compared to uninfected wounds on day 7 post wounding. e) Representative hematoxylin and 
eosin-stained wound sections (scale = 300µm) with wound bed magnified (insets, scale = 
50µm). f) Quantification of total cell counts for C57BL/6 and Trpv1-/- wound skin on day 7 post 
wounding and treatment showed increased cellular infiltration in response to wound infection. e) 
CD45+ immune cell population frequencies as determined by flow cytometry were significantly 
higher in infected wounds compared to uninfected. f) Representative dot plots for CD11b+F4/80- 
and CD11b+F4/80+ cell populations within the CD45+ compartment, with quantification in both 
uninfected (blue circles) and infected (red squares) wound tissue. 
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Figure 3. Healing of infected Trpv1-/- wounds was significantly delayed on day 7 and still 
trending behind C57BL/6 wounds on day 10, despite having similar bacterial burdens 
throughout the timeline. a) Wounding, infecting, and tissue collection schema for infected 
wound healing comparison between C57BL/6 and Trpv1-/- wounds. Surgery and wound infection 
occurred on day 0. Wounds were imaged daily for planimetry analysis. Wounds were collected 
on days 3, 7, and 10 for re-epithelialization and bacterial burden analysis. Quantification of re-
epithelialization as previously described on days 3 (b), 7 (c), and 10 (d) showed significant delay 
on day 7 and reduced though not statistically significant on day 10. Quantification of bacterial 
burden of infected wounds on days 3 (e), 7 (f), and 10 (g) showed no differences at any time 
points. 
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Figure 4. CD207+ and F4/80+ myeloid cell frequencies were significantly decreased in 
infected wounds in the absence of TRPV1 on day 7 post wounding and infection. a) Cell 
counts of single cell suspension prepared for flow cytometric analysis were normalized to the 
amount of tissue processed. b) Viability of cells in cell suspensions was determined by trypan 
blue staining and hemocytometer quantification. c) CD45+ immune cell frequency of live cells 
was determined by flow cytometry. d) Relative mean frequency of a few cell populations within 
the CD45+ compartment were compared. e) Representative dot plots and comparison of 
CD11b+CD207+ cell frequency within the CD45+ immune cell compartment indicated reduced 
frequency in the Trpv1-/- wound skin. f) Representative dot plots and comparison of 
CD11b+F4/80+ cell frequency within the CD45+ immune cell compartment showed significantly 
lower macrophages in the Trpv1-/- wound skin. 
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Figure 5. Pro-inflammatory mediator gene expression was elevated with infection in wild 
type wounds, and this increase was 10-fold higher in the knockout infected wounds. 
Transcription of Il1b, Il6, and Tnfa was quantified in healthy skin, wound tissue on day 7, and 
infected wound tissue on day 7 for C57BL/6 (a-c) and Trpv1-/- (d-f) skin showing increased 
expression after wounding and more significantly after infection. Expression of mediators for the 
IL-23/IL-17 pathway were also quantified for C57BL/6 (g-i) and Trpv1-/- (j-l) skin showing no 
expression after wounding but significantly higher expression in infected wounds. 
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Figure 6. Increased wound area, extended wound margins, and lack of new collagen 
deposition were observed in the absence of TRPV1, indicating reduced quality of healing. 
a) Representative images of day 10 infected wounds. Red dashed line indicates wound edge 
and area measured. b) Quantification and comparison of wound areas of infected wounds 10 
days after wounding and infection showing significantly larger areas in the absence of TRPV1. 
c) Representative histology images of C57BL/6 and Trpv1-/- wound cross sections showing 
typical healing in the WT but necrosis of intact epithelium outside the original wound edge 
(indicated by the blue line, scale = 1mm). d) Representative brightfield and polarized light 
microscopy images of picrosirius stained C57BL/6 and Trpv1-/- histology sections (scale = 
1mm). New Type III collagen appears green and mature Type I collagen appears yellow-red in 
polarized light. Blue outline indicates deposition of new collagen in the C57BL/6 wound bed. 
Yellow outline indicates absence of collagen deposition in Trpv1-/- wound bed. 
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Materials and Methods 

Mice 

Six-month-old female B6.129X1-Trpv1tm1Jul/J (KO, Trpv1-/-) mice and vendor suggested control 

C57BL/6 wild type (WT) mice were obtained commercially (Jackson Laboratory, Bar Harbor, 

ME) or were gifts from the E. Carstens lab at UC Davis. Mice were maintained under specific 

pathogen-free conditions, with free access to food and water, in the UC Davis vivarium. All 

experiments and animal use procedures were approved by the Institutional Animal Care and 

Use Committee at University of California, Davis. 

 

Bacterial strains and culture conditions 

P. aeruginosa strain PAO1 used for infected experiments was obtained from ATCC or a gift 

from the R. Crawford lab at California State University, Sacramento. Bacteria were prepared 

from frozen glycerol stocks streaked on Luria–Bertani (LBNS) agar and grown overnight at 

37°C. An isolated colony was picked and grown overnight at 37°C in LBNS medium, pH 7.4 

under shaking, aerobic conditions. The next day, 100ul of culture was plated and incubated 

overnight at 37°C, while the remaining suspension was stored at 4°C. Concentration of culture 

was determined from growth plates the next day, then required number of bacteria from 

suspension was calculated, washed, and diluted to stock concentration (2x106 CFU/ml) for use 

in experiments.  

 

Wounding and Infection model 

A day prior to wounding, dorsal surfaces of anesthetized mice were shaved and then depilated 

(Nair, Church & Dwight Co., Inc., Ewing, NJ). On surgery day (day 0), two 8mm biopsy punch 
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tools (Acuderm Inc., Fort Lauderdale, FL) were used to make full-thickness excisional wounds 

on the dorsum in areas devoid of hair growth, as indicated by pink skin coloration. Infected 

wounds were inoculated topically by pipetting 10µl of 2x106 CFU/ml PA01 suspension (2x104 

CFU/wound). The wound area was covered with Tegaderm (3M, Cat. No. 1642W). Images of 

the wounds were taken daily using an iPhone X or 11 Pro camera (2x at a fixed distance, 90º to 

wound plane). Images were used for planimetry measurements of surface wound area. 

Quantification of wound closure by day based on the surface area of the wound on surgery day 

(day 0) measured using ImageJ software. Wound closure percentage was calculated as [(area 

of wound on day X) ÷ (area of the wound on day 0)]*100. On day 3, 7, or 10 animals were 

euthanized by exsanguination and wound tissue was collected for analysis described below.  

 

Histology 

Wound samples were dissected, post-fixed for 24 hours at room temperature in PBS/4% 

paraformaldehyde (PFA, Sigma, Cat# P6148) solution, washed, and then stored in 70% ethanol 

at room temperature until processing. After processing, samples were embedded in paraffin, 

sectioned, and stained using hematoxylin and eosin (H&E) or picrosirius red stains. H&E 

stained sections were imaged by light microscopy on BZ-9000 BioRevo microscope (Keyence, 

Itasca, IL), and images collected were analyzed with BZ-II Analyzer software (BZ-H1ME; 

Keyence, Itasca, IL). Granulation tissue area was measured using the ‘area’ tool in the BZ-II 

Analyzer software. Re-epithelialization was calculated as described (Sivamani, et al., 2009), as 

the value of total neo-epithelium length divided by total wound length multiplied by 100 to give a 

percentage. Picrosirius red staining was done with 1.3% picric acid and 0.1% Direct Red 80 

(Sigma Millipore) for 1hr at room temperature. Sections were imaged under brightfield or 

polarized brightfield with the Olympus BX61 microscope. 
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Epidermal sheet preparation, immunofluorescent staining, and DETC analysis  

Epidermal sheets were prepared as previously reported [25]. Briefly, ears were excised, placed 

in PBS, and then shipped on dry ice to the Jameson Lab CSU San Marcos. There the ears were 

split into dorsal and ventral halves. The dermal side was exposed to 3.8% ammonium 

thiocyanate in PBS for 15 min, and epidermal sheets were separated from dermis and then 

washed in PBS. The epidermal sheets were fixed in acetone and incubated in 1–2 µg/ml 

antibodies specific for γδ TCR and CD3ε 1 h at 37°C, and then DAPI (Sigma) for 5 min. The 

stained sheets were rinsed in PBS and mounted on slides with anti-fade mounting medium 

(DAKO, Carpinteria, CA). Slides were imaged and used for DETC counting and morphology 

analysis. A total of six 3 in x 3 in quadrants, which corresponded to 0.15 mm x 0.15 mm, were 

counted in Photoshop and then DETC numbers/mm2 were calculated from these counts. 

Several cells were selected per quadrant and arms were counted. Counts were averaged per 

mouse and then average number of arms per DETC for each strain was compared. 

 

Flow Cytometry 

Single cell suspensions were prepared using mechanical dissociation with scissors and then 

enzymatic digestion (Dispase II, Sigma-Aldrich, St. Louis, MO; Collagenase D, Sigma-Aldrich, 

St. Louis, MO; DNase I, Sigma-Aldrich, St. Louis, MO). Cells were then strained (100µm cell 

strainer) to remove extracellular matrix. Surface markers on the cells were stained by incubating 

with primary antibodies in staining buffer using the following fluorescently conjugated mAbs: 

LIVE/DEAD™ Fixable Aqua Dead Cell Stain, BV711-conjugated anti-CD45 (30-F11), peridinin 

chlorophyll protein complex (PerCP)-conjugated anti-CD11b (M1/70), APC-conjugated anti-

F4/80 (BM8), phycoerythrin (PE) conjugated anti-CD207 (4C7), PE-Cy7-conjugated anti-CD3 
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(145-2C11), and APC-conjugated anti-Thy1.2 (53-2.1). All antibodies were purchased from 

BioLegend (San Diego, CA). Data were acquired using an Attune NxT Flow Cytometer 

(Invitrogen by ThermoFisher Scientific, Waltham, MA) and were analyzed using FlowJo 

software (Tree Star Inc., Ashland, OR). 

 

Bacterial Burden 

One quarter of the 10-mm skin biopsy punch (Acuderm Inc., Fort Lauderdale, FL) was placed in 

500µl of sterile PBS in 1.5ml Eppendorf tube and weighed. Tissue samples were homogenized 

using the Bullet Blender® (Next Advance). Serial 10-fold dilutions of homogenate were plated 

onto LBNS agar. Plates were incubated overnight at 37°C, then CFU were enumerated and 

CFU/mg of tissue was calculated. Data was then log transformed for statistical comparison. 

 

Real time quantitative PCR (RT-qPCR) 

Wound tissue was collected and flash frozen in liquid nitrogen then stored at −80°C until use. 

Frozen tissue was homogenized using TissueLyser (Qiagen) in RLT buffer according to 

manufacturer instructions. RNA was extracted from wound lysate using Rneasy Miniprep 

(Qiagen). RNA was reverse-transcribed to cDNA using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems). RT-qPCR was performed using PowerUp SYBR Green 

Master Mix (Thermo/Applied Biosystems). Data were analyzed and normalized using the ∆∆Ct 

method with GAPDH, RPS13, and 18S rRNA as housekeeping genes.  

 

Statistical Analysis  
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Statistical analysis was performed and results were plotted using GraphPad Prism version 7.02 

software. Data are represented as means ± standard error of the mean (SE) throughout the 

figures. Statistical comparisons of two groups for a single variable with normal distributions were 

analyzed by unpaired t test. Analysis of variance (ANOVA) was used for repeated measures 

comparison. Simple linear regression analysis was performed for correlations. Power calculation 

was conducted with one outcome (re-epithelialization or cell population percentage) and the 

Type I error rate was set at 0.05. With a total sample size of 10 consisting of 5 in each group, 

based on percent change seen in preliminary studies, the experiment had 80% power to detect 

a 2 standard deviation difference between two groups.   
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Supplementary Figures 

 

 

 

Supplementary Figure 1. Preliminary evidence suggests dendritic epidermal T cell 
(DETC) morphology difference at baseline and increased myeloid cell infiltration after 
wounding. a) Representative images of DETC populations in ear skin of C57BL/6 and Trvp1-/- 
mice used to quantify count and morphology of DETCs. b) Comparison of average number of 
DETCs per square millimeter of ear skin shows no difference. c) Comparison of average 
number of arms per DETC indicates slight increase in number of arms per DETC in Trpv1-/- skin 
over C57BL/6. 
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Supplementary Figure 2. Despite having equivalent healing, Trpv1-/- wounds showed 
increased myeloid cell infiltration after wounding. a) Quantification of total cell counts for 
C57BL/6 and Trpv1-/- wound skin single cell suspensions on day 7 post wounding. b) CD45+ 
immune cell population frequencies as determined by flow cytometry were not significantly 
different between C57BL/6 and Trpv1-/- wounds. c) Representative dot plots for CD11b+CD207+ 
cell population within the CD45+ compartment, with quantification in both C57BL/6 and Trpv1-/- 
wound tissue. d) Representative dot plots for CD11b+F4/80- cell population within the CD45+ 
compartment, with quantification in both C57BL/6 and Trpv1-/- wound tissue. 
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Supplementary Figure 3. Images of infected wounds on C57BL/6 and Trpv1-/- mice shows 
progression of infection, and C57BL/6 wound infection resolving earlier than Trpv1-/- 
wounds. Representative images for both groups immediately after wounding and infection (day 
0), during the peak of infection (day 3), during the transition from inflammatory to proliferative 
phase (day 7), and before tissue collection (day 10). 
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Supplemental Figure 4. Analysis of wound infection and healing measurements did not 
reveal correlative relationship, except in C57BL/6 wounds on day 3. Simple linear 
regression analysis showed a significant relationship (p=0.01) between wound infection and 
healing on day 3 in the WT wounds (a), but not in the KO wounds at the same time point (d) or 
in either strain at day 7 (b,e) or day 10 (c,f). 
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d. e. f.
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Supplementary Figure 5. Neuropeptide gene expression trends were similar in the 
presence or absence of TRPV1 after wounding and infection. Transcription of Calca, Npy, 
and Tac1, the genes for CGRP, neuropeptide y, and substance P respectively, was quantified in 
healthy skin, wound tissue on day 7, and infected wound tissue on day 7 for C57BL/6 (a-c) and 
Trpv1-/- (d-f) skin. Calca expression decreased compared to healthy skin after wounding and to 
a greater degree after infection in the presence and absence of TRPV1 (a,d). Neuropeptide Y 
gene expression was significantly increased 7 days after wounding compared to healthy skin 
but did not vary from baseline after 7 days of infection either with or without TRPV1 (b,e). Tac1, 
the substance P gene, transcription did not vary after wounding or infection either with or 
without TRPV1 (c,f). 
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Overall conclusions about the contributors to wound chronicity 

Our investigations of the contributions that co-morbidities make to the 

development of delayed healing highlighted the need for strict standardization in all 

aspects of pre-clinical wound healing studies. In addition to the natural biological 

variations, the murine model of full thickness excision wounding is susceptible to many 

confounding factors that may impact the healing trajectory. A short list of these includes 

size of original wound, use of splint (silicon or occlusive covering), and presence of 

cycling hair follicles. Assessment of healing, either by quantitation of surface wound 

area or histomorphometric measurement of re-epithelialization, is also open to bias 

such as hair or eschar obstructing visualization of the wound edge, camera angle 

relative to the wound plane, irregular, non-circular healing shapes, bisection plane 

during wound collection, and selection of original wound landmarks in the 

histomorphometric analysis. The development of unbiased machine learning algorithms 

to automate wound detection and size estimation may remove some of the subjectivity 

from this assessment [1]. 

Despite these pre-clinical model difficulties, we were able to uncover some 

important aspects of the contributions of both age and the TRPV1 channel to delayed 

healing in infected wounds. Although aged animals have the ability to cope with one 

insult, wound trauma, they have an elevated stress response to it that alters their 

physiology. As a result, they have a reduced capacity to handle a secondary assault, be 

it infection or possibly obesity or other metabolic derangement. We also demonstrated 

that the TRPV1 channel is involved in homeostatic function of skin, though the loss of 

TRPV1 did not affect this barrier tissues response to uninfected injury. In the infected 
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wound, the exacerbated inflammation and delayed and defective healing in the absence 

of the TRPV1 channel indicates that TRPV1 does have a role in modulating the 

inflammatory response to wound infection. This is worth further investigation to benefit 

diabetic patients with infected wounds. The reduced TRPV1 immunoreactivity seen in 

diabetic skin [2] may indicate a vulnerability to unregulated inflammation when wounds 

become infected, contributing to the development of diabetic foot ulcers. A better 

understanding of how TRPV1 is involved in the inflammatory response of infected 

wound healing may lead to TRPV1-targeted therapies to improve healing of infected 

diabetic foot ulcers. 
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