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Abstract (151) 22 

Mammalian skin wounds typically heal with a scar, characterized by fibrotic tissue that disrupts original 23 

tissue architecture and function. Therapies that limit fibrosis and promote regenerative healing remain a 24 

major unmet clinical need. Rosemary extract, particularly in the form of topical oils and creams, has 25 

gained widespread public attention for its purported wound-healing properties. However, its efficacy and 26 

mechanism of action remain poorly understood. We show in adult wound healing mouse models that an 27 

ethanol-based rosemary extract accelerates the speed of wound healing and mitigates fibrosis. 28 

Mechanistically, we identify that carnosic acid, a major bioactive component of rosemary leaves, 29 

activates the TRPA1 nociceptor on cutaneous sensory neurons to enhance tissue regeneration. Mice 30 

lacking TRPA1 in sensory neurons do not exhibit these pro-regenerative responses, confirming its role as 31 

a critical mediator. Together, these findings suggest that topical rosemary extract may represent an 32 

effective and accessible therapeutic approach to improve skin repair outcomes.  33 



 3 

Introduction 34 

Skin wounds affect 100 million patients per year in the United States, and these wounds may heal 35 

by two different biological processes: scar formation or tissue regeneration (1,2). Scars cause loss of 36 

original tissue architecture and function, while tissue regeneration reconstitutes the major components of 37 

the skin, such as hair follicles, sebaceous glands, and cartilage (3). Most human skin wounds heal with a 38 

fibrotic scar, which, depending on the location, may cause substantial functional morbidity. Methods to 39 

prevent scar formation or to promote scarless wound healing remain a major unmet clinical need (4).  40 

 41 

Ear hole closure is a well-established mouse model of skin injury (5–8). Typically, 2 mm 42 

through-and-through holes in the mouse ear pinna of wild type (WT) C57BL/6J mice heal with a scar and 43 

remain open, similar to a human earring piercing. We and others have previously shown that some strains 44 

of mice may heal with tissue regeneration that results in the complete closure of ear holes, and the healed 45 

tissue exhibit return of original tissue architecture and decreased fibrosis. More specifically, we 46 

previously showed that activation of TRPA1 nociceptor by imiquimod (IMQ) or allyl isothiocyanate 47 

(AITC) promotes scarless wound healing (9). Activated TRPA1 stimulated local production of 48 

interleukin-23 (IL-23) by dermal dendritic cells, leading to activation of circulating dermal interleukin-17 49 

(IL-17)- and interleukin-22 (IL-22)-producing γδ T cells, promoting full ear wound closure. 50 

 51 

Herbs and plants have historically been used as successful disease treatments due to their 52 

medicinal properties, and approximately 25% of drugs prescribed worldwide are of plant origin (10, 11). 53 

Social media platforms, including TikTok, Instagram, and YouTube, have numerous videos describing 54 

the potential therapeutic effects of the Rosmarinus officinalis (rosemary) plant to reduce scar formation, 55 

promote hair growth, and improve facial skin health, with some of the most popular videos amassing over 56 

20 million views (12–14). The rosemary-containing health care products market was valued at USD 57 

$980.8 million in 2023 (15). Despite the widespread promulgation and belief about the medicinal 58 
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properties of rosemary, there is a lack of robust and rigorous scientific studies detailing its therapeutic 59 

effects.  60 

 61 

We demonstrate that rosemary extract promotes scarless wound healing in mouse skin and 62 

identify carnosic acid as the active ingredient. We show that rosemary activates the TRPA1 receptor on 63 

sensory nerves to promote tissue regeneration. 64 

  65 
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Results 66 

Rosemary promotes scarless wound healing 67 

To test rosemary’s role in wound healing, we purchased rosemary from the supermarket, 68 

physically minced their leaves, performed an ethanol extraction, and spatulated the mixture into a 69 

Cetaphil cream base. After performing a 2 mm through-and-through ear punch through the pinna of 70 

mouse ears, we applied rosemary or vehicle control cream on the ears daily for four weeks. Rosemary 71 

cream closed ear holes to a smaller size compared to vehicle control cream-treated ears (Figure 1A-B). 72 

Histological analysis of rosemary cream-treated mouse ear wounds exhibited increased return of normal 73 

tissue architecture, with regeneration of hair follicles, sebaceous glands, and subcutaneous fat. We also 74 

observed shortened distances between opposing cartilage end plates, supporting cartilage regeneration 75 

(Figure 1C-E). Mouse ears are a unique anatomic location, and we wanted to determine whether these 76 

observations were generalizable to other areas of skin. Stented dorsal back skin wounds on mice typically 77 

heal with scar formation but may also exhibit regenerative phenotypes (16). Stented 6 mm dorsal back 78 

skin wounds treated with rosemary cream displayed faster re-epithelialization than control mice (Figure 79 

2A-B). This suggests that rosemary treatment can promote wound healing at other skin sites. Together, 80 

these data show that a cream containing ethanol-extracted rosemary leaves promotes mouse wound 81 

regeneration. Next, we wanted to identify the active ingredient. 82 

 83 

Carnosic acid in rosemary leaves promotes regeneration 84 

Although different rosemary-containing extracts have undergone mass spectrometry profiling, the 85 

chemical composition resulting from our ethanol-based extraction method remained unknown (17). We 86 

performed UPLC coupled with mass spectrometry on our ethanol-based rosemary extract. Consistent with 87 

prior studies, the two most abundant compounds were carnosic acid and carnosol, its oxidation product 88 

(Table 1) (18, 19). To directly test if carnosic acid may enhance wound healing, we compounded carnosic 89 

acid (5 mg/mL) into a Cetaphil cream base and performed our ear hole closure assay. After 4 weeks, 90 

carnosic acid cream treated ears closed to an average of ~90% of the original wound size compared to 91 
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~35% for vehicle control cream-treated ears (Figure 3A-B). Histological analysis of carnosic acid cream-92 

treated mouse ear wounds stained with H&E revealed increased return of hair follicles, sebaceous glands, 93 

and subcutaneous fat. A shorter distance between the opposing cartilage end plates supported cartilage 94 

regeneration (Figure 3C-D). Finally, we measured fibrosis by picrosirius red stain. Ears treated with either 95 

rosemary or carnosic acid cream revealed significantly less fibrosis at the wound edge compared to 96 

vehicle control cream (Figure 3E-F). Taken together, carnosic acid is a key biologically active compound 97 

in the rosemary plant that promotes scarless wound healing. We believe its effectivessness and potency 98 

are similar to rosemary cream, with only the Week 2 time point being statistically significant between the 99 

two treatments. 100 

 101 

Rosemary extract activates the TRPA1 ion channel 102 

Prior work demonstrated that carnosic acid acts as a ligand for the transient receptor potential 103 

ankyrin 1 (TRPA1) receptor, and our lab showed that the activation of TRPA1 promotes full ear wound 104 

closure in mice (9, 20). To test if rosemary-induced ear wound closure was mediated by TRPA1, we 105 

screened whether rosemary and multiple other plant extracts may act as agonists of the TRPA1 channel. 106 

Compared to AITC as a positive control, we found that mint, oregano, fennel seed, nutmeg, thyme, 107 

allspice, and rosemary induced TRPA1 receptor-mediated calcium influx. (Figure 4A, S1). We next 108 

compared whether thyme and rosemary extracts activated other members of the TRP ion channel family. 109 

Both rosemary and thyme extracts specifically activated the TRPA1 ion channel, although rosemary 110 

modestly activated the TRPV3 channel (~15%) (Figure 4B). We noted that cilantro did not activate 111 

TRPA1 (Figure 4A), and cilantro has not been reported to generate carnosic acid (21–23). As a negative 112 

control, we compounded an ethanol-based cilantro extract into a Cetaphil cream base and repeated our ear 113 

hole assay. Cilantro cream did not result in increased ear hole closure compared to vehicle control cream-114 

treated mouse ears (Figure 4C-D).  115 

Based on our prior work, we showed that local activation of TRPA1 with IMQ or AITC improved 116 

wound healing on distal sites suggesting a systemic effect. We tested this possibility in two different 117 
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ways. 1) Wound induced hair neogenesis (WIHN) involves large excisional back wounds that may 118 

regenerate with new hair follicles (24). We performed WIHN on WT mice and rubbed rosemary cream or 119 

control cream on the ears of mice every day for 28 days. Compared to control mice, rosemary-treated 120 

mice did not exhibit more hair follicle regeneration (Figure S2A-S2B). 2) We rubbed control cream or 121 

rosemary cream on shaved dorsal back skin and performed our ear hole closure assay. We observed a 122 

minimal, not clinically relevant difference in ear hole closure between rosemary-treated mice and control 123 

mice (Figure S2C-S2D). We conclude that rosemary cream only enhances locally treated wound healing 124 

and does not function in a systemic manner.  125 

 126 

Key TRPA1 pathway mediators are induced in rosemary-treated ear wounds.  127 

To further verify the involvement of the TRPA1-mediated signaling pathway in rosemary-128 

mediated wound healing, we performed bulk RNA-sequencing on wound edge tissue from ears treated for 129 

one week with rosemary or vehicle control cream (Figure 5A-B). PCA analysis demonstrated that 130 

treatment groups segregated across the first principal component, indicating that the biggest source of 131 

variation is between treatment groups (Figure 5C). Rosemary cream induced the expression of IL-23a, IL-132 

22, and IL-17a transcripts, all components previously demonstrated to be necessary for TRPA1-mediated 133 

wound healing (Figure 5D). Additionally, gene ontology biological processes analysis revealed 134 

upregulation of γδ T cell activation, IL-23-mediated signaling, and IL-17 production. The Enrichr 135 

pathway with the highest combined score was IL-23-mediated signaling (Figure 5E-F). Because of the 136 

observed decrease in fibrosis, we wanted to interrogate the pro-fibrotic myofibroblast response in 137 

rosemary-treated ears. We collected wound-edge tissue of control cream- or rosemary cream-treated ears 138 

at 1-week post-injury and assessed pro-fibrotic myofibroblast gene expression by qPCR. Compared to 139 

control cream, rosemary-treated ears exhibited 2-fold more Acta2 expression and 2-fold less Col3a1 140 

expression (Figure S3). We saw no differences in Col1a1, Fn1, and Vim levels (Figure S3). We conclude 141 

that rosemary-treated ears may still induce myofibroblast generation and activation, however the pro-142 

regenerative pathway induced by TRPA1 may be more dominant than the fibrotic response. Taken 143 
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together, these gene expression changes are aligned with our prior work dissecting how activation 144 

TRPA1-receptor promotes scarless tissue regeneration.   145 

 146 

Neuronal-specific TRPA1 deletion abrogated rosemary-induced wound healing 147 

We and others have described that TRPA1 is mainly expressed in a subset of TRPV1-expressing neurons 148 

located in dorsal root ganglia (DRGs) (9, 25, 26). To test whether TRPA1-expressing neurons are 149 

necessary for rosemary-mediated tissue regeneration, we generated mice specifically lacking TRPA1 in 150 

sensory neurons (TRPA1fl/fl :TRPV1Cre, referred to as nTRPA1-KO). We previously demonstrated that 151 

daily application of topical IMQ promotes complete ear hole closure in WT mice (9). To confirm 152 

successful generation of nTRPA1-KO mice, we treated injured ears of nTRPA1-KO or WT littermate 153 

control mice with daily IMQ for four weeks. IMQ-treated WT mice closed their ear holes to a 154 

significantly smaller size compared to IMQ-treated nTRPA1-KO mice (~92% vs ~45%, respectively, 155 

Figure 6A). Notably, vehicle-treated nTRPA1-KO mice also exhibited ~45% ear hole closure. Thus, 156 

neuronal-specific TRPA1 is necessary for IMQ-induced tissue regeneration. 157 

Next, we treated nTRPA1-KO mice with rosemary cream. We observed that rosemary cream-158 

treated nTRPA1-KO mice closed their ear holes to a larger size compared to rosemary cream-treated WT 159 

control mice, thus exhibiting impaired tissue regeneration (Figure 6B-C). Thus, peripheral nerve  160 

expression of TRPA1 is necessary for rosemary-mediated skin regeneration.  161 

  162 
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Discussion 163 

We demonstrate that topical rosemary extract enhances mammalian skin repair. Rosemary 164 

activates TRPA1+ sensory neurons to induce these effects, and carnosic acid within rosemary leaves acts 165 

as an active ingredient. Indeed, this work confirms that rosemary oils and cream, as reported on many 166 

social media sites, may reduce fibrosis and improve skin repair. 167 

 168 

Plant extracts have long been used in traditional medicine, but oftentimes the active ingredient 169 

remains unknown or unidentifiable. We successfully identified that carnosic acid in rosemary leaves is a 170 

key biologically active component that promotes scarless tissue regeneration. Our plant screen also 171 

identified oregano and thyme as other plants that activate TRPA1, and prior work demonstrated that both 172 

plants generate carnosic acid or carnosol, an oxidation product of carnosic acid (27, 28). Both products 173 

are reported to activate TRPA1 (20). TRPA1 receptor activation is primarily triggered by electrophilic 174 

irritants such as AITC (mustard oil), cinnamaldehyde, or JT010. Future studies are needed to assess 175 

whether oxidation of carnosic acid to carnosol is necessary to promote scarless wound healing. We 176 

identified that mint, fennel, nutmeg, and allspice may also activate TRPA1. We speculate that these plants 177 

may also be compounded into a cream to promote wound healing. However, more work is needed to 178 

determine their active ingredient(s). 179 

 180 

Rosemary extract exhibited minor activation of the TRPV3 receptor. We did not detect any 181 

notable TRPV3 agonists in our UPLC/MS analysis. Prior literature demonstrated that carnosol and 182 

carnosic acid do not activate TRPV3, and TRPV3 activation has not been reported to induce wound 183 

healing (20). Thus, we do not believe that TRVP3 activation is a contributing factor in our studies. 184 

 185 

Human and mouse skin exhibit many differences, including resident immune cell populations. 186 

We previously showed that TRPA1-mediated tissue regeneration requires γδ T cells, which may reside in 187 

the epidermis or dermis. While mice have more γδ T cells in the epidermis (also known as dendritic 188 
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epidermal T cells) compared to humans, both mouse and human skin contain similar numbers of dermal 189 

γδ T cells. Moreover, mouse and human dermal γδ T cells were shown to promote wound healing via 190 

secreting insulin-like growth factor 1 and fibroblast growth factor 9 (29–32). We speculate that TRPA1-191 

activation may promote tissue regeneration through either population of γδ T cells, and rosemary-extract 192 

may induce scarless tissue regeneration in human skin. While CD4+ helper T cells have been reported to 193 

express TRPA1, they express TRPA1 by orders of magnitude lower was shown to not be a key regulator 194 

of T-cell receptor-stimulated calcium signaling (33). Additionally, the calcium influx of TRPA1 in these 195 

cells has not been reported to mediate wound healing. Taken together, we think that T cells contribute to 196 

the enhanced wound healing but it is not a direct effect via TRPA1 on T cells. Additional studies are 197 

needed to explore these possibilities. 198 

 199 

While IMQ and AITC have proven effective to promote scarless wound healing, potential side 200 

effects have limited their use in regenerative medicine (34–36). IMQ was originally designed to activate 201 

the toll-like receptor 7 (TLR7) to promote inflammation and innate immunity and its ability to activate  202 

TRPA1 was a non-specific side-effect. AITC is the gold-standard TRPA1 agonist and is a well-203 

established caustic chemical that may cause severe chemical-induced irritation or burns to tissues. Our 204 

rosemary extract is substantially less caustic than AITC. Moreover, carnosic acid has not been reported to 205 

activate the TLR7 pathway or to possess corrosive or tissue-damaging properties. In fact, carnosic acid 206 

may attenuate allergic inflammatory mediators in activated mast cells and  function as an antioxidant (27, 207 

37, 38). Carnosic acid is typically localized within the chloroplasts, the organelles in plant leaves 208 

responsible for photosynthesis. It acts as a free radical scavenger and neutralizes harmful reactive oxygen 209 

species generated during photosynthesis (27, 39). Being less caustic may come at a cost. Our prior work 210 

showed that activation of TRPA1 could induce a systemic wound healing effect. We observed that 211 

activation of TRPA1 by rosemary did not induce a systemic wound healing effect. We believe this may be 212 

related to the concentration of agonist in these experiments. Rosemary cream was approximately 40% as 213 

effective as AITC in our in vitro experiments (Figure 4). This difference may also explain why AITC is 214 
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more caustic than rosemary cream. Further studies will be needed to determine optimal concentrations of 215 

rosemary for local and systemic wound healing effects. Taken together, rosemary extract or carnosic acid 216 

may represent an ideal TRPA1-agonist to promote local scarless tissue regeneration. 217 

 218 

These results demonstrate that the enthusiasm publicized on social media may be correct, and 219 

rosemary-containing extracts reduce mammalian skin scar formation. These results coupled with the 220 

widespread accessibility of the rosemary plant and its relatively low cost should motivate formal testing 221 

of rosemary-containing creams to reduce scar formation in human clinical trials.  222 
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Methods 223 

Sex as a biological variable. This wound healing study examined male and female animals; similar 224 

findings are reported for both sexes. Further studies are needed to assess whether the rosemary plant can 225 

display sex-specific effects. 226 

  227 

Animal models. C57BL/6J (strain #000664), 129S-Trpa1tm2Kykw/J (TRPA1fl/fl, strain #008649), and 228 

B6.129-Trpv1tm1(cre)Bbm/J (TRPV1Cre, strain #017769) mice were obtained from The Jackson laboratory. 229 

TRPA1fl/fl mice were crossed with TRPV1Cre mice to obtain mice deficient for TRPA1 specifically in 230 

TRPV1-expressing neuronal cells. All mouse genotypes were verified by standard PCR as described by 231 

the Jackson Laboratory (protocols 28644 and 35042). Mice were housed at the University of 232 

Pennsylvania animal care facilities on a 12-hour light/12-hour dark cycle with free access to normal chow 233 

and water. All mice were used between 6-8 weeks of age. 234 

 235 

Animal injury. For ear wounding, we used a standard 2mm mechanical punch (Roboz) to create a 236 

through-and-through hole in the center of each outer ear (pinna). We applied ~50 mg of treatment cream 237 

to injured mouse ears every day for one month. Ear hole diameter of wound edge tissue was measured 238 

using a dissection microscope (Nikon) in the horizontal and vertical directions on a weekly basis. Pre-239 

established criteria required the exclusion of ears if there were signs of wound infection, tearing of the 240 

ear, or abnormal geometric shape. No points were excluded in this study. For wound induced hair 241 

neogenesis, 1.5-cm2 full-thickness skin wounds were made as previously described (24). We applied ~50 242 

mg of treatment cream adjacent to the wounded area every day for 4 weeks. After 4 weeks, de novo hair 243 

follicles were identified by whole-mount alkaline phosphatase staining of dermis preparations as 244 

previously described (24). For stented back wounds, a 6mm disposable biopsy punch (Acuderm) was 245 

used to make two circular full thickness wounds on the dorsal back skin of mice. Silicon wound splints 246 

(Grace Bio-Labs) were sutured with 4-0 Nylon to prevent skin contracture. We applied ~50 mg of 247 
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treatment cream around the stented wound every day for 4 weeks. Re-epithelialized skin borders were 248 

used to measure percent wound closure.  249 

 250 

Injury Treatments. To generate the rosemary and cilantro creams, dried rosemary or cilantro extract was 251 

resuspended in 500 μL of DMSO. Cetaphil cream was added to obtain a final concentration of 12 mg of 252 

rosemary or cilantro extract/mL. Carnosic acid cream was generated by resuspending 50 mg of carnosic 253 

acid (Santa Cruz Biotechnology, sc-202520A) in 250 μL DMSO. Cetaphil cream was added to obtain a 254 

final concentration of 5 mg/mL. Vehicle control cream for each treatment was generated by adding an 255 

equal volume of treatment vehicle to Cetaphil cream. Imiquimod cream USP 5% (12.5 mg/0.25 g, NDC 256 

68462-536-70) was obtained from Glenmark Pharmaceuticals, NJ.  257 

 258 

Plant extractions. Fresh rosemary or cilantro plant leaves (Trader Joe’s, 1324 Arch St, Philadelphia, PA 259 

19107) were weighed (~15 g) and minced in the presence of ethanol (~30 mL) in a 50 mL conical. The 260 

minced leaves in ethanol were stored overnight at -80° C. The minced leaves were then discarded, and the 261 

liquid solution was filtered through a 0.22 μm vacuum filtration system (03359, Sigma). The ethanol in 262 

the solution was evaporated under vacuum in a 37° C water bath to obtain the dried rosemary or cilantro 263 

extract. For TRP calcium flux assays, fresh herb/plant leaves or spices (200 mg) were minced in DMSO 264 

and extracted overnight at 4oC, clarified by centrifugation, and stored at -20oC. The DMSO extract was 265 

diluted to 0.25 mg/mL in LHC9 for calcium flux assays. 266 

 267 

UPLC-MS Analysis. Chromatographic separation was performed on a Waters Acquity ultra performance 268 

liquid chromatography (UPLC) I-Class Plus Instrument (Milford, MA) equipped with a binary gradient 269 

pump and TUV two channel UV detector. A Waters (Milford, MA) Acquity UPLC HSS C18 column (2.1 270 

x 50 mm, 1.8 µm particle size), along with a prefilter, was used with the column temperature maintained 271 

at 30 °C. A binary eluent system was employed with mobile phase A (water with 0.1% formic acid) and 272 

mobile phase B (acetonitrile with 0.1% formic acid) with a flow rate of 0.5 mL/min and a gradient 273 
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program as follows: 0.00-0.50 min, 5% B; 0.50-12.50 min, linear from 5% to 95% B; 12.50-14.50 min, 274 

95% B; 14.50-15.00 min, 5% B. For the preparation of the eluents, Optima™ LC/MS-grade water, 275 

acetonitrile, and formic acid were purchased from Fisher Scientific and used without further purification. 276 

The sample injection volume was 2 µL. The UV detector was set to 254 nm. 277 

The UPLC instrument was coupled to a Waters SQD2 single quadrupole mass spectrometer (Milford, MA) 278 

with a Zspray electrospray ionization source using nitrogen as desolvation and nebulization gas. Source 279 

conditions were as follows: capillary voltage, 1.50 kV; cone voltage, 30 V; desolvation temperature, 600 280 

°C; desolvation gas flow rate, 1000 L/h; cone gas flow rate, 0 L/h. The mass spectrometer was operated in 281 

negative ESI-mode scanning m/z 50-1000. 282 

 283 

TRP channel overexpression: Human TRPA1, V1, V2, V3, V4, and M8 genes were subcloned into the 284 

pcDNA 3.1D-V5/His6 mammalian expression vector (Invitrogen), as previously described (40–42). 285 

Individual plasmids were transfected into HEK-293 cells (ATCC) which exhibit minimal/absent basal 286 

response to the TRP channel agonists. Stable lines were selected by using Geneticin (400 μg/mL) 287 

(Invitrogen) and isolating homogeneous colonies by dilution. TRPM2-overexpressing HEK-293 cells 288 

were provided by Dr. Yasuo Mori (Kyoto University, Kyoto, Japan) and generated as previously 289 

described (43, 44). All overexpressing cells were maintained in DMEM/F12 supplemented with 5% FBS, 290 

1X anti/anti and 300 µg/mL Geneticin. 291 

 292 

TRP Screening Assays/Calcium Influx Assays. Calcium flux assays were performed as previously 293 

described (45). Briefly, HEK-293 cells stably overexpressing TRPA1, TRPM2, TRPM8, TRPV1, 294 

TRPV2, TRPV3, or TRPV4 were used. Changes in fluorescence intensity indicative of an increase in 295 

intracellular calcium were measured using the Fluo-4 Direct assay kit (F10472, Thermo Fisher) on a 296 

BMG Labtech NOVOStar fluorescence plate reader. TRP-overexpressing HEK cells were plated in flat-297 

bottom 96-well plates coated with 1% gelatin at ∼30,000 cells/well and assayed at 90% confluence 1–2 d 298 

post-plating. Prior to the assay, the cells were loaded with 1X Fluo-4 diluted 1:1 in LHC-9 (12680013, 299 
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Gibco) at 37 °C for 1 h. The Fluo-4 was removed, and the cells were washed with LHC-9 containing 1 300 

mM probenecid (P36400, Thermo Fisher) and 0.75 mM trypan red (2456, ATT Bioquest). The assays 301 

were performed at 37 °C. Plant extract treatments (0.25 mg/mL in DMSO) were added to cells at 3X the 302 

desired final concentration in LHC-9 (111.1 μM calcium). Reported values were corrected by subtracting 303 

the fluorescence response to a negative media control (i.e., no agonist) containing the appropriate 304 

concentrations of DMSO to match the extract samples. The data were further corrected by subtracting the 305 

fluorescence response of HEK-293 cells lacking TRP expression with the data reported as the percent of 306 

response relative to each TRP channel’s respective specific agonist (positive control): TRPA1 = 250 mM 307 

AITC, TRPM2 = 1mM H2O2, TRPM8 = 50 mM icilin,  TRPV1 = 1 mM nonivamide, TRPV2 = 250 mM 308 

D9-tetrahydrocannbinol, TRPV3 = 250 mM carvacrol, or TRPV4 = 35 nM GSK 1016790A.  309 

 310 

Histology. Standard histology and immunostaining protocols were followed, and investigators were 311 

blinded to tissue origin during histologic staining. In brief, the fresh skin tissue was fixed overnight at 4°C 312 

in 4% paraformaldehyde (J19943-K2, Thermo Fisher Scientific). The tissue was dried in 70% ethanol, 313 

trimmed, placed into tissue cassettes, processed (VIP5b, Sakura), and embedded into wax (Leica 314 

Paraplast X-tra) blocks. Blocks were cut using disposable blades (D554P, Sturkey) on a rotary microtome 315 

(RM2235, Leica) set at 5 μm thickness. Sections were floated on a water bath (145702, Boekel) set at 316 

43°C and collected onto positively charged glass slides (Fisherbrand Superfrost Plus). Following 317 

overnight drying at room temperature, slides were baked for 30 minutes at 60°C, followed by H&E 318 

staining using an automated stainer (Leica Autostainer XL). Tissue embedding, sectioning, staining, and 319 

slide processing were performed in the Skin Biology and Disease Resource–Based Core (SBDRC) at the 320 

Department of Dermatology, University of Pennsylvania. H&E-stained sections were examined under 321 

bright-field microscopy and images acquired on a Keyence BZ-X700 microscope. 322 

 323 

Picrosirius red (PSR) staining. The paraffin sections were dewaxed, hydrated, and the nuclei were stained 324 

with hematoxylin. Picrosirius red (Polysciences Inc., NC9908782) was added for one hour. The slides 325 
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were washed twice with acidified water (0.05% glacial acetic acid). The slides underwent dehydration in 326 

three changes of 100% ethanol, followed by clearing in xylene, and finally, mounting in a resinous 327 

medium. The PSR images were acquired on a Leica DM6B-Z microscope using a light polarizer equipped 328 

with a 32 mm quarter-wave plate and an ICT/P analyzer module. The acquired images were analyzed for 329 

fibrosis by quantifying the percent of collagen 1 (PSR) signal within the wounded tissue region using 330 

FIJI. Representative images were selected for figure panels. 331 

 332 

RNA isolation. A 6mm circular biopsy punch was used to capture the tissue surrounding the 2mm ear 333 

wound. The peripheral wound tissue from vehicle control cream treated- and rosemary cream-treated 334 

mouse ear wounds was homogenized using a Tissue-Tearor (985370, BioSpec Products), and RNA was 335 

isolated using an RNeasy kit (74106, QIAGEN).  336 

 337 

Real-time RT–PCR. Total RNA was quantified by UV absorbance on a Nanodrop (ThermoFisher) and 338 

complementary DNA (cDNA) (2 μg) was synthesized using the QuantiTect Reverse Transcription Kit 339 

(205313, Qiagen). The cDNA was then subjected to analysis by quantitative real-time PCR (qPCR) using 340 

TaqMan Fast Gene Expression Master Mix (ThermoFisher) and a Life Technologies QuantStudio 7 Pro 341 

instrument. The following TaqMan probe-based assays were used: Actb (Mm02619580_g1), Acta2 342 

(Mm00725412_s1), Vim (Mm01333430_m1), Col1a1 (Mm00801666_g1), Col3a1 (Mm00802300_m1), 343 

Fn1 (Mm01256744_m1. mRNA expression was normalized to Actb and reported as relative expression 344 

using the comparative ΔΔCt method. 345 

 346 

Bulk RNA library preparation. The RNA-seq libraries were made using the NEBNext Ultra II DNA 347 

Library Prep Kit for Illumina (E7760S, New England Biolabs) and NEBNext Multiplex Oligos for 348 

Illumina (E6609S, New England Biolabs) following the manufacturer’s instructions and sequenced using 349 

2 × 100-bp paired-end runs on Illumina HiSeq 2000/HiSeq 2500 platforms at BGI Americas. 350 

 351 
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Bulk RNA-seq analysis. Fastq files were aligned to the GRCm39 reference genome using STAR_2.4.0 in 352 

basic 2-pass mode using the Encode options as specified in the manual. Resulting BAM files were turned 353 

into a count matrix using the featureCounts program. Normalization by fragments per kilobase per million 354 

mapped fragments (FPKM) counts and differentially expressed transcripts were generated using the R 355 

packages edgeR and Limma, respectively. 356 

 357 

Statistics. For in vivo time courses comparing hole size, data were analyzed using 2-way analysis of 358 

variance (ANOVA) using a temporal main effect, a main effect comparing treatment, and an interaction 359 

of the two main effects. For tests such that the two-way ANOVA indicates significant time-treatment 360 

interactions, an additional 2-tailed Student’s t test was used, with p-values of less than 0.05 considered 361 

significant. For all other analyses, comparisons between two groups were carried out using a two-tailed 362 

unpaired Student’s t-test unless otherwise indicated in the figure legend. In all tests, a p-value of less than 363 

0.05 is considered significant. Levels of significance are indicated by the following: *p < 0.05, **p < 364 

0.01, ***p < 0.001, and ****p < 0.0001 in the text.  365 

 366 

Study approval. Experiments involving mice were reviewed and approved by the Institutional Animal 367 

Care and Use Committee of the University of Pennsylvania (protocol #805620). Mice were treated in 368 

accordance with the NIH guidelines for the humane care of animals.  369 

 370 

Data availability.  371 

The raw RNA sequencing data files can be accessed with GO accession number GSE298490 at  372 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE298490. This paper does not report any 373 

original code. Any additional information required to reanalyze the data reported in this paper is available 374 

from the lead contact upon request. 375 

The supporting data values file is provided in the supplemental material. 376 

  377 
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501 
Figure 1: Topical rosemary cream promotes cutaneous mouse ear wound regeneration. 502 

(A) Representative photographs of vehicle control cream- and rosemary cream-treated WT ears. Dotted 503 
circle represents original 2 mm hole-punch size. Black scale bar represents 2 mm. (B) Percentage of 504 
wound closure in vehicle control cream- (solid black line, n=7) and rosemary cream-treated (solid green 505 
line , n=12) WT mouse ears. Two-way ANOVA. (C) Schematic of mouse ear histology. (D) H&E-stained 506 
representative tissue sections from control- and rosemary cream-treated WT mouse ears. Distance 507 
between opposing cartilage endplates are indicated. Black scale bar represents 0.5 cm. (E) Bar plot 508 
quantifying cartilage endplate distance between vehicle control cream- and rosemary cream-treated WT 509 
mouse ears (C = control, R = rosemary). Student’s t-test two tailed and unpaired. Data are presented as 510 
mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  511 
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512 
Figure 2: Topical rosemary cream promotes cutaneous mouse back wound closure.  513 

(A) Representative photographs of vehicle control cream- and rosemary cream-treated stented dorsal back 514 
wounds on WT mice. Stent hole diameter is 6 mm. (B) Percentage of wound closure in vehicle control 515 
cream- (solid black line, n=5) and rosemary cream-treated (solid green line , n=4) WT mouse dorsal 516 
stented back wounds. Two-way ANOVA. Data are presented as mean ± SEM. *P<0.05, **P<0.01, 517 
***P<0.001, ****P<0.0001.  518 
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519 
Figure 3: Topical carnosic acid cream promotes cutaneous mouse ear wound regeneration. 520 

(A) Representative photographs of vehicle control cream-, rosemary cream-, or carnosic acid cream-521 
treated WT ears. Dotted circle represents original 2mm hole-punch size. Black scale bar represents 2 mm. 522 
(B) Percentage of wound closure in vehicle control cream- (solid black line, n=12), rosemary cream-523 
treated (solid green line , n=12), or canosic acid cream-treated (dotted red line, n= 14) WT mouse ears. 524 
Two-way ANOVA. (C) H&E-stained representative tissue sections from vehicle control cream- and 525 
carnosic acid cream-treated WT mouse ears. Distance between opposing cartilage endplates are marked. 526 
Black scale bar represents 0.5 cm. (D) Bar plot quantifying cartilage endplate distance in between control- 527 
and carnosic acid cream-treated WT mouse ears (C = control, CA = carnosic acid). Student’s t-test two 528 
tailed and unpaired. (E) Representative H&E-stained or PSR-stained images of WT mouse ears treated 529 
with vehicle control cream, rosemary cream, or carnosic acid cream. (F) Bar plot quantifying fibrosis by 530 
picrosirius red stain at the wound edge tissue from vehicle control cream-, rosemary cream-, or canosic 531 
acid cream-treated WT mouse ears (C = control, R = rosemary, CA = carnosic acid). Student’s t-test two 532 
tailed and unpaired. Data are presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  533 
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534 
Figure 4: Rosemary extract activates the TRPA1 nociceptor. 535 

(A) Calcium flux assay responses of TRPA1 over-expressing HEK cells treated with different extracts 536 
reported as a percent of a TRPA1 specific agonist. One-way ANOVA. (B) Calcium flux assay responses 537 
of HEK cells stably over expressing different TRP ion channels treated with rosemary or thyme extract 538 
reported as percent of each TRP channel’s specific agonist. Student’s t-test two tailed and unpaired 539 
between DSMO response and thyme or rosemary response. (C) Representative photographs of vehicle 540 
control cream- or cilantro cream-treated WT ears. Dotted circle represents original 2mm hole-punch size. 541 
Black scale bar represents 2 mm. (D) Percentage of wound closure in vehicle control cream- (solid black 542 
line, n=6) or cilantro cream-treated (solid green line , n=7) WT mouse ears. Two-way ANOVA. Data are 543 
presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  544 
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545 
Figure 5: Transcriptome of rosemary-cream treated mouse ear wounds displays a TRPA1 pathway 546 
activation profile. 547 

(A) Representative photographs of vehicle control cream- or rosemary cream-treated WT ears at day 7 548 
after injury. Dotted circle represents original 2mm hole-punch size. Black scale bar represents 2 mm. (B) 549 
Percentage of wound closure at day 7 in vehicle control cream- (C, n=4) or rosemary cream-treated (R , 550 
n=4) WT mouse ears. Student’s t-test two tailed and unpaired. *P<0.05 (C) Principal component analysis 551 
of vehicle control cream- (black dots) or rosemary cream- (green dots) treated WT ears. (D) Volcano plot 552 
of all differentially expressed genes in WT mouse ears treated with vehicle control cream or rosemary 553 
cream. (E) Gene ontology analysis of biological processes significantly upregulated in rosemary cream-554 
treated WT mouse ears. (F) Enrichr pathway analysis of WT mouse ears treated with rosemary cream. 555 
Combined score is computed by taking the log of the p-value from the Fisher exact test and multiplying 556 
that by the z-score of the deviation from the expected rank. Data are presented as mean ± SEM.   557 
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 558 
Figure 6: TRPA1 on cutaneous sensory neurons is necessary for rosemary cream mediated ear 559 
wound regeneration. 560 
(A) Percentage of ear wound closure of WT littermate control mice treated with IMQ cream (solid black 561 
line, n=6), or nTRPA1-KO mice treated with vehicle control cream (solid blue line, n=3) or IMQ cream 562 
(solid red line, n=5). Two-way ANOVA of WT + IMQ vs nTRPA1-KO + IMQ. (B) Representative 563 
photographs of rosemary cream-treated WT mouse ears or nTRPA1-KO mouse ears. Dotted circle 564 
represents original 2mm hole-punch size. Black scale bar represents 2 mm. (C) Percentage of ear wound 565 
closure of WT control mice treated with rosemary (solid black line, n=8), or nTRPA1-KO mice treated 566 
with rosemary cream (solid red line, n=12). Two-way ANOVA. Data are presented as mean ± SEM. 567 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  568 
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Table 1. Full chemical composition of ethanol-based rosemary extract 

Total area (% 

Abundance) 

Compounds  Mass [M - H]- (m/z) RT (min) 

12.20 Carnosic acid 331.216 8.61 

5.29 Carnosol 329.199 7.61 

3.13 Rosmarinic acid 359.109 3.46 

1.60 Ursolic acid 455.416 10.47 

1.51 Quinic acid 191.017 0.298 

1.31 12-methoxy-carnosic acid 345.242 9.20 

1.28 Hespertin 301.197 8.37 

1.19 Methyl rosmarinate 373.234 8.18 

1.00 Carnosol isomer 329.201 7.82 

1.00 Gallocatechin 305.083 2.04 

0.86 Rosmaridiphenol 315.208 8.19 

0.82 Pectolinarigenin 313.082 4.89 

0.70 Pectolinarigenin isomer 313.085 5.48 

0.66 Micromeric acid 453.402 9.87 
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