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ABSTRACT 31 

 32 

Background: Despite proven therapeutic effects in inflammatory conditions, the specific 33 

mechanisms of phytochemical therapies are not well understood. The transcriptome effects of Tr14 34 

(Traumeel), a multicomponent natural product, and diclofenac, a non-selective cyclooxygenase 35 

(COX) inhibitor, were compared in a mouse cutaneous wound healing model to identify both known 36 

and novel pathways for the anti-inflammatory effect of plant-derived natural products.  37 

Methods: Skin samples from abraded mice were analyzed by single-molecule, amplification-free 38 

RNAseq transcript profiling at 7 points between 12-192 hours after injury.  Immediately after injury, 39 

the wounds were treated with either diclofenac, Tr14, or placebo control (n=7 per group/time).  40 

RNAseq levels were compared between treatment and control at each time point using a systems 41 

biology approach. 42 

Results: At early time points (12-36 hours), both control and Tr14-treated wounds showed marked 43 

increase in the inducible COX2 enzyme mRNA, while diclofenac-treated wounds did not.  Tr14, in 44 

contrast, modulated lipoxygenase transcripts, especially ALOX12/15, and phospholipases involved 45 

in arachidonate metabolism. Notably, Tr14 modulated a group of cell-type specific markers, 46 

including the T cell receptor, that could be explained by an overarching effect on the type of cells 47 

that were recruited into the wound tissue. 48 

Conclusions: Tr14 and diclofenac had very different effects on the COX/LOX synthetic pathway 49 

after cutaneous wounding. Tr14 allowed normal autoinduction of COX2 mRNA, but suppressed 50 

mRNA levels for key enzymes in the leukotriene synthetic pathway. Tr14 appeared to have a broad 51 

‘phytocellular’ effect on the wound transcriptome by altering the balance of cell types present in the 52 

wound. 53 

 54 

 55 

Keywords: Inflammation, transcriptome, RNA sequencing, traumeel, diclofenac, cyclooxygenase, 56 

lipoxygenase, phospholipase  57 
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Background 58 

 59 

The complex physiological events that comprise the acute wound healing process may be central 60 

to understanding the biological mechanisms of chronic disease. Tissue injury and healing 61 

mechanisms share remarkable similarities in different organs [1].  Even in cancer, the importance 62 

of tissue remodeling has led authors to describe tumors as having a component of “wounds that do 63 

not heal” [2]. Transcriptome-based studies have revealed inflammatory molecular signatures in 64 

many diseases, and precisely defined many of the inflammatory events that dominate the early 65 

stages of tissue repair [3].  Detailed analysis of wound dynamics over time is beginning to redefine 66 

chronic disease states.  For example, the discovery of the resolvins and their actions within the 67 

inflammation system have suggested that injury “resolution” is a defining event between “acute” 68 

and “chronic” inflammation [4, 5].  69 

The present study interrogates a high-resolution map of the mouse transcriptome during 70 

wound healing to define changes resulting from therapeutic intervention with Tr14 (Traumeel), a 71 

well-known natural multicomponent anti-inflammatory medicinal product for musculoskeletal 72 

conditions.  Natural products can have a broad spectrum of important biological effects ranging 73 

from the antimitotic and anticancer effects of taxol, purified from the Pacific yew tree bark (Taxus 74 

brevifolia), to the anti-inflammatory effects of aspirin, a non-steroidal anti-inflammatory drug 75 

(NSAID), derived from precursors in willow tree bark (genus Salix).  Natural products have been 76 

used for millennia to inhibit inflammation in various forms, and may target multiple points in the 77 

inflammation pathways [6], including the prostaglandin/leukotriene pathways [7, 8]. Prior studies 78 

have demonstrated that Tr14 inhibits IL-1β and TNF-α production by resting and activated immune 79 

cells in vitro [9], and has antioxidative properties [10]. In clinical studies, Tr14 has shown effects on 80 

cytokine levels in exercise-induced muscle injury [11, 12], and demonstrated pain relief in acute 81 

ankle sprains  [13]. NSAIDs, such as diclofenac, have a fairly well-defined mechanism of action via 82 

cyclooxygenase inhibition.  However, NSAIDs have diverse secondary effects that might be better 83 

understood by characterizing their effects on the transcriptome [14, 15]. We have previously 84 

reported the transcriptome-wide analysis of Tr14 therapeutic effects in the mouse wound healing 85 

model [3].  The present studies were conducted to compare and explore more specifically the anti-86 

inflammatory effects of Tr14 and diclofenac at the transcriptome level. 87 
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 88 

Figure 1. Schematic diagram of study design.  The overall study design is summarized 89 

schematically to describe the groups, the wounding model, RNAseq analysis, and bioinformatic 90 

analysis. 91 

 92 
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Results 94 

 95 

Global signature of diclofenac versus Tr14 96 

The overall similarities and differences between the two types of therapy were evaluated by 97 

statistically identifying differentially expressed genes (DEGs) and then organizing the DEGs 98 

according to Gene Ontologies to identify any systematic patterns of change as shown schematically 99 

in Figure 1.  In general, diclofenac induced a larger number of expression changes compared to 100 

Tr14, when similar statistical filters were applied (Figure 2).  This was mainly observed at the earlier 101 

time points of 12-36 hours post-injury, where diclofenac altered as much as 10 times as many 102 

transcripts as Tr14 (36 hours, 1840 vs 162 DEG).  By 72-96 hours however, Tr14 altered about 3 103 

times more transcripts than diclofenac, with the effects roughly balanced by 96-120 hours (Figure 104 

2). When the specific DEGs between groups were compared, there were 19-158 common 105 

transcripts altered by both of the treatments, that reflected roughly 10-50% overlap between the 106 

DEGs at any given time point (Figure 2).  That degree of overlap is 5.6 to 30-fold greater than 107 

expected by chance, with the odds of such an overlap occurring by chance alone being extremely 108 

small, with a range of p = 2.2x10-18 (24 hr) to 8.4x10-189 (96 hr) by Fisher’s exact test.  Thus, the two 109 

treatments affected both shared and unique RNA transcripts over time. 110 

 111 

 112 

Figure 2. Venn diagrams of overlapping transcripts between diclofenac and Tr14 treatment.  113 

RNAseq quantitation (RPK10M) of transcript levels were compared between diclofenac vs control 114 

and Tr14 versus control to identify differentially expressed genes (DEGs) for each treatment group.  115 

The number of DEGs is shown for diclofenac (orange) and Tr14 (blue) at each of time points 116 

measured.  The number of shared transcripts is shown in the overlapping area. 117 

 118 

 119 
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Bioinformatic analysis of diclofenac and Tr14-modulated transcripts 120 

The types of transcripts affected by each treatment over time were classified into pre-curated gene 121 

ontologies (GO) according to their functions. Tr14 induced a cluster of transcripts in the early 12-122 

36 hour timeframe that were not observed to increase in diclofenac-treated wounds (Figure 3).  123 

When sorted by their relevant gene ontologies, diclofenac had early effects at 12-24 hours on 124 

transcripts related extracellular matrix, cell migration, innate immunity, and the ribosome.  However, 125 

by 36 hours, this transitioned into effects on the ribosome and translation with waning effects on 126 

extracellular matrix transcripts.  In contrast, Tr14 had less striking effects on these pathways in the 127 

12-36 hour period, while in the later timeframe of 72 to 192 hours, Tr14 altered transcripts related 128 

to extracellular matrix, innate immunity, inflammation, and translation (Figure 3).  Thus, while many 129 

of the same transcripts and the same systems are altered by diclofenac and Tr14, there was a 130 

striking temporal dissociation, with Tr14 showing a delayed effect.  131 

 132 

Figure 3. Treatment-dependent gene expression during the wound healing time course. 133 

Across all the time points and treatment conditions, 5615 transcripts were differentially expressed 134 

(p<0.001).  According to the time and treatment conditions, the differential expression levels were 135 

scaled by row, and clustered.  136 

 137 

A more detailed examination of the types of transcripts affected by Tr14 points to three 138 

‘SuperClusters’ of transcripts related to immune function and inflammation, RNA control, and 139 

DICLOFENAC (DT) Tr14 (TTI)
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lipid/steroid  metabolism (Figure 4).  Each of these 3 SuperClusters would be highly relevant to the 140 

control of inflammation. RNA metabolism (SuperCluster 2), particularly via sequestration of RNA 141 

transcripts into stress granules, is a major method of regulating translation of the proteins required 142 

for inflammatory signaling and tissue repair (SuperCluster 1).  In turn, many of the pro-inflammatory 143 

and anti-inflammatory pathways require small lipid intermediates that would be modulated in the 144 

SuperCluster 3 family of transcripts. 145 

 146 
 147 

Figure 4. Gene Set Enrichment Analysis (GSEA) of Tr14-modulated transcripts.  GSEA of 148 

transcripts altered by Tr14 were manually curated into larger ‘SuperClusters’ based on their logical 149 

association in biological functions.  The precurated gene sets, such as ‘Inflammatory response’ are 150 

shown in column 1, along with the number of transcripts altered by Tr14 (column 2) and fold 151 

enrichment above chance (column 3). 152 

 153 

Effects on the eicosanoid pathway transcripts 154 

The eicosanoid pathway is a well characterized system involving enzymatic production of a variety 155 

of small lipid intermediates with pro- and anti-inflammatory effects.  The eicosanoid pathway is a 156 

known target of NSAIDs, such as diclofenac, and thus, it was interesting to evaluate the effect of 157 

these two treatment types on the RNA transcripts in those pathways.  Two major pathways of 158 

eicosanoid generation involve several catalytic conversions of arachidonic acid into bioactive 159 

agents via cyclooxygenases (COX1/2, PGH synthase 1/2, PTGS1/2) and lipoxygenases (LOX) 160 

(Figure 5).  In each pathway, several downstream enzymatic steps can significantly alter the 161 

biological activity of the eicosanoids in a tissue-specific manner.  To examine how these pathways 162 

were affected at the mRNA level, the DGE of the enzymes was analyzed in the time series data 163 

and compared between treatment groups.  At the 24-hour time point, for example, diclofenac and 164 
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Tr14 had very different patterns of changes in COX/LOX-related enzyme mRNAs, showing 165 

essentially opposite effects on the modulation of key enzymes such as 5-lipoxygenase (ALOX5), 166 

and the phospholipases (Pla2) that are essential for the liberation of arachidonate from the cell 167 

membranes.  The later time points demonstrate persistent differences in the effects on the 168 

COX/LOX pathways (Supplementary Figures 1-6).  169 

Furthermore, in control wounds, RNAseq detected a strong and well known increase in the 170 

inducible PGH synthase 2 mRNA (COX-2, Ptgs1/2) 12–24 hours after injury (not shown).  As 171 

expected from inhibition of the downstream feedback signal, especially PGE2, diclofenac caused 172 

an almost 4-fold reduction in COX-2 mRNA expression at early time points, while Tr14, however, 173 

did not block COX-2 mRNA induction, which was 1.5 X greater than control levels at 24 hours 174 

(Figure 5).  175 

 176 

 177 

Figure 5. Arachadonic Acid/prostaglandin/leukotriene pathway analysis of treatment-178 

induced changes in the RNA levels at 24 hours post-injury. RNA levels were quantified by 179 

RNAseq, compared between the diclofenac-treated wounds vs control (upper left panel) and the 180 

Tr14-treated wound vs control (lower left panel), and then mapped to the major enzymes in the 181 

eicosanoid pathway. Red shading indicates the transcript is elevated relative to its control, yellow 182 

shading indicates the transcript is reduced relative to control. Proinflammatory pathways are 183 

marked with solid line, proresolution pathways marked with dashed line. Numerical fold changes 184 

are reported in right panel for selected DEGs in the COX/LOX pathway.  All time points are reported 185 

in Supplementary Figures 1-6. 186 

 187 

 188 

 189 

Diclofenac

Tr14-Traumeel

Gene Transcript

Symbol Description Tr-14 Diclofenac

Alox12 arachidonate 12-lipoxygenase 1.12 -1.73

Alox12b arachidonate 12-lipoxygenase, 12B -1.28 -5.94

Alox15 arachidonate 15-lipoxygenase -1.61 1.16

Alox5 arachidonate 5-lipoxygenase -1.04 1.51

Alox8 arachidonate 8-lipoxygenase -1.39 -2.39

Cyp4f18 cytochrome P450, family 4f18 1.81 -6.80

Pla2g12b phospholipase A2, group XIIB 5.70 -2.53

Pla2g1b phospholipase A2, group IB, pancreas 2.67 -2.53

Pla2g4d phospholipase A2, group IVD -1.26 -10.35

Ptgs1/COX1 prostaglandin synthase 1 (constitutive) -1.08 1.26

Ptgs2/COX2 prostaglandin synthase 2 (inducible) 1.53 -3.71

Tbxas1 Thromboxane A Synthase 1 -1.24 4.38

Fold Change

24 hour
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Pathway analysis of Tr14 versus diclofenac on the pro-inflammatory and pro-resolution 190 

eicosanoids.   191 

Assembling the above RNA changes in relation to their predicted production of eisosanoids, it is 192 

possible to visualize the broad differences between the two agent’s effects on the key pathways in 193 

tissue homeostasis and repair.  As shown in Figure 6, NSAIDs such as diclofenac, have relatively 194 

specific effects that inhibit the constitutive and inducible COX enzymes, leading to marked reduction 195 

in the downstream products PGI2, TBXA2, PGD2, and PGE2.  This direct inhibitory effect has the 196 

effect of shunting AA into the lipoxygenase pathway, which includes many pro-inflammatory 197 

eicosanoids in the leukotriene pathway, but also into the lipoxin pathway which could have 198 

beneficial, pro-resolution effects.  In contrast, Tr14 has no direct inhibitory effect on COX enzymes, 199 

and because downstream mediators such as PGE2 are not impaired, there is a normal and 200 

expected increase in COX2/PTGS2 enzyme that is evident at the mRNA level measured here.  This 201 

allows all of the pro-resolution eicosanoids in that pathway, such as PGI2, PGD2, and PGE2 to 202 

exert normal repair functions in balance to the normal leukotriene and lipoxin pathways. 203 

 204 

Figure 6.  Diclofenac and Tr14 effects in relation to biological pathways of tissue 205 

homeostasis and repair.  The physiological effects of NSAIDs, such as diclofenac, are shown 206 

schematically in the left panel, compared to the putative actions of Tr14 in the right panel.  NSAIDS 207 

have direct inhibitory on the cyclooxygenase enzymes, which alters numerous downstream 208 

eicosanoid actions on vasoconstriction/vasodilation, coagulation, chemotaxis, and 209 

inflammation/resolution.  Tr14 does not directly inhibit COX enzymes, allowing a more natural 210 

wound repair process, but it does alter the mRNA levels for downstream enzymes in the pathway 211 

that might favor inflammation resolution. 212 

 213 

 214 
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Analyzing Tr14 DEGs as markers of migratory cell types in the wound 215 

While manually curating the Tr14 DEGs that were strongly affected early after injury, there was an 216 

apparent effect on transcripts that have been previously recognized as markers of particular 217 

immune cell types.  For example, even at the 12-hour time point, Tr14 produced notable effects of 218 

up to 16-fold on transcripts associated with T cells such as Lypd2 (aka Sca-1), NKX2.3, Pcdh15, T 219 

cell receptor alpha chain (TCRA), and Wdr17 (Table 1).   Additionally, several of the Tr14-220 

modulated transcripts were known cell-type markers for the T regulatory subset (Treg), including 221 

CD200R3, IKZF4/Eos, TNFSF4/OX40L, and possibly FoxP2.  FoxP3 and FoxP1 are consensus 222 

markers of Treg cells, but less study has been devoted to FoxP2 and it cannot be excluded as a 223 

marker of Tregs or a related T cell subset. At later timepoints, both Foxp1 (96 hr) and Foxp4 (120 224 

hr) were modulated by Tr14. 225 

 226 

 227 

 228 

These early, strongly modulated transcripts have a common thread of potentially reporting 229 

the type of cells that are entering the wound.  Related DEGs were also observed that effect cell-230 

cell signaling, adhesion, migration, and intercellular junctions in the wound.  As summarized in 231 

Figure 7, these cell type markers may be reporting the types of cells entering the wound, and then 232 

other markers are reporting changes in the way that they interact with the wound, especially by 233 

altered cell-cell communication (A2M, NPAS3, PDCL2, KCNV1, TNFSF4), and by the adhesion 234 

and migration of immune repair cells (Shisa9, DNAIC2, Col25a1). 235 

Table 1.

Immune/Inflammation markers modulated by Tr14

Fold P-Value Name Description Cell Type Effect/Pathway

>16 0.027 AK079709 neonate thymus cDNA, RIKEN Thymic unknown

>16 0.015 BC064108 Adult male thymus cDNA, RIKEN Thymic unknown

>16 0.002 Cd200r3 cell surface glycoprotein CD200 receptor 3 Mac, T cell, Treg anti-inflammatory

>16 0.017 Dlg2 disks large homolog 2 Plasmacytoid dendritic interferon

3.5 0.008 Foxp2 Forkhead Box P2 B cell lymph, neural Wnt / Hedgehog / Notch

2.2 0.013 Ikzf4 zinc finger protein Eos T reg consensus Marker anti-inflammatory

4.2 0.025 Itih4 inter alpha-trypsin inhibitor, heavy chain 4 Neutrophil anti-inflammatory

>16 0.013 Lypd2 ly6/PLAUR domain-containing 2 (Sca-1) T cell immune escape

>16 0.018 Madcam1 Mucosal vasc addressin cell adhesion molecule 1 T cell UC/IBS therapeutic target

>16 0.018 Nkx2-3 homeobox protein Nkx-2.3 B and T cell Crohns, lymphangiogenesis 

10.5 0.022 Pcdh15 protocadherin-15 isoform CD2-1 T cell lymphoma Wnt/immune synapse

>16 0.013 Tcra T-cell receptor alpha chain C region; T cell immune recognition

2.6 0.010 Tesc tescalcin (thymic epithelial stem cell, tesc) T cell/Mega differentiation T cell differentiation 

9.2 0.007 Tnfsf4 TNF superfamily OX40L Tregs drives Treg differentiation

>16 0.014 Wdr17 WD repeat domain 17 isoform 1 T cell lymphoma unknown
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 236 

Figure 7. Specific transcripts strongly modulated by Tr14 after injury.  Differentially expressed 237 

genes (DEGs) modulated by Tr14 are organized as examples of transcripts that would be related 238 

to particular cell types present in the wound (i.e. Tcra, T-cell receptor alpha chain), and by 239 

transcripts that would modulate Cell-Cell Signaling of those cells (i.e. Tnfsf4/OX40L), and their 240 

adhesion/migration junctions (i.e. Shisa9). 241 

 242 

Comparison of the present dataset to prior studies 243 

The transcriptomic effects of diclofenac have been examined by others, and the present results 244 

were compared with the transcriptome analysis of diclofenac treatment of mice by Chung et al [15].  245 

These authors examined the effect of a single, oral dose of diclofenac (9.5 or 0.95 mg/kg body 246 

weight) on the liver transcriptome at 6, 24, and 72 hours post-treatment.  RNA levels were quantified 247 

by microarray, and then 2-way ANOVA was used to identify DEGs.  They identified 2 primary 248 

pathways that were affected, eicosanoid metabolism and apoptosis, and the present results can 249 

confirm some of the changes that they observed.  Notably, in the eicosanoid pathway, both studies 250 

observed induction of the group 12ª secretory phospholipase A2 isoform 1 (Pla2g12a, similar to 251 

Figure 5 Pla2g), which in the present studies showed an overall 25% induction (p<0.005) across 252 

the time course.  In the apoptosis pathway, the current studies confirm mild induction of the NFkB 253 

inhibitor (Nfkbib, 17% increase, p<0.05), caspase 1 (Casp1, 21% increase, p=0.005) and the p53 254 

tumor suppressor (Trp53, 17% increase, p<0.05).  Likewise, there was modest reduction in lamin 255 

B2 RNA levels (Lmnb2, 33% decrease, p<0.05).  Thus, while quite different models, and 256 

transcriptome methods, there is some agreement on the types of changes observed after diclofenac 257 

treatment. 258 
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 259 

Figure 8. Comparison of the present dataset to prior meta-analysis of wound repair 260 

transcript profiling. Enrichment of GO categories reported in the current RNAseq dataset (left 261 

panels) versus the same GO categories reported by the meta-analysis of Sass et al (2017) compiled 262 

from multiple microarray studies of tissue injury in multiple organs and multiple species.  RED 263 

indicates increased, BLUE indicates decreased, GREY indicates unchanged. 264 

 265 

Likewise, Sass et al [16], conducted an extensive meta-analysis of the transcriptomic 266 

changes associated with different injuries to several organ systems (heart, liver, skin, bone, and 267 

spinal cord) in 3 different species (rat, mouse, and human).  Their aggregated results in the form of 268 

gene ontologies affected over time was compared to a similar analysis of the present data, and the 269 

results are shown in Figure 8.  In general, there is excellent correspondence between the data sets, 270 

suggesting that prior microarray studies, and the current RNAseq studies are in general agreement 271 

about the transcriptome response to injury. 272 

 273 

Discussion 274 

Transcriptome analysis of murine wound healing 275 

The physiological process of wound healing provides an informative and comprehensive model for 276 

approaching the complexity of the tissue pathologies frequently involved in chronic diseases. In 277 

many ways, tissues affected by chronic diseases display physiological processes similar to those 278 

involved in wound healing, including the potential for inflammation, fibrosis, and scarring.  The 279 

present studies examine the changes in genome-wide RNA expression patterns resulting from both 280 

phytochemical and NSAID therapeutics in the context of a complex physiological wound repair 281 

process.   This study includes a dataset of over 4 billion sequence reads covering 250 animals, 4 282 
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conditions, and 8 time-points, making it a valuable ongoing resource for defining the wound repair 283 

process. 284 

 285 

Pathways involved in wound repair 286 

The initial GO enrichment analysis of this data set indicated that Tr14 treatment results in extensive 287 

gene expression changes during wound healing, including well known pathways such as TGF-β, 288 

cytokine signaling, inflammation, collagen, and enzymes of the extracellular matrix [3].  289 

Interestingly, Tr14-treated mice revealed broad and statistically significant changes in two Gene 290 

Ontology groups of great importance to wound healing: Cell Differentiation and Cell Mobility and 291 

Migration.  These signals may indicate effects upon resident fibroblasts and infiltrating immune 292 

cells, which could easily have been overlooked in simpler experimental models, or with methods 293 

that are not sensitive enough to detect RNA changes in smaller subsets of cells.   294 

A systems-level analysis of these pathways affected by Tr14 and diclofenac suggested that 295 

there were relevant differences in the COX/LOX pathway, which were further explored in the 296 

present analysis.  While it is common to divide eicosanoid metabolism into the COX and LOX 297 

pathways, there is considerable interplay between them, most notably in their shared use of the 298 

upstream substrates such as arachidonate acid as shown in Figure 5.  Clinically, it is widely held 299 

that the COX pathway produces ‘beneficial’ prostaglandins, such as prostacyclin, which has potent 300 

vasodilatory and antiplatelet effects, but also ‘inflammatory’ thromboxanes, such as TXA2, which is 301 

vasoconstrictive, platelet aggregating, and pain mediating (Figure 6).  The products of the LOX 302 

pathway are principally thought to mediate inflammation, bronchoconstriction, and pain, and thus 303 

selective inhibitors of the LOX pathway have been tested in conditions such as asthma and allergies 304 

[17]. 305 

 306 

The COX pathway 307 

It is well established that injury-induced increases in COX2 mRNA levels are due in large part to 308 

NFkB-dependent transcriptional activity [18].  In diclofenac-treated wounds, the COX2 induction is 309 

blunted, likely because downstream products, especially PGE2, have been inhibited, and cannot 310 

contribute positive feedback to COX2 transcription [19, 20].  Conversely, Tr14 allowed normal 311 

induction of the COX2 enzyme, which may have important implications for downstream products, 312 

such as the resolvins. 313 

 314 

 315 

 316 
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The LOX pathway 317 

The leukotriene pathway has diverse effects on inflammation and repair, and RNA levels of the 318 

enzymes have established relationships to human disease. LTA4 hydrolase mRNA is elevated in 319 

conditions such as glomerular inflammation, where immunocytochemistry confirms elevation of the 320 

protein product during disease progression [21].  The LTA4 hydrolase promoter contains both 321 

positive and negative regulatory elements, but the specific transcription factors have not been 322 

identified, although both Nrf2 (NFE2) and Maf sites are present [22]. Likewise, GGT1 has a proximal 323 

Nfe2 site, and the MGST1 promoter has a known response element for oxidative stress and 324 

contains an antioxidant response element/electrophile response element (ARE/EpRE) site -500 to 325 

the start site [23].  LTA4H is potentially a direct target for natural product-derived inhibitors [24].  326 

There is suggestive evidence that plant quinones could directly block 5-LOX (ALOX5) enzyme 327 

activity, thereby blocking LTA4 and LTB4 synthesis [25], but it is not apparent how that direct 328 

inhibitory effect would affect the multiple ALOX transcripts modulated by Tr14. 329 

 330 

The Nrf2 system as a candidate mediator of phytochemical actions   331 

Several members of the leukotriene pathway enzymes that were altered by Tr14, such as MGST3, 332 

contain antioxidant response elements (ARE) that confer regulation by the transcription factor Nrf2 333 

(NFE2L2) [23, 26, 27]. Leukotriene synthetic enzymes, such as MGST3 [28] and GGT1 [29], have 334 

been identified as Nrf2 target genes, but GGT1 is also responsive to TNF-A-induced NFkB and Sp1 335 

[30]. Nrf2 is known to control multiple elements in the eicosanoid synthetic pathway, typically via 336 

the ARE, as in the case of thromboxane A2 synthase gene activation [31] and the prostaglandin 337 

reductase Ptgr1 [32].  Interestingly, early induction of Nrf2 by one of the rhomboid transcription 338 

factors has been shown to mediate rapid cutaneous wound healing [33]. 339 

 340 

Phytochemicals and the Nrf2 pathway 341 

Plant phytoestrogens and dietary polyphenols are known to regulate the Nrf2/Keap1 interaction in 342 

a manner that favors Nrf2 translocation to the nucleus, and Nrf2-dependent transcription of target 343 

genes [34, 35].  Likewise, the inhibition of neuroinflammation by nut bioflavonoids has been 344 

attributed to the induction of the Nrf2/ARE antioxidant system [36].  Interestingly, the anti-345 

inflammatory mechanism of the marine natural product, honaucin A, has been attributed to 346 

activation of the Nrf2/Keap1 system via direct covalent modification of the sulfhydryl residues in 347 

Keap1 [37]. Likewise, plant phenylpropanoid glycosides have been shown to modulate Nrf2-348 

dependent heme oxygenase 1 (Hmox1, HO1) transcription via regulating the balance of Nrf2 and 349 

Bach1 in human keratinocytes [38]. 350 
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 351 

The NFkB Pathway 352 

In addition to the Nrf2 pathway, one must consider the possibility that the NFkB pathway is altered 353 

by the phytochemical treatments. Certain plant-derived isoflavanones, such as sappanone A, exert 354 

anti-inflammatory effects through both the Nrf2 and NF-kB pathways [39].  Many of the pathway 355 

members, such as MGST3 are modulated by both Nrf2 and NFkB [30], which complicates the 356 

problem of dissecting the precise transcription factors involved. 357 

 358 

A “Phytocellular” theory: Phytochemicals as modulators of immune cell recruitment 359 

In addition to the direct pharmacological effects of phytochemicals on the transcriptional pathways 360 

of viable cells that remain in a wound, it is potentially important to consider whether phytochemicals 361 

could alter the types of cells that respond to the injury.  This was suggested by relatively large 362 

changes in several transcripts that had known relationships to particular immune cell types, 363 

especially T cells and the Treg subset.  As summarized in Figure 7, phytochemicals include 364 

biologically active compounds, such as polyphenols, retinoids, flavonoids, genistein, and many 365 

others, that have documented effect on the recruitment and activity of immune cells [40, 41].  In 366 

addition to a direct effect on the activity of the infiltrating immune cells, it is essential to consider 367 

that these same agents can alter the types of cytokines that are produced by the surviving resident 368 

cells in the wound, and alter their production of chemotactic agents.  As shown schematically in 369 

Figure 7, the healing wound must be considered in the context of an interplay between a range of 370 

cell types that includes keratinocytes, fibroblasts, dermal plasmacytoid dendritic cells, mast cells, 371 

neutrophils, B cells, T cells, especially gamma/delta and Treg, and natural killer (NK) cells (see [42] 372 

for review).   373 

There is extensive data to support the concept that this cellular interplay is inseparable from 374 

the inflammatory and resolving chemical signals.  Broadly, pro-inflammatory components of wound 375 

repair must be tempered by pro-resolution factors, or the result can be a range of defects that 376 

ranges from chronic wounds, autoimmunity, hypertrophic scarring and keloid formation [43].  If, as 377 

the current data suggests, phytochemicals alter the type of cells that accumulate in the wound 378 

during repair, then there is a plausible explanation for their observed beneficial effects.  In this 379 

‘phytocellular’ framework, it is interesting to speculate that if Tr14 were to increase the timely 380 

infiltration of Treg cells, this could limit the pro-inflammatory effects of tissue damage.  Future 381 

studies will require detailed RNA in situ hybridization and immunochemistry studies at selected time 382 

points to evaluate this hypothesis. 383 

 384 
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 385 

Conclusions  386 

 387 

• The biological effects of Tr14, a multicomponent drug, are largely different than diclofenac, and 388 

impact different subsystems in the COX/LOX pathways during wound repair.  389 

• Diclofenac, but not Tr14, inhibits COX-2 mRNA induction by blocking downstream PGE2 390 

production.  391 

• Tr14, but not diclofenac, reduces mRNA levels in the leukotriene synthetic pathway, possibly by 392 

activating the Nrf2/KEAP2 pathway.  393 

• Tr14 causes a transcriptomic signature that is consistent with alterations in the types of cells that 394 

are present in the wound, and appears most consistent with elevated Treg composition in Tr14-395 

treated wounds. 396 

 397 

Methods    398 

Wound healing model 399 

The overall experimental workflow and data analysis is shown in Figure 1. The ICR strain of mice 400 

in the age range of 4-6 weeks, approximately 20 g each, was used for the wound healing studies.  401 

Under sedation, the mouse dorsal/scapular region was shaved and then a 1 cm2 area was wounded 402 

by rotary abrasion.  The therapeutic agent was introduced as subcutaneous injections of 0.1 ml in 403 

the region around the wound with twice daily topical treatment to the wound (TTI group).    Tissue 404 

was recovered by sacrifice, via ketamine/xylazine overdose and cervical dislocation, at specific 405 

times: 0, 12, 24, 36, 72, 96, 120, and 192 hours after injury.  Tissue was stored in RNAlater at -80˚ 406 

C until RNA was isolated as described below.  Each time point of each treatment or control group 407 

included 7 mice. 408 

 409 

Isolation of Total RNA from Tissues 410 

Total RNA from tissue samples and cell lines was extracted using TRIzol (Invitrogen) using the 411 

manufacturer’s protocol. The sample was homogenized with a Tissue Tearer rotary blade device 412 

while suspended within an appropriate volume (10x sample volume) of TRIzol [44].  After 10 413 

minutes at room temperature, the samples were centrifuged to remove insoluble material and the 414 

supernatant transferred to a fresh tube. Chloroform (0.2X TRIzol volume) was then added to the 415 

contents of the new tube and vigorously vortexed.  Samples were then centrifuged for 15 minutes 416 

at 12,000 x g at 4˚C. The upper aqueous phase, which contains RNA, was then carefully transferred 417 

to a new tube. The addition of isopropyl alcohol (0.5X TRIzol volume) to the samples followed by a 418 
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10-minute room temperature incubation and a subsequent 10-minute centrifugation at 12,000 x g 419 

at 4˚C precipitated the RNA into a gel-like pellet at the bottom of the tube. After the removal of the 420 

supernatant, the pellet was washed twice in 1 ml of ice-cold 75% ethanol. The resulting pellet of 421 

RNA was then allowed to dry for 10 minutes and then resuspended in DEPC-treated water. The 422 

quantity of the resulting RNA was measured by the absorbance at 260 nm, and the relative 423 

contamination with proteins was measured by the ratio of optical density (OD) at 260/280 on a 424 

NanoDrop instrument (Thermo Scientific).  A ratio greater than 1.8 is desirable. 425 

 426 

Depletion of genomic DNA (gDNA) and ribosomal RNA (rRNA) 427 

In addition to messenger RNA (mRNA) and non-coding RNA (ncRNA), total RNA extracted from 428 

tissue samples contain large quantities of ribosomal RNA (rRNA), transfer RNA (tRNA) and residual 429 

amounts of genomic DNA (gDNA). The sequencing reads are used most efficiently if the rRNA and 430 

gDNA is depleted prior to sequencing. 431 

 DNAse treatment. Total nucleic acid from the TriZol step is first DNase-treated to remove 432 

any residual DNA.  Approximately 40 μg of total RNA (with 20 μl 10x buffer, 4 μl DNase 1 (Ambion), 433 

2μl Rnase-out (Invitrogen) in a total volume of 200 ul) is incubated for 30 minutes at 37˚C.  Samples 434 

are then cleaned using the RNeasy MinElute cleanup kit (Qiagen) following manufacturer’s 435 

protocol.  In brief, 700 μl Buffer RLT and 500 μl 100% ethanol are added to the sample which is 436 

then added to a MinElute spin column.  The columns are washed with 500 μl Buffer RPE followed 437 

by 500 μl 80% Ethanol.  After an additional 2-minute centrifugation to remove any residual ethanol, 438 

the sample is eluted in 14 μl DEPC treated water.  The quality of RNA was then assessed using an 439 

Agilent 2100 Bioanalyzer and the RNA 6000 Nano Kit (Agilent) using manufacturer's protocol and 440 

the sample was quantified using a Nanodrop, as described above. 441 

 rRNA depletion. Samples were depleted of ribosomal RNA through the use of the RiboMinus 442 

Eukaryote Kit for RNA-Seq (Invitrogen) following the manufacturer's protocol.  In brief, 10 ug of 443 

sample RNA (in a total of 10 ul) were incubated with 10 μl RiboMinus probe and 100 μl Hybridization 444 

Buffer for 5 minutes at 75˚ C then allowed to slowly cool to 37˚ C over the course of 30 minutes.  445 

The RiboMinus probe contains 5' biotinylated Locked Nucleic Acid probes that are complementary 446 

to conserved eukaryotic 5S, 5.8S, 18S and 28S ribosomal sequences.  Streptavidin-coated 447 

RiboMinus Magnetic Beads were washed once in water, resuspended in hybridization buffer, 448 

separated into two aliquots and kept at 37˚ C until use.  Sample was added to the prepared beads 449 

and incubated at 37˚ C for 15 minutes with occasional agitation.  The beads were placed on a 450 

magnetic separator and the supernatant containing the enriched RNA was removed and added to 451 

the second aliquot of beads and the protocol repeated.  The final supernatant (~320 ul) was 452 
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precipitated using 1 μl glycogen (Invitrogen), 30 μl 3 M sodium acetate and 75 μl 100% ethanol.  453 

The mixture was incubated at -80˚ C for 1 hour and then centrifuged for 15 minutes at 12000 x g at 454 

4˚ C.  The pellet was washed twice with cold 75% ethanol, air dried for 5 minutes and then 455 

resuspended in 30μl DEPC-treated water.  Quality of RNA was then re-assessed using an Agilent 456 

2100 Bioanalyzer and their RNA 6000 Pico Kit (Agilent) using manufacturer's protocol and the 457 

sample was quantified using a Nanodrop as per above.   458 

 459 

Transcriptome Sequencing Sample Preparation. 460 

A published description of the single-molecule sequencing methodology for transcriptome 461 

quantification is described by Lipson et al. [45].  A brief summary follows. 462 

 Complementary DNA (cDNA) synthesis. Complementary DNA (cDNA) from rRNA-depleted 463 

RNA was prepared using the Superscript III cDNA synthesis kit (Invitrogen). In brief, 200 ng of RNA 464 

was resuspended in 17 μl nuclease-free water and heated at 95˚ C for 5 minutes to fragment the 465 

RNA and thus improve the eventual evenness of coverage.  Random hexamers (10 μl of 50 ng/ul) 466 

and dNTPs (2 μl of 10 mM mix) were added to the RNA and the mixture was heated to 65˚ C for 5 467 

minutes, and then placed on ice for 2 minutes.  A mixture of 10X buffer (5 μl), 0.1M DTT (1 μl) and 468 

25 mM MgCl2 (10 ul) was added to the tube and the mixture was incubated at 15˚ C for 20 minutes.  469 

A mixture of RnaseOut (2.5 ul) and SSIII reverse transcriptase (2.5 μl) was then added to the tube 470 

and the sample incubated (25˚ C 10 min, 40˚ C 40 min, 55˚ C 50 min, 85˚ C 5 min, 4˚ C hold).  The 471 

RNA remaining in the sample was then degraded by the addition of 1 μl RNase H and 1 μl RNase 472 

If (New England Biolabs, M0243L).  The resulting cDNA was then purified by the serial use of two 473 

Performa Gel Filtration Columns (EdgeBio, 42453).  The concentration of the resulting cDNA was 474 

then quantified using the Nanodrop as previously described[45]. 475 

 Poly A tailing.  This step adds 3’ poly-A tails to the cDNA, which facilitates hybridization to 476 

the flow cell for sequencing. Using 100ng of the prepared cDNA in 28 μl water, 5 μl Helicos PolyA 477 

Control Oligos are added and the mixture incubated at 95˚ C for 5 minutes followed by a 2-minute 478 

ice incubation.  A mixture of CoCl (5 μl), 10X TdT buffer (5 μl) Helicos PolyA tailing dATP (5 μl) and 479 

Terminal Transferase (2 μl) was then added to the sample with thorough mixing.  The samples were 480 

then incubated (42˚ C, 60 min, 70˚ C 10 min, 4˚ C hold).  The success of the polyA tailing was 481 

determined through the use of a 3730 DNA Analyzer (Applied Biosystems, 3730S) following 482 

manufacturer's procedures.  In brief, 1 μl of sample was added to 8.9 μl formamide and 0.1 μl 483 

GeneScan-120 LIZ Size Standard (Applied Biosystems, 4324287), and the samples were 484 

denatured at 95˚ C for 2.5 minutes then cooled on ice and run on the machine[45].  485 

 3’ blocking and tailing oligo removal.  After addition of poly A tail, the 3’ tail of the cDNA 486 
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sample is then blocked, and the tailing oligo is removed. The sample is denatured at 95˚ C for 5 487 

minutes followed by a 2-minute incubation on ice.  0.4 μl biotinylated ddATP (Perkin Elmer) and 2 488 

μl Terminal Transferase (New England Biolabs) are added and the samples incubated (37˚ C 489 

60min, 70˚ C 10 min).  The sample is then digested with 1 μl USER enzyme (New England Biolabs) 490 

at 37˚ C for 30 minutes[45].  491 

 Sample Cleanup.  The samples obtained from prior steps are then cleaned up using AMPure 492 

Beads (Beckman Coulter). The beads are allowed to equilibrate at room temperature for 30 minutes 493 

before use.  Each probe sample is then brought up to a total volume of 60 μl and mixed with 72 μl 494 

AMPure beads and incubated at room temperature for 30 minutes with occasional mixing. Using a 495 

magnetic stand, the beads are then collected, and the beads are washed twice with 500 μl 70% 496 

ethanol.  After the final wash the beads are allowed to dry for 5-10 minutes to remove all traces of 497 

ethanol.  The beads are then suspended twice in 20 μl TE buffer and the supernatant containing 498 

the probes removed to a clean tube each time after 5 minutes on the magnetic stand.  Samples are 499 

then precisely quantified using the OptiHyb procedure.  In brief, oligo-dT coated mRNA Catcher 500 

Plus plates (Invitrogen) are used to collect replicates of 2 μl of sample in 48 μl hybridization buffer 501 

(1x SSC, 0.5% SDS).  After a one-hour incubation at 37˚ C the plates are washed 3x in Wash Buffer 502 

B (150 mM HEPES, 0.1% SDS, 1X SSC) then blocked for 15 minutes at room temperature in 503 

Blocking Buffer (0.1M Tris pH 7.6, 0.15 M NaCl, 0.5% Casein).  Streptavidin-HRP conjugate 504 

(Thermo Fisher) is added to Block buffer and the plates are incubated in that mix for 1 hour at room 505 

temperature.  After 3 washes in Wash Buffer 2 (0.1 M Tris pH 7.6, 0.15 M NaCl, 0.05% Tw20) the 506 

plates are dried and then incubated for 30 minutes in the dark with TMB Chromogenic Substrate 507 

(Sigma).  Upon addition of 1 N HCl the samples are then measured at 450 nm on an EnVision 508 

Multilabel Reader (PerkinElmer).  Concentrations were determined by comparison to a control 509 

dilution on the same plate.  510 

 Sample loading. After the measurements, the samples are loaded onto the flow cells.  In 511 

brief, appropriate quantities of samples are diluted into hybridization buffer.  The flow cells are then 512 

rehydrated for 3 hours and brought to 55˚ C.  The flow cells are then equilibrated with loading buffer 513 

and then the samples are loaded and allowed to hybridize for 1 hour to the flow cells, which are 514 

coated with oligo dT that hybridizes the polyA tails of the samples.  The flow cells are then 515 

repeatedly washed to remove excess sample.  A single fluorescent nucleotide is then added to 516 

each of the annealed probes on the flow cell so that, upon loading into the Heliscope, the location 517 

of each individual sample molecule can be determined. The flow cells are then loaded into the 518 

Heliscope and subsequent sequencing is automated [45].  519 

 520 
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 521 

 522 

Sequencing Operation and Monitoring.  523 

Once the flow cells are loaded onto the SeqLL SMS, sequencing chemistry begins. Fluorescently 524 

labeled nucleotides are added one at a time to the flow cells. These nucleotides bind to 525 

complementary bases on the cDNA strand, whose 3’ Poly A tail is hybridized to the oligo dT probes 526 

in the flow cell. Unbound nucleotides are then washed away. Bound fluorescent nucleotides emit 527 

light under a laser beam, which is captured by a CCD camera. This determines which nucleotide is 528 

incorporated and the position in the template. The fluorescently labeled portion of the nucleotide is 529 

then cleaved off. The process is repeated for all four nucleotide bases and continued until a 530 

sequence read of desired read length is obtained. On average 35 nt. reads are generated with a 531 

throughput of 105 to 140 megabases per hour.  532 

 533 

Bioinformatics Data Analysis.   534 

Filtering and alignment. Each channel produces an average of 45 million total reads, which are then 535 

filtered by several algorithms, including the Helisphere software to remove low complexity 536 

sequences and sequencing artifacts.  Low complexity sequences, such as poly A, and short reads 537 

under 25 nucleotides are removed by this process. Reads were aligned to mouse genome  538 

combined with ribosomal RNA reference sequences. To avoid ambiguity, we selected uniquely 539 

aligned reads only. The number of reads spanned the exon intervals of known transcripts were 540 

calculated. The sum of exonic reads counts for each transcript is treated as Digital Gene Expression 541 

(DGE).  Out of 138,930 transcripts we selected only one per gene using the following criteria: a) 542 

one transcript with maximum exon lengths was selected for each gene, b) the transcripts with 543 

names started from “Gm” and “Rik” were removed. At the end of the pipeline 25,482 544 

genes/transcripts remained. With mapping data as input, transcript expression levels are calculated 545 

and presented in units of RPK10M (reads per thousand (K) nucleotides length of transcript, per 10 546 

million reads captured per sample.) Previous studies confirm that quantitative expression levels 547 

generated by this process meet or exceed quality levels of microarray data, as measured by RT-548 

PCR validation [46].  549 

 Differentially Expressed Genes (DEG).  We calculate fold change and p-value (probability 550 

to get that or better fold change by chance) for each transcript when comparing between two 551 

different conditions (i.e. diclofenac vs topical placebo). Fold change is log2 scaled. We consider 552 

transcripts as upregulated if it’s log2 fold-change is higher than 0.5, and downregulated if log2 fold-553 

change is less than -0.5. Adjusted (Benjamini-Hochberg) p-value must be below a specified cutoff 554 
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for an adjusted p-value of typically 0.01 to 0.1. To normalize and calculate p-values, the DEseq2 555 

Bioconductor software package was employed [47]. An over-dispersed Poisson model was used to 556 

account for both biological and technical variability and calculate p-values. 557 

 Transcriptome Data Analysis. Using data analysis generated above, several systems-level 558 

analyses were performed.  To understand the correlations and patterns among different elements 559 

of the transcriptome, DEGs are mapped to their respective biological pathways and Gene Ontology 560 

(GO) categories [48].  Changes enriched in individual pathways or ontologies are tested for their 561 

statistical significance. GO categories that have a number of hits greater than expected by chance 562 

with adjusted p-value less than 0.05 are listed in the results. P-value is calculated using 563 

Hypergeometric model and adjusted for multiple testing using the Benjamini-Hochberg method. 564 

 565 

566 
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Supplementary information 567 

Supplementary Figures 1-6. KEGG analysis of the COX/LOX pathway at multiple time points. 568 
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Figures

Figure 1

Schematic diagram of study design. The overall study design is summarized schematically to describe
the groups, the wounding model, RNAseq analysis, and bioinformatic analysis.



Figure 2

Venn diagrams of overlapping transcripts between diclofenac and Tr14 treatment. RNAseq quantitation
(RPK10M) of transcript levels were compared between diclofenac vs control and Tr14 versus control to
identify differentially expressed genes (DEGs) for each treatment group. The number of DEGs is shown
for diclofenac (orange) and Tr14 (blue) at each of time points measured. The number of shared
transcripts is shown in the overlapping area.



Figure 3

Treatment-dependent gene expression during the wound healing time course. Across all the time points
and treatment conditions, 5615 transcripts were differentially expressed (p<0.001). According to the time
and treatment conditions, the differential expression levels were scaled by row, and clustered.



Figure 4

Gene Set Enrichment Analysis (GSEA) of Tr14-modulated transcripts. GSEA of transcripts altered by Tr14
were manually curated into larger ‘SuperClusters’ based on their logical association in biological
functions. The precurated gene sets, such as ‘In�ammatory response’ are shown in column 1, along with
the number of transcripts altered by Tr14 (column 2) and fold enrichment above chance (column 3).



Figure 5

Arachadonic Acid/prostaglandin/leukotriene pathway analysis of treatment induced changes in the RNA
levels at 24 hours post-injury. RNA levels were quanti�ed by RNAseq, compared between the diclofenac-
treated wounds vs control (upper left panel) and the Tr14-treated wound vs control (lower left panel), and
then mapped to the major enzymes in the eicosanoid pathway. Red shading indicates the transcript is
elevated relative to its control, yellow shading indicates the transcript is reduced relative to control.
Proin�ammatory pathways are marked with solid line, proresolution pathways marked with dashed line.
Numerical fold changes are reported in right panel for selected DEGs in the COX/LOX pathway. All time
points are reported 186 in Supplementary Figures 1-6.



Figure 6

Diclofenac and Tr14 effects in relation to biological pathways of tissue homeostasis and repair. The
physiological effects of NSAIDs, such as diclofenac, are shown schematically in the left panel, compared
to the putative actions of Tr14 in the right panel. NSAIDS have direct inhibitory on the cyclooxygenase
enzymes, which alters numerous downstream eicosanoid actions on vasoconstriction/vasodilation,
coagulation, chemotaxis, and in�ammation/resolution. Tr14 does not directly inhibit COX enzymes,
allowing a more natural wound repair process, but it does alter the mRNA levels for downstream enzymes
in the pathway that might favor in�ammation resolution.



Figure 7

Speci�c transcripts strongly modulated by Tr14 after injury. Differentially expressed genes (DEGs)
modulated by Tr14 are organized as examples of transcripts that would be related to particular cell types
present in the wound (i.e. Tcra, T-cell receptor alpha chain), and by transcripts that would modulate Cell-
Cell Signaling of those cells (i.e. Tnfsf4/OX40L), and their adhesion/migration junctions (i.e. Shisa9).



Figure 8

Comparison of the present dataset to prior meta-analysis of wound repair transcript pro�ling. Enrichment
of GO categories reported in the current RNAseq dataset (left panels) versus the same GO categories
reported by the meta-analysis of Sass et al (2017) compiled from multiple microarray studies of tissue
injury in multiple organs and multiple species. RED indicates increased, BLUE indicates decreased, GREY
indicates unchanged.
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