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Abstract

Objective: To investigate the effects of local doxycycline administration on skin scarring.

Background: Skin scarring represents a major source of morbidity for surgical patients. 

Doxycycline, a tetracycline antibiotic with off-target effects on the extracellular matrix, has 

demonstrated antifibrotic effects in multiple organs. However, doxycycline’s potential effects on 

skin scarring have not been explored in vivo.

Methods: Female C57BL/6J mice underwent dorsal wounding following an established splinted 

excisional skin wounding model. Doxycycline was administered by local injection into the wound 

base following injury. Wounds were harvested upon complete wound closure (postoperative day 

15) for histological examination and biomechanical testing of scar tissue.

Results: A one-time dose of 3.90mM doxycycline (2mg/mL) within 12 hours of injury was 

found to significantly reduce scar thickness by 24.8% (*P < 0.0001) without compromising tensile 

strength. The same effect could not be achieved by oral dosing. In doxycycline-treated scar 

matrices, collagen I content was significantly reduced (*P = 0.0317) and fibers were favorably 

arranged with significantly increased fiber randomness (*P = 0.0115). Common culprits of altered 

wound healing mechanics, including angiogenesis and inflammation, were not impacted by 
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doxycycline treatment. However, engrailed1 profibrotic fibroblasts, responsible for scar 

extracellular matrix deposition, were significantly reduced with doxycycline treatment (*P = 

0.0005).

Conclusions: Due to the substantial improvement in skin scarring and well-established clinical 

safety profile, locally administered doxycycline represents a promising vulnerary agent. As such, 

we favor rapid translation to human patients as an antiscarring therapy.
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Skin scarring is a major source of morbidity for surgical patients. Each year, more than 70 

million surgical incisions are created in the United States alone.1 Up to 70% of surgical scars 

will become hypertrophic or more rarely will form keloids.2 Additionally, when injuries 

cause significant soft tissue destruction, scars can form contractures that severely disable 

patients by immobilizing joints. For these reasons, it is well understood that scars can 

severely impact the functional status and psychological well-being of patients.3 Because skin 

scarring leads to both cosmetic and functional tissue compromise, an estimated $25 billion 

US is spent annually on skin scarring products, scar revision, and wound healing.1

Doxycycline is a well-known tetracycline antibiotic that functions as a ribosome 30S subunit 

inhibitor, but also has off-target effects.4,5 Several reports document the potential vulnerary 

effects of doxycycline in the eye,6 in the oral cavity,7,8 and following hernia repair9 and 

imply an ability to reduce skin scarring.10–12 Here, we report that a one-time local dose of 

3.90 mM doxycycline (2 mg/mL) within 12 hours of injury significantly reduces scar 

thickness without compromising tensile strength. The same effect cannot be achieved by oral 

dosing. Skin wounds treated with doxycycline exhibit favorable collagen patterning, likely 

driven by a reduction in engrailed1-positive skin fibroblasts, which deposit the majority of 

scar extracellular matrix.

METHODS

Mice

Mice were housed and maintained per Stanford University guidelines in sterile 

microinsulators. Food and water were provided ad libitum. En1tm2(cre)Wrst/J (En1Cre/–), 

B6.Cg-Commd10Tg(Vav1-icre) A2Kio/J (Vav1Cre/–), B6.129(Cg)-

Gt(ROSA)26Sortm4(ACTB-tdTomato,- EGFP)Luo/J (Rosa26mTmG/mTmG), and C57BL/6J mice 

were purchased from Jackson Laboratories (Bar Harbor, ME). En1Cre/– and Vav1Cre/– mice 

were bred to Rosa26mTmG/mTmG reporter mice to generate heterozygous offspring with 

membrane-bound tomato red fluorescent protein (mRFP) labeled tissues and Cre-

recombinant membrane-bound green fluorescent protein (mGFP) labeled reporter cells 

(Supplemental Figure 1A, http://links.lww.com/SLA/B552).

Splinted Excisional Skin Wounding

Eight- to 12-week-old transgenic and C57BL/6J animals underwent skin wounding as 

previously described.13 This method employs a dorsal splint to prevent wound contraction 
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and mimic human wound healing kinetics (Supplemental Figure 1B, http://

links.lww.com/SLA/B552). In brief, animals were anesthetized with 1% to 2% isoflurane/

oxygen. Dorsal fur was removed, and skin was sterilized with 70% ethanol. Full-thickness 

skin wounds, 6 mm in diameter, were placed through the panniculus carnosus using a 

combination of dermal biopsy punches and surgical scissors. Two symmetric wounds were 

created per animal. A circular 12 mm diameter silicone splint (Invitrogen) was then fixed to 

the skin using adhesive (Krazy Glue, West Jefferson, OH) and 8 evenly spaced 6–0 nylon 

sutures (Ethicon). For topical wound treatments, doxycycline hyclate (Sigma-Aldrich) was 

resuspended in phosphate-buffered saline (PBS, Gibco) at a concentration of 0.1 mg/mL, 

2mg/mL, or 20mg/mL, and 30 μL of doxycycline or PBS were injected into the base of the 

wound bed at various time points [time = T0 (immediately after surgery) or T12, 24, or 48h 

after surgery]. Tetracycline and minocycline solutions (Sigma-Aldrich) at 2 mg/mL were 

injected in the same manner (n = 10 wounds per treatment group). Skin wounds were then 

dressed with Tegaderm (3M) which was replaced every other day until wound harvest. 

Wounds were harvested on postoperative day 15 (healed, n = 10 wounds per group) for 

wound healing analysis and on postoperative days 0,5,9, and 14 (n = 6 wounds per group per 

day) for fluorescence-activated cell sorting (FACS). Transgenic animal experiments were 

performed on n = 3 animals (n = 6 wounds) per group. Delayed doxycycline administration 

(T0, 12, 24, and 48 h postoperative) was performed on n = 4 wounds per group. For per ora 
(PO) doxycycline administration (n = 10 wounds per group), doxycycline was suspended in 

dietary drinking water at a concentration of 2 mg/mL.

Tissue Processing and Staining

Harvested tissue was fixed in 10% buffered formalin phosphate (Fisher Chemical) for 16 to 

18hours at 4°C. For traditional histologic stains (hematoxylin and eosin, trichrome, 

picrosirius red), tissue was embedded in paraffin per standard protocols and cut into 8 mm 

thick sections using a Leica RM2255 microtome. Samples were stained with hematoxylin 

and eosin (Sigma-Aldrich), Masson’s Trichrome Kit (Sigma-Aldrich), or the Picro Sirius 

Red Stain Kit (Abcam) by manufacturer’s protocols.

Quantification of Scar Thickness

Hematoxylin and eosin-stained slides were imaged with a Leica DMI4000B inverted scope 

using bright field at × 10 magnification to capture the entire scar area. Dermal thickness was 

measured using the linear measuring tool on Adobe Photoshop CS6. Measurements were 

performed by a blinded reviewer then analyzed using a Mann-Whitney U test. After 

completely sectioning through the scar specimens, 2 representative slides from the proximal, 

middle, and distal third of each specimen were selected for staining. Each slide contained 3 

tissue sections, each adjacent to one another within the same third of the tissue specimen. 

After staining, the scar thickness was estimated by separating each stained specimen into 2 

lateral and a middle third, and then measuring the scar depth at the center of each third. This 

allowed for an estimation of the scar depth and normalized for any inconsistencies in 

scarring and wounding between specimens. A total of 5 mice were used per group for a total 

of n = 10 wounds per group.
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Tensile Strength Testing

Tensile strength testing was performed as previously described without modifications.14 In 

brief, healed (postoperative day 15) wounds were harvested, and scar strength was assessed 

using a microtester (Instron, model 5848) equipped with a 100-N load cell. Custom grips 

with double-sided adhesive tape were used to attach skin specimens and permit stretching 

until breakage. Breakage was detected by a sudden decrease in stress as strain increased. 

Analysis was performed as previously described15 using MATLAB (Math-works) software, 

giving values for true strain, true stress, and finally tensile strength.

Quantification of Wound Healing Rate

After wounding, wounds were imaged immediately and every other day using an iPhone 8 

Plus (Apple). Images were analyzed as previously published.14 Wound healing was 

measured by the advancement of keratinocytes over the wound bed until closure was 

achieved (day 15), by measuring wound circumference using the Adobe Photoshop CS6 

magnetic lasso tool. The rate of wound healing was calculated as a percent of the original 

wound size over time. Significant differences between group means were calculated using an 

Analysis of Variance followed by Mann-Whitney U test for each postoperative day and 

group pairing.

Assessment of Bacterial Contamination

Wounds treated with PBS or 2 mg/mL doxycycline were assessed for bacterial 

contamination on postoperative days 1, 3, 5, 7, and 9 (n = 10 wounds). Wound bases were 

swabbed with a sterile P200 pipette tip and the swabbed specimen was transferred to petri 

dishes containing LB Broth with agar (Lennox Formula, Sigma Aldrich) without antibiotics. 

Each plate contained pooled wound contamination from a single mouse, for n = 5 plates per 

group per time point. Cultures were maintained in an Isotemp (Fisher Scientific) dry 

incubator at 38°C for 24hours before imaging with an Epson Perfection V600 Photo 

Scanner. A human buccal swab was utilized as a positive control. Colonies were manually 

counted, then compared using a Student t test.

Immunostaining of Tissue Specimens

For immunofluorescent staining and quantification of endogenous fluorescence, tissue was 

soaked in 30% sucrose/PBS for 2 weeks at 4°C then embedded in Tissue Tek Optimal 

Cutting Temperature Compound (OCT, Sakura Fintek). Frozen blocks were cut into 8 μm 

thick sections using a CryoStar NX70 cryostat (Thermo Scientific). Immunostains were 

performed by standard protocols without modifications. In brief, slides were cleared using 

PBS. For nuclear and intracellular stains, cells were permeabilized with 0.1% Triton-X 

(Sigma-Aldrich) in PBS for 20 minutes. Specimens were then blocked for 30 minutes using 

1:10 PowerBlock (BioGenex, Fremont, CA) in PBS, followed by application of primary 

antibodies at concentrations per their product specifications for 1 hour. Specimens were 

washed with PBS 3 times before application of secondary antibodies at concentrations per 

their product specifications for 1 hour. After washing 3 times with PBS, slides were mounted 

using a 4’,6-diamidino-2-phenylindole (DAPI) containing mounting medium (Fluoroshield 

Mounting Medium with DAPI, Abcam) and glass coverslips. Slides were kept at 4°C until 
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imaging within 24 to 48 hours. Antibodies are listed in Supplemental Table 1, http://

links.lww.com/SLA/B552.

Fluorescence Quantification

To quantify collagen deposition, histological sections of scars were stained with Masson 

trichrome or Picrosirius Red and imaged (×40 objective) by brightfield microscopy on a 

Leica DMI 4000B inverted microscope or polarization microscopy on a Leica DFC9000 GT 

inverted microscope, respectively. Next, color deconvolution was performed in Fiji (ImageJ, 

NIH) to isolate blue collagen fibers in trichrome sections or red (mature) and green 

(immature) fibers in Picrosirius Red sections. Mean gray intensity was measured as a 

surrogate of overall collagen content. The Image Processing Toolbox in Matlab 2017a was 

utilized for characterization of individual collagen fibers and collagen networks. 

Deconvoluted Picrosirius Red images corresponding to mature and immature fibers were 

denoised by processing through an adaptive Wiener filter (wiener2 Matlab function, 3-by-3 

neighborhoods). Images were then brightness-adjusted (imadjust) to optimize contrast and 

converted into binary maps of fibers and background (im2bw). Next, the binary maps were 

eroded by a diamond-shaped structuring element (imer-ode), dilated by a line structuring 

element, and then eroded again; these steps served to remove nonlinear elements. Finally, 

binary maps were “skeletonized” using the bwmorph function, thereby producing 

continuous traces of individual collagen fibers and branch-points. A schematic of the image 

processing technique is represented in Figure 4E. From the skeletonized map, a variety of 

fiber characteristics such as length, width, persistence, and major/minor axes were 

automatically quantified using the regionprops function. To quantify the randomness of fiber 

networks, orientations measured using regionprops were fit to the von Mises distribution (a 

circular analogue of the normal distribution) and the constant value κ was calculated using 

the Circular Statistics Toolbox (credit: Philipp Berens). Lower κ values indicate greater 

randomness in the underlying fiber orientations; “fiber randomness” is reported as the 

inverse of κ (κ–1). Image processing tools in Matlab 2017a were also used to automate the 

characterization of blood vessels. First, CD31-stained histological sections were imaged by 

confocal microscopy on a Leica SP5 multiphoton upright confocal microscope and 

converted to max projections in Fiji. Next, images were processed through a Frangi filter, 

which can be used to detect continuous edges such as those in blood vessels (credit: Dirk-

Jan Kroon), and then converted to binary maps of vessels and background. Further 

processing (erosion, dilation, skeletonization, etc.) and quantification steps were identical to 

those used for collagen fiber quantification, but erosion was performed only once.

Preparation of Cells for Fluorescence Activated Cell Sorting (FACS)

Preparation of animal tissue for FACS was performed as previously described.16 In brief, 

wounds were harvested (n = 6 wounds per timepoint) and minced with fine scissors before 

adding to 0.5mg/mL Liberase DL (Sigma-Aldrich) in Dulbecco’s modified Eagle Medium 

(DMEM, Gibco), then incubated at 37°C for 30 minutes. After digestion, enzyme was 

quenched by addition of media containing 20% fetal bovine serum (FBS, Gibco), and tissue 

was strained through a 100 μm followed by a 40 μm strainer to achieve a single cell 

suspension. Cells were incubated with preconjugated antibodies for 30 minutes in PBS with 

1% FBS, 0.1% penicillin/ streptomycin (P/S, Gibco), and 1 mM ethylenediaminetetraacetic 
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acid (Invitrogen). Antibodies are listed in Supplemental Table 2, http://links.lww.com/SLA/

B552. Cells were washed with PBS to remove antibodies in solution before performing flow 

cytometry.

Flow Cytometry and FACS Analysis of Resident Inflammatory Cell Populations

Fluorescence compensation was performed to correct any spectral overlap. Propidium iodide 

(PI) was added to samples at 1 mg/mL as a viability assay. Fluorescence minus one samples 

were run first to establish gating strategy for sorting. The following panels were used for 

sorting: 1) SSC-A versus FSC-A to capture all cells; 2) FSC-W versus FSC-H to capture 

singlets; 3) SSC-W versus SSC-H to capture singlets; 4) PI versus CD45-PECy5 

(eBioscience, cat. no 15–0451-82) to capture all live (PI-), hematopoietic (CD45+) cells; 5) 

B220-PE (eBioscience, cat. no 12–0452-82) versus MAC1-BV421 (BD Horizon, cat. no 

560456) to capture 3 populations: B-cells (B220+), macrophages (MAC1+), lymphocytic 

populations (B220– MAC1–). Representative FACs plots are shown in Figure 5A.

Statistics

Preparation of text and numeric files was performed using Microsoft Excel. Statistical 

analyses including analysis of variance, Mann-Whitney U test, Wilcoxon Rank Sum Test, 

and Student t test, were performed using GraphPad Prism version 6.0c. Results were 

presented as the mean ± the standard error of the mean. Alpha values were 0.05 for all 

experiments, and a P value of less than 0.05 was considered statistically significant.

RESULTS

Doxycycline Reduces Scar Thickness Without Sacrificing Tensile Strength

Female C57BL/6J mice underwent dorsal splinted excisional wounding via an established 

protocol which prevents rapid wound contraction and results in human-like wound healing 

kinetics.13 The mice received a 30 μL wound base injection of PBS or 0.1, 2, or 20 mg/mL 

doxycycline immediately following surgery (time, T0), and scars were harvested upon 

complete wound closure (day 15) for scar thickness assessment by histological examination. 

Scar thickness was significantly reduced in the 2mg/mL [24.8% reduction compared with 

control (PBS), *P < 0.0001] and 20mg/mL (18.0% reduction, *P = 0.0023) dosage groups 

(Fig. 1A, B). Reduced scar thickness correlated with significantly reduced total collagen as 

assessed by Masson trichrome stain in the 0.1mg/mL (*P = 0.0357) and 2mg/mL (*P = 

0.0317) treatment groups, but not at 20mg/mL (P = 0.3968) (Fig. 1C, D). This could be 

explained by the fact that at 20 mg/mL, doxycycline has reached a concentration of 39.0 

mM and may be acting via acid/base chemistry on the tissue at this concentration rather than 

as a direct inhibitor or promoter of cellular/enzyme activity.17 Thus, the mechanism of 

reduced scar thickness at 20mg/mL may be different than at a dose of 2mg/mL. Based on 

these data, local doxycycline treatment at a dosage of 2 mg/ mL displayed the most 

consistent improvement in scarring, and as such further experiments were performed at this 

concentration. Though scar thickness and total collagen were significantly reduced with 

local doxycycline, tensile strength was not significantly compromised (P = 0.4376) in the 

2mg/mL local doxycycline treatment group (Fig. 1E, F). Additionally, time to wound closure 

was not adversely influenced by doxycycline treatment (Fig. 2A).
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Local Versus Systemic Effects of Doxycycline

Because 2 wounds were created on each animal (Supplemental Figure 1B, http://

links.lww.com/SLA/B552), we questioned whether treatment of 1 wound with doxycycline 

would be sufficient to positively influence scarring in the contralateral wound. To test this 

hypothesis, the right dorsal wound of each mouse was injected with 2 mg/mL doxycycline 

and the left wound was treated with PBS. No statistically significant difference in scar 

thickness was observed (P = 0.6257) using a paired analysis between left and right wounds 

of mice treated in this manner (Fig. 2B). This finding suggests that doxycycline injected 

locally into 1 wound is able to favorably influence scarring in both the doxycycline-treated 

wound and the contralateral (control-treated) wound. This may be related to the ready lipid 

solubility of doxycycline.18 Alternatively, this result could highlight the possibility that 

doxycycline may be influencing scar thickness via systemic circulation. To address this 

possibility, we then questioned whether oral delivery of doxycycline would also induce a 

positive effect on scarring. However, when doxycycline was dosed PO, the resultant scar 

thickness was not significantly reduced (P = 0.3006) compared with scars following control 

treatment (local PBS injection only) (Fig. 2C).

Type of Tetracycline Antibiotic and Timing of Injection Matters

Given the dramatic reduction in scar thickness with local doxycycline administration, other 

commonly used tetracycline antibiotics (minocycline and tetracycline) were also evaluated. 

With minocycline and tetracycline treatment, a detrimental impact on wound healing was 

observed, with significantly increased scar thickness in both treatment groups (minocycline 

*P < 0.0001, tetracycline *P < 0.0001) compared with PBS controls (Fig. 3A). We also 

considered whether timing of antibiotic administration influenced the vulnerary capacity of 

local doxycycline. As the time between initial injury and local doxycycline injection was 

increased (time = T0, 12, 24, and 48 h postoperative), mean scar thickness also increased 

(Fig. 3B). When doxycycline was administered 48 hours postoperatively, there was no 

significant difference in resultant scar thickness, though variability increased (Fig. 3B). 

These results imply a mechanism of action that is limited to doxycycline rather than 

common to all tetracyclines and that is also time sensitive, where reduced scar thickness is 

only accomplished with early (<12h after incision) administration.

Local Doxycycline Does Not Impact Wound Contamination

To evaluate the mechanism of reduced scar thickness with local doxycycline treatment, we 

first considered whether this effect was mediated by reduced wound contamination 

secondary to doxycycline’s antimicrobial effects. However, cultured wound swabs showed 

no significant difference in wound contamination (P > 0.2328, all timepoints) between the 

control and 2mg/mL doxycycline treatment groups (Supplemental Figure 1C, http://link-

s.lww.com/SLA/B552). Notably, contamination was minimal in the excisional skin wounds 

overall (0–26 colony forming units), consistent with prior publications suggesting that 

significant bacterial contamination in mouse wounds requires inoculation.19–21
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Doxycycline Increases Scar Collagen Branching and Randomness

Despite having increased collagen content compared with healthy skin, skin scars never 

achieve the same tensile strength as unwounded skin due to the tight parallel alignment of 

scar collagen bundles.22 Rather, the tensile strength of unwounded skin is due to the 

“basketweave” orientation of collagen in the dermis that allows both flexibility and 

pliability.22 To understand the mechanism behind preserved tensile strength in the setting of 

reduced scar collagen in doxycycline treated skin wounds, healed tissue was assessed using 

a Picrosirius Red stain for collagen quantity and structure. Picrosirius Red has the advantage 

of delineating mature (red, Picro Red) and immature (green, Picro Green) collagen fibers,23 

which may correlate with type I and type III collagen, respectively.

In the Picro Red fibers, which represent mature collagen, there was a significant decrease in 

relative intensity (*P = 0.0042) in the 2mg/mL group compared with PBS controls (Fig. 3C, 

top panel; Fig. 3D). This finding correlated with a significant reduction in anti-collagen I 

immunostaining (*P = 0.0430) (Fig. 3E, F). Picro Red fibers also displayed decreased fiber 

number (*P = 0.0098) and length (*P = 0.0226) in the 2 mg/mL treatment group (Fig. 4A, B, 

left panels). Picro Red fiber branching was reduced with 0.1 mg/mL (*P = 0.0159) and 2 

mg/mL (*P = 0.0053) but increased with 20 mg/mL (*P = 0.0009) treatment (Fig. 4C, left 

panel). However, Picro Red fiber randomness was significantly increased with both 2 

mg/mL (*P = 0.0115) and 20 mg/mL (*P = 0.0282) treatment (Fig. 4D, left panel). A 

schematic of the image deconvolution technique, which involved automated image 

processing using MATLAB to permit individual fiber analysis, is represented in Figure 4E.

Interestingly, Picro Green fibers, which represent immature collagen, showed a significant 

increase in fiber intensity (0.1 mg/mL *P = 0.0441, 2 mg/mL *P = 0.0114) (Fig. 3C, bottom 

panel; Fig. 3D). This correlated with an increased number of Picro Green fibers (0.1 mg/mL 

*P = 0.0292) (Fig. 4A, right panel). Picro Green fiber length, however, was not affected (P > 

0.1357, all dosages) by doxycycline (Fig. 4B, right panel). Additionally, Picro Green fibers 

exhibited significantly increased branching (2 mg/mL *P = 0.0444) and randomness (20 

mg/mL *P = 0.0289) (Fig. 4C, D, right panels). Overall, these data suggest that the 

orientation of collagen in doxycycline treated wounds more closely resembles the more 

branched, randomly aligned collagen of unwounded skin.

Doxycycline Does Not Impact Inflammatory Cell Recruitment

Inflammation is another important aspect of wound healing. Neutrophils, macrophages, mast 

cells, and other inflammatory cells are recruited to wound beds to both sanitize the area and 

stimulate local skin cells to form granulation tissue and re-epithelialize.22 To assess whether 

inflammatory cell recruitment was altered in doxycycline treated wounds, splinted excisional 

skin wounds were created on the dorsa of Vav1Cre/-;Rosa26mTmG/– mice, which express GFP 

on hematopoietic lineage cells and express RFP on all other tissues. Our results showed no 

significant difference in inflammatory cell recruitment in 2 mg/mL doxycycline treated 

wounds (P = 0.2970) compared with PBS controls (Supplemental Figure 2A–B, http://

links.lww.com/SLA/B552). We then performed FACS to delineate the number and 

proportion of different inflammatory cell populations. When FACS was performed on 

wounds at T12hours and at 5, 9, and 14 days postoperative, there was no significant 

Moore et al. Page 8

Ann Surg. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://links.lww.com/SLA/B552
http://links.lww.com/SLA/B552


difference (P > 0.1000) in the relative proportion of recruited B cells (B220+) and T cells 

(B220- MAC1-) (Fig. 5A, B). At postoperative day (POD) 9 there was a significant increase 

(*P = 0.0407) in macrophages, which are known to influence collagen remodeling, in the 

doxycycline treated group, but this was not observed at other time points (Fig. 5B).

Doxycycline Does Not Impact Angiogenesis

Expedited wound closure in chronic wounds and improvements in wound healing quality 

have previously been linked to augmented angiogenesis.24‘25 To evaluate whether 

doxycycline improves wound healing by influencing angiogenesis, skin wounds from 

Vav1Cre/–;Rosa26mTmG/– mice were stained for CD31 to identify endothelial cells within the 

wound base. In doxycycline treated wounds, there was a trend toward, but no significant 

increase in, blood vessels in treated wound beds as compared with controls (Supplemental 

Figure 2C–D, http://links.lww.com/SLA/B552).

Doxycycline Reduces En1+ Fibroblasts in Skin Scars

Scar tissue deposition, whether influenced by inflammatory cells or endothelial cells, is 

ultimately dependent on the action of skin fibroblasts. Recently, our group reported the 

discovery of a dermal fibroblast lineage, defined by expression of engrailed1 (En1), which 

deposits the vast majority of skin scar collagen in mouse dorsal wounds.16 Additionally, the 

same cells can be identified in human scars using the cell surface marker CD26.26 Given the 

importance of En1-positive fibroblasts (EPFs) in scar formation, splinted excisional wounds 

were created on the dorsa of En1Cre/–;Rosa26mTmG/– mice and mice were randomized to 

receive PBS or 2 mg/mL doxycycline wound injections. Upon complete wound closure 

(POD 15), wounds were harvested and imaged using confocal microscopy. Results revealed 

a significant reduction in EPFs, identified by a significant relative decrease in GFP intensity 

(*P = 0.0005), in doxycycline treated skin wounds (Fig. 6A, B). As mentioned previously, 

EPFs are responsible for the vast majority of extracellular matrix deposition to create scars 

during adult wound repair.16 Thus, the significant decrease in EPFs observed in 

doxycycline-treated wounds may explain both the overall reduction and the structural 

alteration in scar collagen.

DISCUSSION

Despite the significant clinical burden as well as the substantial consumer market associated 

with scarring, very few truly effective antiscarring therapies exist which reduce scar burden 

while maintaining skin mechanical strength. While doxycycline’s ability to reduce fibrosis 

in other organs has been suggested by previous studies,6–9 its potential effects on skin 

scarring had heretofore remained unexplored. Through this series of experiments, we 

demonstrate for the first time the potent ability of doxycycline to reduce scar thickness 

without compromising scar tensile strength.

Our data suggest a promising structure of collagen fibers in the extracellular matrix of 

doxycycline-treated wounds that more closely resembles the branched, randomly aligned 

“basketweave” pattern of collagen deposition in unwounded skin. This more normal 

appearing collagen structure may explain the finding of preserved scar strength in the face of 
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reduced scar collagen content. This finding has significant implications for doxycycline’s 

therapeutic potential, as scars are known to have decreased strength compared with healthy 

skin, and agents that reduce scar burden typically tend to do so at the cost of decreasing scar 

strength even further.

Consistent with prior reports, doxycycline exhibited a number of off-target effects in tissue.4 

For instance, there are several studies that suggest that doxycycline has anti-inflammatory 

properties.27–29 Interestingly, our data do not demonstrate that any significant change occurs 

in the number of inflammatory cells in doxycycline-treated wounds. In the past, increased 

inflammation has been linked to delays in wound healing30 and issues with chronic open 

wounds.31 In our study, despite the trend toward increased inflammatory cell recruitment, 

doxycycline did not impair wound healing. Our data also indicate that doxycycline’s 

favorable effects on scar collagen may be mediated at least in part by decreasing the scarring 

fibroblast (EPF) cell population.

Most importantly, the vulnerary effects of doxycycline have immediate therapeutic potential 

for human patients. Several specific findings have important clinical implications. Our data 

suggest superiority of 2mg/mL doxycycline treatment over other concentrations, though 

further study will be required to determine optimal human dosing, as well as dosing for 

different formulations of doxycycline. Our data also strongly suggest a narrow therapeutic 

window for administration of doxycycline, such that administration must occur within 12 

hours following injury to achieve reduced scar thickness, and optimal dosing exists at 

2mg/mL and must not exceed 20 mg/mL.

There are several reports which indicate that doxycycline may act as a collagenase inhibitor.
32–34 This was not examined within this study but may ultimately explain the mechanism of 

reduced skin scarring with local doxycycline treatment. Specifically, collagenases are known 

to be excreted by fibroblasts and local inflammatory cells. Their function is primarily to 

break down and aid in the maturation of scar collagen. Early in wound healing, EPFs deposit 

type III collagen and immature type I collagen, both of which exhibit green birefringence. 

As the wound matures, type III collagen is gradually replaced by type I collagen, and over 

time the fibers are aligned in a parallel fashion prior to initiating wound contraction.22 

Collagenases play an important role in this process, by breaking down scar collagens to 

facilitate wound maturation.35‘36 To expand upon this knowledge, we believe future 

experiments should target the level of collagenases both in the tissue and within engrailed1 
fibroblasts post wounding and doxycycline treatment. Based on the literature available to 

date, a biological link between collagenase inhibition and fibroblast apoptosis does not exist. 

Thus, we cannot explain based on our experiments or available literature how doxycycline 

treated wounds have both reduced scar collagen and reduced numbers of scar forming 

fibroblasts.

Interestingly, we did not find a similar effect with 2 other commonly used tetracycline 

antibiotics. When minocycline and tetracycline were tested at equivalent doses, the opposite 

impact on skin scarring was observed. Specifically, scar thickness increased with local 

treatment with tetracycline and minocycline, in contrast to the decrease observed with 

doxycycline. Studies on the vulnerary capacity of minocycline and tetracycline suggest that 
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they should also function as collagenase inhibitors.37,38 However, it is possible that the 

effects of these other antibiotics on scarring are also dose dependent, and to definitively 

conclude that other tetracycline class antibiotics do not share the same vulnerary capabilities 

as doxycycline, dose testing similar to our initial experiment would need to be completed.

The finding that oral dosing of doxycycline did not significantly affect scarring indicates that 

enteral delivery may not attain a sufficient tissue concentration to permit doxycycline’s 

antiscarring effects. However, we did not perform serum and tissue doxycycline levels, 

which would improve the strength of this conclusion. Additionally, intraperitoneal injections 

would have resulted in a physiologic pulse of doxycycline more comparable to what is seen 

in human enteral dosing than the method of delivering doxycycline in drinking water used in 

this study. Both intraperitoneal injections coupled with serum and tissue doxycycline level 

testing would validate our conclusion that doxycycline’s vulnerary capacity appears to be 

specific to local administration. Alternatively, we could have performed PO dose testing 

using pulses or limited exposure, as we are uncertain whether constant exposure to 

doxycycline will have the same impact on wound healing.

Finally, doxycycline is well tolerated and has a longstanding safety profile in clinical 

patients. However, it has yet to be incorporated into wound healing and antiscarring 

pharmaceuticals and products. For these reasons, we are enthusiastic about rapid translation 

to human trials. Through the publication of this paper, we hope to generate demand and 

support among our surgical colleagues for the development of doxycycline containing 

antiscarring therapies. We hope this can encourage our pharmaceutical partners and 

translational science colleagues to develop novel products harnessing doxycycline as a 

vulnerary agent. In the future, we envision the development of novel therapeutics such as 

combined lidocaine-doxycycline formulations, topical acne treatments, and petroleum jelly-

doxycycline formulations to permit favorable wound healing after surgical incisions and 

injuries acquired at home.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Doxycycline improves wound thickness without sacrificing tensile strength. A, Scar 

thickness is significantly reduced in 2 and 20 mg/mL doxycycline treated wounds (n = 10 

wounds per group, *P < 0.0001, **P = 0.0023). B, Representative histology of scar treated 

with vehicle (PBS, left panel) and 2 mg/mL doxycycline (right panel) by hematoxylin and 

eosin stain. E, Epidermis; D, dermis. C, Relative scar collagen is significantly reduced in 0.1 

and 2 mg/mL doxycycline groups as measured by Masson trichrome stain (n = 10 wounds, 

*P = 0.0357, **P = 0.0317). D, Representative histology of scar treated with vehicle (PBS, 
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left) and 2 mg/mL doxycycline (right) using Masson trichrome stain (top panels), with 

representative color deconvolution of the above image (blue deconvolution, bottom left 

panels;red deconvolution, bottom right panels). E, Tensile strength is not significantly 

different between vehicle and 2 mg/mL doxycycline (Dox) treatment groups (n = 10 

wounds, P = 0.4376). F, Representative tensile strength curves for PBS control and 2 mg/mL 

doxycycline treatment. A, C, Results depicted as mean per animal ± SEM. E, Tensile 

strength depicted as individual wound strength measurements ± SEM. *,**, denotes 

statistical significance;NS, not statistically significant.
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FIGURE 2. 
Reduced skin scar thickness by doxycycline treatment depends on local administration and 

does not delay wound healing. A, Time to wound closure is not adversely influenced by 

doxycycline administration in 0.1, 2, and 20mg/mL treatment groups compared with PBS 

controls (n = 10 wounds, P > 0.24378 at all timepoints). B, Treatment of the right wound 

with 2 mg/mL doxycycline and left wound with PBS in the same mouse led to comparably 

reduced scar thickness in the left and right wounds (n = 5 animals, P = 0.6257). C, Oral 

administration of 2 mg/mL doxycycline via drinking water did not result in reduced scar 

thickness (n = 10 wounds, P = 0.3006). Control, PBS injection;Dox PO, oral doxycycline. 

Results depicted as mean ((A), per group perday;(B), per wound;(C), per mouse) ± SEM. 

NS indicates not statistically significant.
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FIGURE 3. 
The ability to reduce scar thickness is unique to doxycycline and depends on early 

administration. A, Improvement in scar thickness is limited to doxycycline (n = 10 wounds, 

*P < 0.0001). Other tetracycline antibiotics (minocycline, tetracycline) significantly thicken 

dorsal skin scars compared with control treatment (n = 10 wounds, **P < 0.0001, ***P < 

0.0001). B, Delaying doxycycline injection to 12 and 24 hours postoperatively results in 

increasing scar thickness (n = 4 wounds, *P = 0.0066, **P < 0.0001). A nonsignificant 

increase in scar thickness but increased variability is seen when doxycycline administration 
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is delayed to 48 hours postoperatively (n = 4 wounds, P = 0.8848, T0 h SEM = 12.37, T48 h 

SEM = 29.03). C, A decrease in Picro Red fibers (top panel) and increase in Picro Green 

fibers (bottom panel) is seen in the 2 mg/mL group (n = 10 wounds, *P = 0.0042, **P = 

0.0441, ***P = 0.0114). D, Representative Picrosirius staining for wounds treated with PBS 

(upper left panel) and 2 mg/mL doxycycline (upper right panel), with representative color 

deconvolution of Picrosirius images (red deconvolution, bottom left panels;green 

deconvolution, bottom right panels) which allowed for the separate measurement of Picro 

Red and Picro Green collagen fibers. E, Collagen I immunostaining is significantly reduced 

in the 2 mg/mL group compared with control (n = 6 wounds, *P = 0.0430). F, Representative 

anti-collagen I (green) immunostaining in PBS (top panel) and 2 mg/mL doxycycline 

(bottom panel) groups. *,**,***, denotes statistical significance. Results depicted as mean 

per animal ± SEM.
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FIGURE 4. 
Analysis of collagen fiber orientation reveals a favorable phenotype in doxycycline treated 

skin scars. A, Picro Red fiber number (left panel) is significantly reduced in the 0.1 and 2 

mg/mL treatment groups (left panel; n = 10 wounds, *P = 0.0054, **P = 0.0098) and Picro 

Green fiber number is significantly increased in the 0.1 mg/mL group (right panel;n = 10 

wounds, ***P = 0.0292). B, Picro Red fiber length (left panel) is significantly reduced in the 

2 mg/mL group (n = 10 wounds, *P = 0.0226). C, Picro Red fiber branching (left panel) is 

significantly decreased in the 0.1 and 2 mg/mL groups but increased with 20 mg/mL 
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treatment (n = 10 wounds, *P = 0.0159, **P = 0.0053, ***P = 0.0009). Picro Green fibers 

also have increased branching (right panel; n = 10 wounds, ****P = 0.0444). D, Fiber 

randomness is increased in Picro Red fibers (left panel; n = 10 wounds, *P = 0.0115, **P = 

0.0282, left panel) and Picro Green fibers (right panel;n = 10 wounds, ***P = 0.0289). E, 

Representation of image deconvolution for analysis, including color deconvolution, 

conversion to grayscale, image binarization, and skeletonization. *,**,***,***», denotes 

statistical significance. Results depicted as mean per animal ± SEM.
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FIGURE 5. 
FACS analysis of inflammatory cell populations within doxycycline treated wounds over 

time. A, FACS gating strategy for the MAC1+, B220+, and double negative populations. B, 

Effects of doxycycline on relative populations of macrophage (MAC1+), B cell (B220+), 

and lymphocyte (double negative, Lymph) cell populations in the wounds at 12 hours (top 

left panel), 5 (top right), 9 (bottom left), and 14 days (bottom right) postinjury. Macrophages 

are significantly increased with doxycycline treatment at day 9 postinjury (n = 6 wounds, *P 
= 0.0407). *, denotes statistical significance. Results depicted as mean per animal ± SEM.
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FIGURE 6. 
Scarring fibroblasts are significantly reduced in wounds treated with doxycycline. A, 

Representative histology of En1Cre/;Rosa26mTmG/– skin wounds treated with PBS (left 

panel) and 2mg/mL doxycycline (right panel). B, Engrailed1 positive fibroblasts (EPFs) in 

wounds are significantly reduced with doxycycline treatment (n = 6 wounds, *P = 0.0005). 

*, denotes statistical significance. Results depicted as mean per animal ± SEM.
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