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Photodynamic Therapy Delays Cutaneous Wound Healing in Mice
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Background: Cutaneous wound healing is a complex, dynamic physiological process. Traditional meth-

ods of promoting wound healing are not always effective. Consequently, alternative modalities, such as

photodynamic therapy (PDT), are needed. We examined the effectiveness and underlying mechanisms

of PDT in a murine model of acute wound healing.

Methods: Two excisional wounds were produced, one on each side of the midline, in C57bL/6J mice.

Methyl 5-aminolevulinate hydrochloride (MAL) was applied to the right-side wound. After 1 to 3 hours

of incubation, the wound was irradiated with red light. The left-side wound was not treated with MAL

or red light. On Day 14, the wounds were excised and subjected to histological and immunohistochemi-

cal analysis.

Results: During the first week, no difference was seen between the two sides. However, at week 2,

PDT-treated wounds exhibited delayed re-epithelialization. On Day 14, hematoxylin and eosin (HE)

staining showed a continuous epithelial lining in untreated wounds. In contrast, PDT-treated wounds

partially lacked epithelium in the wound bed. Masson’s Trichrome (MTC) staining showed a thicker

dermis and more collagen fibers and inflammatory cells in PDT-treated wounds than in untreated

wounds. Immunohistochemical analyses showed significantly fewer CD31+ blood vessels and greater

collagen III density in PDT-treated wounds than in untreated wounds. However, treated and untreated

wounds did not differ in collagen I density.

Conclusions: PDT delayed acute wound healing in a murine model of secondary intention wound heal-

ing. (J Nippon Med Sch 2020; 87: 110―117)
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Introduction

Cutaneous wound healing is a complex and dynamic

physiological process during which damaged tissues are

repaired and skin integrity is restored. Hemostasis is fol-

lowed by three sequential, albeit overlapping, phases: the

inflammatory, proliferative, and remodeling phases1,2.

Many cell types, cytokines, and other mediators are in-

volved in this process, but the mechanism remains in-

completely understood3.

In some patients, it is difficult to achieve wound heal-

ing, and a long recovery period is needed to obtain

wound closure. This can be a significant burden on pa-

tients and health care systems. A systematic review of

studies published between 1996 and 2008 showed that at

any given time, 27% to 50% of all hospital beds in

Europe are occupied by patients with acute or chronic

wounds. Moreover, chronic wounds are a particularly

important health care problem: in one UK study, more

than half of all patients with wounds in all health care

settings had chronic wounds4. Various factors delay

wound healing, including older age, diabetes, smoking,

wound size and location5, and infection6. Various dress-

ings and topical products promote proper wound heal-

ing; negative pressure wound therapy7 and skin grafts8

can also be useful. However, these methods are not al-

ways effective9. Consequently, alternative modalities that

reliably achieve good cutaneous wound healing are

needed.
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One such possibility is photodynamic therapy (PDT)-a

photochemical therapy that involves a photosensitizer,

light, and endogenous oxygen. Photosensitizers are pre-

cursors of protoporphyrin (Pp) IX, a heterocyclic macro-

cycle organic molecule that generates reactive oxygen

species (ROS) from oxygen when it is excited by light.

Thus, when a photosensitizer is applied to a target (eg,

microbes and proliferating tumors and other cells), it is

taken up and produces ROS when irradiated. The result-

ing ROS kill the target cells by necrosis, apoptosis, and/

or autophagy10. The possibility of PDT first arose in 1841,

when Scherer extracted hematoporphyrin from dried

blood by removing iron. Later studies showed that treat-

ing microbes, erythrocytes, guinea pigs, and humans

with hematoporphyrin greatly augmented the damaging

effects of light. Thus, hematoporphyrin was the first pho-

tosensitizer to be discovered11.

PDT was initially used to treat superficial non-

melanoma skin cancers such as basal cell carcinoma12,

Bowen disease13, and actinic keratosis14 and was shown to

be effective, noninvasive, and safe. Recently, it has been

used to treat acne15, rosacea16, and other skin conditions.

There is thus considerable interest in the therapeutic ef-

fects of PDT on cutaneous wound healing. Indeed, sev-

eral recent studies reported that it effectively promotes

closure of chronic venous ulcers17 and diabetic ulcers18 in

humans and that it aids in the healing of infected burn

wounds by killing microbes19,20. However, Mills et al re-

ported that PDT delayed early wound healing of exci-

sional wounds in healthy humans, although it did im-

prove later outcomes such as cosmetic appearance and

dermal structure5. These inconsistent findings, and the

fact that few studies have examined the mechanisms by

which PDT affects wound healing, suggest that the role

of PDT in wound healing therapeutics warrants further

study. We therefore examined the effectiveness and un-

derlying mechanisms of PDT in a murine model of acute

wound healing.

Materials and Methods

Eight-week-old male C57bL/6J mice (Sankyo Labo Serv-

ice Corporation, Inc., Hamamatsu, Japan) were housed in

individual cages and maintained on a 12-h light/dark cy-

cle with free access to food and water. The body weight

of the mice was 22-27 g. Each mouse was anesthetized by

inhaled isoflurane (Mylan Pharmaceutical Co., Ltd.,

Osaka, Japan), after which their dorsal hair was removed

by shaving with an electric razor, followed by application

of a depilatory agent. Two excisional wounds were pro-

duced, on either side of the midline, with a 6-mm biopsy

punch (Kai Industries Co., Ltd., Gifu Pref., Japan). A cir-

cular silicone splint with an inner diameter of 10 mm

and an outer diameter of 15 mm was then adhered to the

normal skin around the wound, to minimize contraction.

Six to eight stitches were placed to keep the splint in

place21. This excisional splint model is often used to

study wound healing.

PDT was started with topical application of a second-

generation photosensitizer, methyl 5-aminolevulinate hy-

drochloride (MAL; Tokyo Medical Industrial, Tokyo, Ja-

pan), onto the right-side wound. A cotton pad was then

placed over the right-side wound to keep the MAL solu-

tion in place. The wound was covered with tin foil to

prevent light exposure. After 1 to 3 hours of incubation,

the tin foil and cotton pad were removed and the whole

body, except for the right-side PDT-treated wound, was

covered with tin foil. The right-side wound was then ir-

radiated with red light (Photo Therapeutics Ltd., Chesh-

ire, UK; wavelength, 633 nm; power, 1 kW). The whole-

body coverage with tin foil served to prevent extra illu-

mination. The left-side wound was not treated with MAL

or red light. After PDT, the wounds were covered with

AIRWALL (Skinix Kyowa Ltd., Osaka, Japan) and ban-

daged for protection. On Day 3, the dressings were

changed and the wounds were photographed with a

digital camera. This process was repeated on Days 5, 7,

10, 12, and 14. All experiments were approved by the

Ethics Committee of Nippon Medical School and were

performed in accordance with the institutional and na-

tional guidelines for the care and use of laboratory ani-

mals.

On Day 14, the mice were euthanized with a lethal

dose of anesthesia. The wounds were excised and fixed

in 10% formalin for 72 h before being embedded in par-

affin. The wound blocks were then sectioned into 4 μm-

thick slices and the slices were deparaffinized. The sec-

tions were subjected to histological analysis with

hematoxylin-eosin (HE) and Masson trichrome (MTC)

staining. The sections were also subjected to immunohis-

tochemical (IHC) analysis to determine expressions of

CD31, collagen I, and collagen III. For this, antigen re-

trieval was performed in citrate buffer (Muto Pure

Chemicals Co., Ltd., Tokyo, Japan; pH, 6) at 98°C for 20

min, with pressure. To eliminate endogenous peroxidase

activity and nonspecific staining, sections intended for

CD31, collagen I, and collagen III analysis were respec-

tively blocked for 10, 15, and 30 min in 0.3% hydrogen

peroxide (Wako Pure Chemical Industries, Ltd., Osaka,
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Japan). The sections were then incubated for 1 h with

primary antibodies specific for CD31 (1 μg/mL, Abcam;

Cambridge, MA, USA), collagen I (5 μg/mL, Abcam;

Cambridge, MA, USA), or collagen III (1 μg/mL, Abcam;

Cambridge, MA, USA). Vectastain ABC rabbit IgG Kit

(Funakoshi Co., Ltd., Tokyo, Japan) served as the secon-

dary antibody.

Histological and IHC sections were examined under a

microscope (Olympus, Tokyo, Japan), and images were

captured with cellSens Standard software (Olympus, To-

kyo, Japan). Photographs of the gross morphology were

used to determine the effect of PDT on re-

epithelialization on Days 3, 5, 7, 10, 12, and 14. For this,

the wound area was measured and expressed relative to

the total wound area on Day 0, which was defined as 0%

re-epithelialization. A score of 100% re-epithelialization

thus indicated complete wound epithelialization. MTC-

stained histology images were used to quantify dermal

thickness and density of collagen fibers in the wound on

Day 14. The IHC images were used to measure the num-

bers of CD31+ blood vessels and density of collagen I and

collagen III.

All quantifications were performed by using Image J

1.52a (Wayne Rasband, National Institutes of Health,

USA). All data were expressed as mean ± SD and were

analyzed by using SPSS Statistics 23.0 (IBM Co., Armonk,

NY, USA). The PDT-treated and untreated wounds were

compared in relation to quantitative variables by using

the paired t-test. The mutual effects were compared by

two-way analysis of variances (ANOVA). A P value of

<0.05 was considered to indicate statistical significance.

Results

To identify PDT parameters with the greatest effect in the

acute wound healing murine model, we performed a pi-

lot experiment in which the mice were subjected to PDT

regimens that varied in incubation time (1, 2, or 3 h),

MAL concentration (5%, 10%, or 20%), and irradiation

energy (60, 80, or 100 mW/cm2). The primary outcome

was degree of re-epithelialization, which was expressed

as change in wound area on Day 14 relative to wound

area on Day 0. As compared with the negative control,

wounds treated with light only (60, 80, or 100 mW/cm2)

exhibited accelerated healing, while wounds treated with

MAL only (5%, 10%, or 20%) showed no difference in

wound healing (data not shown). PDT (MAL + light) had

no effect on wound healing, unless the incubation time

was 3 h. Specifically, all PDT regimens involving a 3-h

incubation time had an unexpected effect on wound

healing, namely, delayed re-epithelialization on Day 14.

Only MAL + light-treated wounds exhibited decelerated

wound healing. The PDT parameters with the greatest ef-

fect on Day 14 re-epithelialization were 20% MAL, a 3-h

incubation, and a light energy of 100 mW/cm2 (data not

shown).

To confirm this result and determine why PDT delayed

healing of excisional splinted wounds in our model of

acute wound healing, we used the most severe PDT pa-

rameters, as identified in the pilot study, to repeat the ex-

periment in five mice. Thus, the right-side excisional

wound was treated with 20% MAL, incubated for 3 h,

and irradiated with 100 mW/cm2 light. The left-side

wound was left untreated. Morphological photos taken

on Day 0, 3, 5, 7, 10, 12, and 14 were assessed for re-

epithelialization. During the first week, the wound area

gradually decreased on both sides; no difference was

seen between the two sides. However, during the second

week, the PDT-treated wound started exhibiting delayed

re-epithelialization (Fig. 1).

We then quantified the degree of re-epithelialization

over the 14-day observation period by measuring wound

area with Image J 1.52a. Thus, wound area on Day 0 was

considered to indicate 0% re-epithelialization, and 100%

re-epithelialization indicated full re-epithelialization.

PDT-treated wounds started to exhibit a delay in re-

epithelialization on Day 3. This difference progressively

increased and was significant on Days 10, 12, and 14 (p=

0.016, p<0.001, and p=0.002, respectively; Fig. 2). Thus, on

Day 7, the average areas of PDT-treated and untreated

wounds were 42.05±13.20% and 55.09±6.24%, respec-

tively (p=0.081; Fig. 2). Later, on Day 12, the untreated

wounds exhibited complete epithelialization, whereas ap-

proximately one quarter of the PDT-treated wounds re-

mained unepithelialized (0.27±0.46% vs. 24.59±3.59%, p<

0.001; Fig. 2). The areas of PDT-treated wounds and un-

treated wounds differed at all different time points

(ANOVA, p=0.001).

To determine why PDT delayed re-epithelialization, we

harvested wounds on Day 14 and subjected wound sec-

tions to histological and IHC analysis. HE staining

showed that untreated wounds had a continuous epithe-

lial lining. Thus, the Day 14 untreated wound had under-

gone complete keratinization and now had an intact epi-

dermis. By contrast, PDT-treated wounds partially lacked

epithelium in the wound bed. MTC staining also showed

that, as compared with the untreated wounds, PDT-

treated wounds had a thicker dermis (p=0.039; Fig. 3b)

and more collagen fibers (p=0.009; Fig. 3c) and inflamma-
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Fig.　1　Images showing gross morphological changes in wounds at different time points after photodynamic therapy 

(PDT). PDT comprised topical application of methyl 5-aminolevulinate hydrochloride (MAL) for 3 h, followed by ir-

radiation with red light. The wound on the left side (control) was not treated with MAL or red light. The PDT-treat-

ed and untreated wounds did not differ in appearance during the first week. However, during the second week, 

PDT-treated wounds exhibited delayed re-epithelialization (ie, a larger wound area) and greater erythema. Repre-

sentative images of wounds in 5 mice are shown.

Fig.　2　Change in wound area in relation to baseline (Day 

0) at different time points after photodynamic 

therapy (PDT). PDT delayed re-epithelialization, 

and wound area was significantly larger for PDT-

treated wounds on Days 10, 12, and 14 (p<0.05). 

Wound area on Day 0 was defined as 100%. Com-

plete epithelialization was expressed as 0%. The 

data are expressed as mean ± SD, and differences 

were compared with the paired t-test (n=5 mice 

from one independent experiment).

tory cells (Fig. 3a; data not shown). None of the wounds

exhibited any evidence of necrosis, edema, or abscess.

Thus, the histology results in Figure 3a～c were consis-

tent with the gross morphological changes on Day 14,

shown in Figure 1.

IHC analyses showed that, as compared with the un-

treated wounds, PDT-treated wounds had significantly

fewer CD31+ blood vessels (p=0.001; Fig. 4) and greater

collagen III density on Day 14 (p=0.021; Fig. 3d). How-

ever, Day 14 collagen I density did not differ between the

treated and untreated wounds (p=0.692; Fig. 3c).

Discussion

PDT is a photochemical therapy comprising a photosen-

sitizer and light. In our study, wounds treated only with

light exhibited accelerated healing, which was consistent

with previous findings22. A possible reason for this find-

ing is that red-light irradiation stimulates proliferation of

skin epidermal cells, vascular endothelial cells, and fi-

brous tissue23. Treatment with MAL only had no effect on

wound healing in the present study. MAL is a photosen-

sitizer and will not work without light irradiation. There-

fore, PDT (MAL + light) seemed to have some effect on

wound healing.

However, PDT hampered secondary intention wound

healing by delaying re-epithelialization. This effect was

associated with the presence of a thicker dermis, which

contained fewer blood vessels, greater inflammatory infil-

trate, and more collagen fibers and collagen III (but not

collagen I). These findings are consistent with those of a

study by Mill et al, which showed that PDT treatment of

excisional wounds in healthy humans delayed re-

epithelialization and that this effect was associated with

greater inflammation5.

The excisional splinted wound model in mice is a

model of wound healing. While the acute skin wounds

of healthy individuals heal quickly and in an orderly

manner, healing of chronic wounds such as diabetic ul-

cers, pressure ulcers, venous ulcers, and arterial-

insufficiency ulcers is disordered and characterized by a

prolonged inflammatory phase24,25. Several studies have

shown that serial PDT treatments over 3 weeks signifi-
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Fig.　3　Histological images of murine wounds (a) and average values for wound healing variables (b-e) on Day 14 after 

photodynamic therapy (PDT). (a) Images of the control and PDT-treated wounds after hematoxylin-eosin stain-

ing (magnification ×40), Masson trichrome (MTC) staining (×100), and immunohistochemical (IHC) staining for 

collagen I (×100) and collagen III (×100). Representative images of the wounds of 5 mice are shown. (b and c) 

The average dermal thickness of the wounds (b) and density of collagen fibers (c) were calculated on the basis of 

MTC-stained images. (d and e) The average densities of collagen I (d) and collagen III (e) were calculated on the 

basis of IHC images. There were statistically significant differences (p<0.05, paired t-test) between treated and 

untreated wounds in b, c, and e but not in d. The data in b-e are expressed as mean ± SD (n=5 mice from one in-

dependent experiment).

cantly improved closure of chronic venous ulcers17 and

diabetic ulcers18. Our finding that PDT delayed the clo-

sure of wounds in the present animal model appears to

contradict these previous findings.

There are two, non-mutually exclusive, possibilities

that explain this apparent discrepancy. First, infection is a

crucial factor in poor wound healing, and PDT has a

powerful antimicrobial effect19,20,26,27. Isolated Staphylococcus

aureus from infected human burn wounds is highly sensi-

tive to PDT19: a single PDT session killed 98% of human

burn-derived S. aureus bacteria in murine burn wounds20.

Thus, PDT may promote chronic wound healing in hu-

mans by eliminating infections that delay wound healing.

Second, a study of PDT-treated excisional wounds in

healthy humans showed that although PDT delayed re-

epithelialization during the inflammatory phase, it was

associated with a significantly smaller wound area dur-

ing the remodeling phase at Week 3 and better cosmetic

outcomes and more ordered dermal structure at 9

months5. Thus, if we had extended our observation pe-

riod beyond 14 days, we might have found that PDT ul-

timately had beneficial effects on wound healing in our

murine model of secondary wound healing.

Cutaneous wound healing is a complex, dynamic proc-

ess that is mediated by interactions between multiple cell

types, cytokines, and chemokines. The wound healing

processes that PDT initially hampered in the present and

past studies5 are unclear. However, some may be related

to fibroblasts, a key cell in normal wound healing. By se-

creting and depositing elastin and collagens into a der-

mal defect, fibroblasts act to restore tissue integrity after

wounding. This process changes over time: the initially
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Fig.　4　Images of immunohistochemical staining for CD31 (×400) in murine wounds (a), and av-

erage number of CD31+ blood vessels (b) on Day 14 after photodynamic therapy. The 

data are expressed as mean ± SD (n=5 mice from one independent experiment). There 

was a significant difference (p<0.05, t-test) between treated and untreated wounds in b.

high level of collagen III production is overtaken by col-

lagen I production. Eventually, collagen fibrils assume a

more orderly appearance. These changes result in dermal

remodeling and eventual restoration of dermal strength.

In our study, PDT appeared to delay the start of this re-

modeling phase, as it was associated with significantly

more collagen III in the wound area on Day 14.

PDT may also interfere with early angiogenesis.

Marked collagen deposition, which starts soon after

wound healing, results in the formation of granulation

tissue. As this tissue begins to form, new blood vessels

grow into it to feed it with nutrients and oxygen. These

vessels allow the influx of inflammatory cells, which are

important in proper wound healing28. A key cytokine in

these events, TGF-β, includes TGF-β1 and TGF-β2, which

promote expression of collagen I, collagen III, and the

pro-angiogenic cytokine vascular endothelial growth fac-

tor (VEGF)29. A third isotype, TGF-β3, may play an im-

portant downregulatory role in wound healing by sup-

pressing the inflammatory process, which has been impli-

cated in the development of small, unnoticeable scars30,31.

In addition to promoting angiogenesis, VEGF stimulates

re-epithelialization and helps resolve the inflammatory

phase of wound healing32,33. Thus, TGF-β1 and TGF-β2 ul-

timately promote re-epithelialization, in part by driving

angiogenesis, while TGF-β3 may modulate this activity.

In our study, PDT was associated with a decrease in the

number of CD31+ blood vessels on Day 14. Thus, PDT

may have delayed re-epithelialization in our model of

secondary intention wound healing by suppressing TGF-

β1-driven angiogenesis during the proliferative phase of

wound healing3. This possibility is supported by the

study of Mills et al, which found that TGF-β1 levels were

lower on Day 7 in PDF-treated excisional wounds than in

untreated wounds5.

The remodeling phase is the last step of wound heal-

ing and involves the disappearance of existing cells, for-

mation of new cells, and production of an ordered colla-

gen matrix. Any disturbance that occurs during this

phase can lead to chronic or excessive wound healing34.

Matrix metalloproteinases (MMP) are important in re-

epithelialization and matrix remodeling. Mills et al re-

ported that, during the remodeling phase at Week 3,

MMP-1 and MMP-9 levels were significantly higher in

PDT-treated wounds of healthy subjects than in un-

treated wounds. This may explain their finding that PDT

was associated with significant improvement in the archi-

tecture of the deposited matrix at 9 months5.

In conclusion, PDT delayed acute wound healing in a

murine model of secondary intention wound healing.

During the second week, re-epithelialization progressed

significantly more slowly in PDT-treated wounds than in

untreated wounds. This effect may be mediated by the

suppressive effect of PDT on collagen production pat-
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terns and angiogenesis. However, previous findings sug-

gest that PDT has positive effects on excisional wound

healing at later time points5. Thus, further studies with

longer observation times and larger sample sizes are

needed. Clarification of the effect of PDT on production

of key wound-healing cytokines such as TGF-β3 and

VEGF in our model would be of particular interest.
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