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Background: Bovine digital dermatitis (BDD) is one of the most important diseases that effect dairy cows.
Methylene blue-mediated antimicrobial photodynamic therapy (MB-APDT) emerges as a promising technique to
treat superficial infections in bovines.

Methods: Twenty BDD lesions located at the skin horn transition of the claw of pelvic limbs of 16 cows were
treated by MB-APDT, using a red LED cluster (A = 660 nm, irradiance =60 mW/cmz, exposure time = 40 s)
combined with topical application of MB at 0.01 %; or by topical application of OXY (500 mg in 20 % solution).
Each lesion was treated twice with an interval of 14 days. Lesions were weekly evaluated until day 28 by clinical
analysis and by histological examination on days 0 and 28.

Results: Both treatments led to a similar reduction of lesions area. At day 28, three lesions treated by OXY did not
present completely recovery, whereas no lesions were observed in MB-APDT group. OXY resulted in a slight
increase in type I and III collagen levels, while MB-APDT led to a significant increase in the total area of both
collagen types. An abundant number of spirochetes were histologically observed in all lesions before treatments.
On the 28th day, five lesions treated by OXY still presented a slight number of spirochetes, whereas in MB-APDT
group no spirochetes were evidenced.

Conclusion: Our findings suggest that MB-APDT is more effective than OXY and could be used in Veterinary
practice to fight BDD.

and treatment [6-8].
Over the past decades, even though different microorganisms have
been identified in BDD lesions, there is a global consensus indicating

1. Introduction

Bovine digital dermatitis (BDD) is the major infectious disease that

causes lameness in cattle worldwide [1-3]. It is characterized by the
presence of ulcerative or proliferative skin lesions on the bulbs of the
heel or in the interdigital cleft, being frequently associated with pain [1,
4,5]. Together with lameness, BDD could lead to nonspecific symptoms
such as weight loss, reduction of milk production and reproductive
problems, increasing animal production costs related to its prevention

that Treponema species are the most commonly associated pathogens [1,
2,9]. Considering the infectious nature of BDD, antibiotic therapy has
been adopted as the gold standard option [1,10]. In this regard, treat-
ments with antibiotics such as tetracyclines and lincosamides have been
the most performed in dairy farms [10-13].

Oxytetracycline (OXY) is a broad-spectrum tetracycline antibiotic,
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indicated for the treatment of infections caused by a wide range of
Gram-positive and Gram-negative microorganisms [14]. Specifically for
dairy cattle, OXY has been commonly employed to treat various infec-
tious diseases and is considered a first-choice antibiotic for BDD in many
countries [15,16]. However, even though tetracyclines have been topi-
cally applied, contamination of milk by antibiotic residues may occur
[171.

Antimicrobial photodynamic therapy (APDT) has been broadly
investigated as a non-antibiotic alternative to treat superficial infections
in Medical Sciences [18,19]. More recently, APDT also triggered special
interest of veterinarians for the treatment of infectious diseases of live-
stock animals [20-24]. APDT combines the use of a photosensitizer (PS)
agent that is activated by light to inactivate microbial cells [25,26].
Upon light activation, the PS reacts with molecular oxygen or bio-
molecules yielding large amounts of reactive oxygen species (ROS) that
kill microbial cells by oxidative stress [25,26]. Since ROS do not present
target specificity, the selection of APDT-resistant microorganisms seems
unlikely [25-27]. Furthermore, broad-spectrum antimicrobial activity
(i-e., bacteria, fungus, protozoa, virus, prions and pathogenic algae) can
be achieved without harmfulness for the host cells [26,28]. Methylene
blue (MB) is a hydrophilic cationic dye that has been widely used as a
safe and effective PS against a broad range of pathogenic microorgan-
isms [26,29-33].

In this study, we investigated the use of MB-APDT as a novel non-
antibiotic strategy for the treatment of BDD. Combining clinical and
histological analysis, we compared the outcome of MB-APDT and OXY
by evaluating the presence of spirochetes and as well as collagen type I
and III.

2. Materials and methods
2.1. Animals

This study was approved by the local animal care and use committee
of the School of Veterinary Medicine and Animal Science from Univer-
sity of Sao Paulo (Sao Paulo, Brazil, reference number 3633030214).

Fifty-eight multiparous Holstein cows presenting lameness were
screened for BDD. The animals were from two different dairy farms
(-22.943341, -46.600468 and -23.4339573326, -45.6925229052)
located in Sao Paulo state, Brazil. The animals were kept in free stall
systems with sand bedding under semi-intensive management. Loco-
motion score was determined as proposed by Sprecher et al. [34] as
follows:

- score 1 (normal): The cow stands and walks with a level-back
posture. Her gait is normal.

- score 2 (mildly lame): The cow stands with a level-back posture but
develops an arched-back posture while walking. Her gait remains
normal.

- score 3: (moderately lame): An arched-back posture is evident both
while standing and walking. Her gait is affected and is best described as
short-striding with one or more limbs.

- score 4: (lame): An arched-back posture is always evident and gait is
best described as one deliberate step at a time. The cow favors one or
more limbs/feet.

- score 5: (severely lame): The cow additionally demonstrates an
inability or extreme reluctance to bear weight on one or more of her
limbs/feet.

Twenty BBD lesions located at the skin horn transition of the claw of
pelvic limbs of 16 cows were randomly distributed in two treatment
groups (only one type of treatment per animal). Forty-two animals
presenting systemic comorbidities or other hoof lesions were excluded
to avoid influences on healing process. Additionally, a control group,
with ten healthy (lesion free) and non-claudicating cows was used for a
comparative histological analysis with the treated groups. Claw trim-
ming was performed in all animals at the end of follow-up period.
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2.2. MB-APDT

Ten lesions were covered with MB (Sigma-Aldrich, USA; 0.01 %)
and, after 5 min of pre-irradiation time, lesions were irradiated by a red
LED cluster (Vetlight, DMC®, Brazil; A = 660 + 10 nm, output power-
= 2.1 W, irradiance =60 mW/cmZ, cluster area = 13.2 crnz, Flu-
ence = 6.4 J/cm?, energy = 84 J, exposure time = 40 s). Each lesion
was treated twice with an interval of 14 days. Lesions were covered by
bandages and changed once a week to reduce environmental
contamination.

2.3. OXY treatment

The topical OXY treatments were performed in the same schedule as
in MB-APDT group, ie., twice with an interval of 14 days. Lesions
received 500 mg doses of OXY (Tetrabac 20 %, Bayer, Sao Paulo, Brazil)
that were delivered in gauze bandages directly over the lesions. Similar
to the MB-APDT group, lesions were covered by bandages that were
changed once a week.

2.4. Follow-up period

Complete cure of the lesions was accomplished when the following
was observed: absence of clinical lesions; no histological changes in the
epidermis (ulcer and/or hyperplasia), and absence of spirochetes.

2.5. Clinical evaluation of bovine digital dermatitis lesions

Cows and their lesions were weekly evaluated until the 28th day.
Macroscopic classification of the lesions was performed at day O ac-
cording to the lesion score proposed by Dopfer et al. [4]. Briefly, this
clinical classification is presented as follows: M1) early stage of digital
dermatitis with a circumscribed granulomatous area; M2) classical ul-
ceration, which is an area close to the coronary band affecting skin or
horn; M3) classical ulceration in the process of healing; M4) cutaneous
lesions are hyperkeratotic and can present themselves with a prolifera-
tive aspect.

Digital photographs were taken in days 0, 7, 14, 21 and 28 using a
digital camera (Nikon Coolpix P500). The camera was positioned in
standard orthogonal angle at approximately 30 cm of distance from the
lesions. We used Image J software (NIH, USA) to quantify areas of le-
sions (cm?) based on a 1 x 1 cm reference object (black graph paper)
placed outside the border of each lesion.

2.6. Histological evaluation of the lesions

Prior to the biopsies, trichotomy, antisepsis (2%
polyvinylpyrrolidone-iodine) and intravenous regional anesthesia were
performed. For the anesthetic procedure, 20 mL of lidocaine hydro-
chloride without vasoconstrictor (2%, w/v) was administered in the
lateral plantar digital vein. Samples were collected from different
peripheric points by punch biopsy (6 mm) at days 0 and 28.

The collected fragments were fixed in neutral buffered formalin (10
%), dehydrated and embedded in paraffin at 58 C°, and then sectioned
into consecutive 5 pm-thick slices with semi-automatic microtome
(Leica, Wetzlar, Germany). Hematoxylin and eosin (H&E), Warthin-
Starry, and Picrosirius red stains were used to evaluate the healing
process and identify spirochetes. Histological slides were evaluated by a
veterinary pathologist in a single-blinded manner.

H&E analysis was proposed to qualitatively analyze the superficial
and deep dermis for presence of ulcer, hyperplasia, and to determine the
type of lining epithelium. Warthin-Starry staining was performed to
detect the presence/absence of spirochetes. In addition, the amount of
spirochetes on slides was scored from O to 3 (absent, slight, moderate
and severe).

The methodology of Picrosirius red staining was performed
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Fig. 1. Distribution of the locomotion score of Holstein cows (N = 16) affected by bovine digital dermatitis at days 0O (before treatments) and 28 (after treatments).
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Fig. 2. Representative images of BDD lesions treated by OXY or MB-APDT. Lesion images from day O are presented in A and C; Lesion images from day 28 are

presented in B and D.

according to Lattouf et al. [35]. A polarized light microscope was used to
classify type I collagen — characterized as more mature, thicker and
strongly birefringent fibers — and type III collagen — characterized as
undeveloped, thinner non-refringent fiber. Ten fields in the deep dermis
were randomly selected for each slice under 400x magnification. A
microscope (Eclipse Nu, Nikon) coupled to a Nikon camera (DSU3) was
used to evaluate the images projected then onto a monitor via software
(NIS Elements, Nikon) for image acquisition. The photomicrographs
were evaluated by Image Pro Plus® software (version 4.5, Media
Cybernetcs Inc., Silver Spring, USA), previously calibrated for the 400x
magnification in order to determine the correlation between pixels and
pm.

2.7. Statistical analysis

Quantitative data were analyzed by statistical software SPSS 24 (IBM
Corporation, Armonk, NY - USA) and for statistical inferences a signif-
icance level of 5% was adopted. We used non-parametric tests because
the Shapiro-Wilk test indicated that variables did not present normal

distributions. We adopted median and 95 % confidence interval to
present all data. Mann-Whitney’s test was performed to evaluate effect
of treatment. Friedman’s test was used to evaluate the difference be-
tween times, followed by Wilcoxon’s test. To control type I error we
proceed a Bonferroni adjustment. Finally, to compare total and relative
area of type I and type III collagens between treatment before and after
was applied Kruskal-Wallis test, followed by Mann-Whitney U test as
post hoc, whereas Wilcoxon signed rank test evaluated differences be-
tween times for the same treatment.

3. Results

Regarding the locomotion score, at day 0, one animal presented
score 1, three score 4 and five score 5, in the OXY-treated group; in MB-
APDT group, two animals presented score 2, three score 3, and two score
4. At day 28, only two animals (one animal from each group) improved
locomotion score, both from score 3 to score 2 (Fig. 1).

In both treatments it was possible to observe the reduction of lesion
areas, however, there was no significant difference between the
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Fig. 3. Bovine digital dermatitis lesion areas treated by OXY or MB-APDT over
a 28 days follow-up. Squares represent mean values; boxes represent 25 and 75
percentile; bars indicate 95 % CI; X denotes minimum and maximum values; the
horizontal lines inside the boxes correspond to the medians. N = 10/group.

treatments (p > 0.05). After 28 days, all lesions have significantly
regressed for both treatments (p < 0.05). However, three animals
treated with OXY remained with small lesions while none of the MB-
APDT-treated animals presented any lesions at day 28 (Figs. 2 and 3).

In the OXY group, we observed two M2 (20 %), six M3 (60 %) and
two M4 lesions (20 %), while in the MB-APDT group, three M2 (30 %),
two M3 (20 %) and five M4 lesions (50 %) were observed. No early-stage
lesions (M1) were identified in either group.

Using H&E staining we compared the clinical classification proposed
by Dopfer et al. [4] with histological observations at day 0. In this sense,
it was possible to see that the H&E stained samples presented similar
characteristics with clinical classification. At day 28, all APDT-treated
lesions (100 %) and seven (70 %) of OXY-treated lesions were consid-
ered cured under clinical and histological points of view (Fig. 2 and 4 ).

Picrosirius red staining revealed important information regarding
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the amount of collagen before and after treatments. After MB-APDT
there was an increased deposition of type I and type III collagen
(p = 0.007) (Figs. 5 and 6). Contrarily, lesions treated with OXY pre-
sented a similar occupied area by type I collagen at days 0 and 28 (Figs. 5
and 6). At day 28, the collagen type I and III area was also significantly
higher in MB-APDT-treated lesions compared to OXY treatment
(p = 0.009). There was no significant increase in the area occupied by
type III collagen in each group comparing days O and 28. However, the
total area of type III collagen was significantly higher in MB-APDT-
treated group at day 28 when it was compared to OXY group (Fig. 6).

Warthin Starry staining revealed spirochetes in all lesions at day O,
suggesting that Treponema spp. were the actual predominant infectious
agents. Additionally, spirochetes were not detected in healthy animals
(score 0), which contribute to the validation of Warthin Starry staining
for this purpose (data not shown). Semi-quantitative analyses revealed
that all lesions (from both groups) presented score 5, indicating an
abundant number of spirochetes before treatments (day 0). After the
treatments, it was possible to notice a lower number of spirochetes for
both groups (Fig. 7) as well as a reduction of the lesions’ area (Fig. 3).
Thus, we can assume that both treatments presented antimicrobial ac-
tivity. Interestingly, on day 28, seven lesions (70 %) treated with OXY
presented total regression of lesion area, however, in five (50 %) it was
still possible to visualize a slight number of spirochetes (score 1). On the
other hand, all lesions treated with MB-APDT showed complete healing
and absence of spirochetes (score 0) during this same period (Figs. 3 and
7).

4. Discussion

In this study, we compared two treatments for BDD by clinical and
histological analysis. All lesions presented spirochetes, whereas such
bacteria were not evidenced in the skin of healthy animals. Our findings
show that spirochetes are frequently involved in the pathogenesis of
BDD, corroborating with studies presented by Dopfer et al. [4] and
Evans et al. [36].

To date, there is no consensus on the best treatment for BDD. Studies

Day 28

)

7

Fig. 4. Representative photomicrographs of BDD lesions treated by OXY or MB-APDT stained by H&E. Histopathological features of digital dermatitis skin biopsy at

day O (A and C) and day 28 (B and D). Scale bar corresponds to 200 pm.
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Fig. 5. Representative picrosirius red staining tissue photomicrographs of collagen type I. Oxytetracycline-treated lesions at days 0 (A) and 28 (B) present a slight
decrease in type I collagen, while APDT-treated lesions showed significant increase of collagen type I from day 0 (C) to day 28 (D). Scale bars correspond to 50 pm.
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Fig. 6. Comparison between total areas of collagens type I (A) and type III (B)
before and after treatments. Data points are represented by medians and 95 %
CI. Asterisks (*) indicate significant statistical difference between same moment
of different treatments (Mann-Whitney Test) and dagger (1) indicates signifi-
cant difference between different moments of the same treatment (i.e., day
0 and 28, Wilcoxon test).

conducted over the past decade have suggested that cure rates of topical
antibiotics may range between 60 and 70 % [13]. According to Berry
et al. [12] treatments with lincomycin and OXY resulted in a cure rate of
73 and 68 %, respectively. Although these treatments were considered
effective, these numbers still are low when compared to infections
caused by Treponema spp. in humans [1]. In our study, both treatments
led to reduction of lesion area. However, regarding the reduction of
spirochetes infection burden, MB-APDT showed more pronounced re-
sults. In fact, at day 28, a slight number of spirochetes (score 1) was
identified in five (50 %) lesions treated with OXY whereas no spiro-
chetes were observed in any of the MB-APDT-treated lesions. These
findings are remarkably important because it may suggest that treat-
ments with OXY do not guarantee complete inactivation of spirochetes.

In line with it, in vitro studies have demonstrated that Treponema spp.
isolated from BDD lesions (mostly M4 presentation) can be kept in a
dormancy/dormant form during antibiotic treatments [37,38]. The
absence of spirochetes in the deep epidermis is required for a full re-
covery because lesions could present clinical improvement, but if these
etiological agents persist complete cure may not occur. Thus, persistence
of spirochetes could lead to the recurrence of lesions and could also
contribute for the silent dissemination of these bacteria in the herds by
asymptomatic carriers. Therefore, clinical and histopathological evalu-
ations should be analyzed together to strengthen the real prognosis of a
successful treatment.

Another important point refers to the abundance and composition of
collagen fibers. Interestingly, treatment with OXY did not result in any
changes on abundance of collagen type I and III, while APDT showed a
significant increase in the total area of both collagen types. In this
respect, other studies have pointed out that treatment with tetracyclines
may present different results on BDD healing time, and in some cir-
cumstances, with lower healing rates when compared to other drugs
[39]. Unfortunately, the lack of methodological conformity of most of
the studies that investigated antibiotic treatments for BDD, including
tetracycline’s concentration and administration interval, makes
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Fig. 7. Representative photomicrographs from BDD skin biopsy stained with Warthin-Starry method to evidence spirochetes in dark brown color. In A-C, it is
possible to observe long spiral-shaped features that are compatible with spirochete morphology. In D, no spirochetes are observed. Scale bars correspond to 25 pm.

comparisons imprecise [1,39-41].

In our study, both treatments were administered twice with an in-
terval of 14 days. At the end of this period, APDT promoted better
healing of the lesions. Substantial evidences are reported that MB-
mediated APDT doses are sufficient to inactivate more than 99.9 % of
clinically relevant pathogens with safety for host cells, including neu-
trophils, keratinocytes and fibroblasts [28,42-44]. Therefore, MB- APDT
may represent an effective and low-risk antimicrobial approach for the
treatment of localized, superficial infections in veterinary medicine.

Other studies have investigated therapeutic alternatives for BDD,
such as salicylic acid and solutions containing copper sulphate, high-
lighting the urgent need for the development of novel non-antibiotic
approaches [39,41,45]. However, despite the efficacy of copper sul-
phate, it could also lead to environmental damages. Hence, the topical
use of antibiotics still remains as the treatment of choice for large animal
clinicians [1].

The risk of contamination of milk and meat by antibiotic residues
and the increasing rates of antibiotic-resistant bacteria in cattle have
been raised serious public health concerns worldwide [46]. Although,
these drugs have demonstrated contradictory in vitro efficacy against
BDD-associated Treponema spp. [40], the topical administration of tet-
racyclines has been extensively used to treat BDD [1]. In addition, a
recent study demonstrated that weekly treatment with tetracycline was
no more effective than saline and discouraged the use of this antibiotic
for BDD [47]. More worryingly, a recent study demonstrated that
extra-label administration of topical tetracycline for BDD could result in
the contamination of milk by tetracycline residues [17].

Facing these concerns, MB-APDT is a promising therapeutic option to
treat superficial infections in dairy cattle, mostly because antibiotic-
resistant bacteria are equally susceptible as their non-resistant coun-
terparts [25,26,32,33,48]. Moreover, in vitro studies have already
demonstrated that Treponema spp. isolated from periodontitis and
peri-implantitis are susceptible to MB-APDT [49,50].

The major limitations of this study are that we treated different

stages of BDD and we did not identify the genera/species of spirochetes.
Another point refers to a longer follow-up period after treatments, which
could elucidate possible recurrences of lesions. Also, difficulties in
implementing MB-APDT for BDD can be related to operator training.
However, we particularly believe that the cost and effectiveness of this
procedure may also encourage its adoption for mainstream use. Addi-
tionally, MB-APDT paves the way to the sustainable production of
antimicrobial-free food.

5. Conclusion

In summary, our study demonstrates that MB-APDT offers an effec-
tive therapeutic approach to treat BDD. Our protocol presented better
results than OXY for the elimination of spirochetes, production of
collagen, and wound healing. This therapeutic platform can significantly
reduce the use of antimicrobial drugs in localized infections of cattle. We
hope to motivate further studies to develop optimized protocols of MB-
APDT for BDD.

Ethics approval

The project was granted ethical approval by the local animal care
and use committee of the School of Veterinary Medicine and Animal
Science from University of Sao Paulo (Sao Paulo, Brazil, reference
number 3633030214).

Funding

The authors would like to thank the Fundagao de Amparo a Pesquisa
do Estado de Sao Paulo (FAPESP, grant 12/50680-5), and the Coor-
denacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES,
Finance Code 001).



F.P. Sellera et al.

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgements

We thank Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) and Fundacao de Amparo a Pesquisa do Estado de Sao
Paulo (FAPESP) for research grants. We would also like to thank Dr.
Luciana Almeida-Lopes and the DMC group for kindly provided the red
LED cluster.

References

[1]

[2

—

[3]

[4

=

[5]

[6

—

[7]

[8

[}

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

N.J. Evans, R.D. Murray, S.D. Carter, Bovine digital dermatitis: current concepts
from laboratory to farm, Vet. J. 211 (2016) 3-13, https://doi.org/10.1016/j.
tvjl.2015.10.028.

J.E. Nally, R.L. Hornsby, D.P. Alt, et al., Phenotypic and proteomic characterization
of treponemes associated with bovine digital dermatitis, Vet. Microbiol. 235 (2019)
35-42, https://doi.org/10.1016/j.vetmic.2019.05.023.

D.A. Yang, R.A. Laven, Detecting bovine digital dermatitis in the milking parlour:
to wash or not to wash, a Bayesian superpopulation approach, Vet. J. 247 (2019)
38-43, https://doi.org/10.1016/j.tvjl.2019.02.011.

D. Dopfer, A. Koopmans, F.A. Meijer, et al., Histological and bacteriological
evaluation of digital dermatitis in cattle, with special reference to spirochaetes and
Campylobacter faecalis, Vet. Rec. 140 (1997) 620-623, https://doi.org/10.1136/
vr.140.24.620.

M.R. Bruijnis, B. Beerda, H. Hogeveen, et al., Assessing the welfare impact of foot
disorders in dairy cattle by a modeling approach, Animal 6 (2012) 962-970,
https://doi.org/10.1017/51751731111002606.

E. Cha, J.A. Hertl, D. Bar, et al., The cost of different types of lameness in dairy
cows calculated by dynamic programming, Prev. Vet. Med. 97 (2010) 1-8, https://
doi.org/10.1016/j.prevetmed.2010.07.011.

K.A. Dolecheck, R.M. Dwyer, M.W. Overton, et al., A survey of United States dairy
hoof care professionals on costs associated with treatment of foot disorders,

J. Dairy Sci. 101 (2018) 8313-8326, https://doi.org/10.3168/jds.2018-14718.
K.A. Dolecheck, M.W. Overton, T.B. Mark, et al., Use of a stochastic simulation
model to estimate the cost per case of digital dermatitis, sole ulcer, and white line
disease by parity group and incidence timing, J. Dairy Sci. 102 (2019) 715-730,
https://doi.org/10.3168/jds.2018-14901.

L.V. Nascimento, M.T. Mauerwerk, C.L. Dos Santos, et al., Treponemes detected in
digital dermatitis lesions in Brazilian dairy cattle and possible host reservoirs of
infection, J. Clin. Microbiol. 53 (2015) 1935-1937, https://doi.org/10.1128/
JCM.03586-14.

K.M. Watts, P. Lahiri, R. Arrazuria, et al., Oxytetracycline reduces inflammation
and treponeme burden whereas vitamin D3 promotes f-defensin expression in
bovine infectious digital dermatitis, Cell Tissue Res. 379 (2020) 337-348, https://
doi.org/10.1007/5s00441-019-03082-y.

S.L. Berry, D.H. Read, T.R. Famula, et al., Long-term observations on the dynamics
of bovine digital dermatitis lesions on a California dairy after topical treatment
with lincomycin HCI, Vet. J. 193 (2012) 654-658, https://doi.org/10.1016/j.
tvjl.2012.06.048.

S.L. Berry, D.H. Read, R.L. Walker, et al., Clinical, histologic, and bacteriologic
findings in dairy cows with digital dermatitis (footwarts) one month after topical
treatment with lincomycin hydrochloride or oxytetracycline hydrochloride, J. Am.
Vet. Med. Assoc. 237 (2010) 555-560, https://doi.org/10.2460/javma.237.5.555.
M. Holzhauer, C.J. Bartels, M. van Barneveld, et al., Curative effect of topical
treatment of digital dermatitis with a gel containing activated copper and zinc
chelate, Vet. Rec. 169 (2011) 555, https://doi.org/10.1136/vr.d5513.

1. Chopra, M. Roberts, Tetracycline antibiotics: mode of action, applications,
molecular biology, and epidemiology of bacterial resistance, Microbiol. Mol. Biol.
Rev. 65 (2001) 232-260, https://doi.org/10.1128/MMBR.65.2.232-260.2001.
J.M. Ariza, A. Relun, N. Bareille, et al., Effectiveness of collective treatments in the
prevention and treatment of bovine digital dermatitis lesions: a systematic review,
J. Dairy Sci. 100 (2017) 7401-7418, https://doi.org/10.3168/jds.2016-11875.
P.J. Plummer, A. Krull, Clinical perspectives of digital dermatitis in dairy and beef
cattle, Vet. Clin. North Am. Food Anim. Pract. 33 (2017) 165-181, https://doi.org/
10.1016/j.cvfa.2017.02.002.

G. Cramer, L. Solano, R. Johnson, Evaluation of tetracycline in milk following
extra-label administration of topical tetracycline for digital dermatitis in dairy
cattle, J. Dairy Sci. 102 (2019) 883-895, https://doi.org/10.3168/jds.2018-14961.
J.P. Tardivo, M.S. Baptista, Treatment of osteomyelitis in the feet of diabetic
patients by photodynamic antimicrobial chemotherapy, Photomed. Laser Surg. 27
(2009) 145-150, https://doi.org/10.1089/pho.2008.2252.

A.P. Silva, C. Kurachi, V.S. Bagnato, et al., Fast elimination of onychomycosis by
hematoporphyrin derivative-photodynamic therapy, Photodiagnosis Photodyn.
Ther. 10 (2013) 328-330, https://doi.org/10.1016/j.pdpdt.2013.01.001.

F.P. Sellera, R.G. Gargano, A.M.M.P.D. Libera, et al., Antimicrobial photodynamic
therapy for caseous lymphadenitis abscesses in sheep: report of ten cases,
Photodiagnosis Photodyn. Ther. 13 (2016) 120-122, https://doi.org/10.1016/].
pdpdt.2015.12.006.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Photodiagnosis and Photodynamic Therapy 34 (2021) 102274

V. Pérez-Laguna, A. Rezusta, J.J. Ramos, et al., Daylight photodynamic therapy
using methylene blue to treat sheep with dermatophytosis caused by Arthroderma
vanbreuseghemii, Small Rumin. Res. 150 (2017), https://doi.org/10.1016/j.
smallrumres.2017.03.011, 97-10.

L.H. Moreira, J.C.P. de Souza, C.J. de Lima, et al., Use of photodynamic therapy in
the treatment of bovine subclinical mastitis, Photodiagnosis Photodyn. Ther. 21
(2018) 246-251, https://doi.org/10.1016/j.pdpdt.2017.12.009.

F.P. Sellera, R.G. Gargano, C. Dos Anjos, et al., Methylene blue-mediated
antimicrobial photodynamic therapy: a novel strategy for digital dermatitis-
associated sole ulcer in a cow - A case report, Photodiagnosis Photodyn. Ther. 24
(2018) 121-122, https://doi.org/10.1016/j.pdpdt.2018.09.004.

P. Valandro, M.B. Massuda, E. Rusch, et al., Antimicrobial photodynamic therapy
can be an effective adjuvant for surgical wound healing in cattle, Photodiagnosis
Photodyn. Ther. 33 (2021), 102168, https://doi.org/10.1016/j.
pdpdt.2020.102168.

M.R. Hamblin, T. Hasan, Photodynamic therapy: a new antimicrobial approach to
infectious disease? Photochem. Photobiol. Sci. 3 (2004) 436450, https://doi.org/
10.1039/b311900a.

M. Wainwright, T. Maisch, S. Nonell, et al., Photoantimicrobials - are we afraid of
the light? Lancet Infect. Dis. 17 (2017) e49-e55, https://doi.org/10.1016/51473-
3099(16)30268-7.

F. Cieplik, D. Deng, W. Crielaard, et al., Antimicrobial photodynamic therapy -
what we know and what we don’t, Crit. Rev. Microbiol. 44 (2018) 571-589,
https://doi.org/10.1080/1040841X.2018.1467876.

M. Tanaka, M. Kinoshita, Y. Yoshihara, et al., Optimal photosensitizers for
photodynamic therapy of infections should kill bacteria but spare neutrophils,
Photochem. Photobiol. 88 (2012) 227-232, https://doi.org/10.1111/j.1751-
1097.2011.01005.x.

F.P. Sellera, C.P. Sabino, M.S. Ribeiro, et al., Photodynamic therapy for
pododermatitis in penguins, Zoo Biol. 33 (2014) 353-356, https://doi.org/
10.1002/z00.21135.

J.P. Tardivo, F. Adami, J.A. Correa, et al., A clinical trial testing the efficacy of PDT
in preventing amputation in diabetic patients, Photodiagnosis Photodyn. Ther. 11
(2014) 342-350, https://doi.org/10.1016/j.pdpdt.2014.04.007.

C.L. Nascimento, M.S. Ribeiro, F.P. Sellera, et al., Comparative study between
photodynamic and antibiotic therapies for treatment of footpad dermatitis
(bumblefoot) in Magellanic penguins (Spheniscus magellanicus), Photodiagnosis
Photodyn. Ther. 12 (2015) 36-44, https://doi.org/10.1016/j.pdpdt.2014.12.012.
C.P. Sabino, M. Wainwright, C. Dos Anjos, et al., Inactivation kinetics and lethal
dose analysis of antimicrobial blue light and photodynamic therapy,
Photodiagnosis Photodyn. Ther. 28 (2019) 186-191, https://doi.org/10.1016/j.
pdpdt.2019.08.022.

C.P. Sabino, M. Wainwright, M.S. Ribeiro, et al., Global priority multidrug-resistant
pathogens do not resist photodynamic therapy, J. Photochem. Photobiol. B 208
(2020), 111893, https://doi.org/10.1016/j.jphotobiol.2020.111893.

D.J. Sprecher, D.E. Hostetler, J.B. Kaneene, A lameness scoring system that uses
posture and gait to predict dairy cattle reproductive performance, Theriogenology
47 (1997) 1179-1187, https://doi.org/10.1016/50093-691x(97)00098-8.

R. Lattouf, R. Younes, D. Lutomski, et al., Picrosirius red staining: a useful tool to
appraise collagen networks in normal and pathological tissues, J. Histochem.
Cytochem. 62 (2014) 751-758, https://doi.org/10.1369/0022155414545787.
N.J. Evans, J.M. Brown, 1. Demirkan, et al., Association of unique, isolated
treponemes with bovine digital dermatitis lesions, J. Clin. Microbiol. 47 (2009)
689-696, https://doi.org/10.1128/JCM.01914-08.

D. Dopfer, K. Anklam, D. Mikheil, et al., Growth curves and morphology of three
Treponema subtypes isolated from digital dermatitis in cattle, Vet. J. 193 (2012)
685-693, https://doi.org/10.1016/].tvjl.2012.06.054.

J.H. Wilson-Welder, D.P. Alt, J.E. Nally, Digital dermatitis in cattle: current
bacterial and immunological findings, Animals 5 (2015) 1114-1135, https://doi.
org/10.3390/ani5040400.

N. Capion, E.K. Larsson, O.L. Nielsen, A clinical and histopathological comparison
of the effectiveness of salicylic acid to a compound of inorganic acids for the
treatment of digital dermatitis in cattle, J. Dairy Sci. 101 (2018) 1325-1333,
https://doi.org/10.3168/jds.2017-13622.

N.J. Evans, J.M. Brown, I. Demirkan, et al., In vitro susceptibility of bovine digital
dermatitis associated spirochaetes to antimicrobial agents, Vet. Microbiol. 136
(2009) 115-120, https://doi.org/10.1016/j.vetmic.2008.10.015.

N. Schultz, N. Capion, Efficacy of salicylic acid in the treatment of digital
dermatitis in dairy cattle, Vet. J. 198 (2013) 518-523, https://doi.org/10.1016/j.
tvjl.2013.09.002.

B. Zeina, J. Greenman, D. Corry, et al., Antimicrobial photodynamic therapy:
assessment of genotoxic effects on keratinocytes in vitro, Br. J. Dermatol. 148
(2003) 229-232, https://doi.org/10.1046/j.1365-2133.2003.05091..x.

F.F. Sperandio, A. Simoes, A.C. Aranha, et al., Photodynamic therapy mediated by
methylene blue dye in wound healing, Photomed. Laser Surg. 28 (2010) 581-587,
https://doi.org/10.1089/pho.2009.2601.

A. Azaripour, M. Azaripour, 1. Willershausen, et al., Photodynamic therapy has no
adverse effects in vitro on human gingival fibroblasts and osteoblasts, Clin. Lab. 64
(2018) 1225-1231, https://doi.org/10.7754/Clin.Lab.2018.180220.

J. Kofler, M. Pospichal, M. Hofmann-Parisot, Efficacy of the non-antibiotic paste
Protexin Hoof-Care for topical treatment of digital dermatitis in dairy cows, J. Vet.
Med. A Physiol. Pathol. Clin. Med. 51 (2004) 447-452, https://doi.org/10.1111/
j-1439-0442.2004.00671.x.

P.J. Collignon, S.A. McEwen, One health-its importance in helping to better control
antimicrobial resistance, Trop Med Infect Dis 4 (2019) 22, https://doi.org/
10.3390/tropicalmed4010022.


https://doi.org/10.1016/j.tvjl.2015.10.028
https://doi.org/10.1016/j.tvjl.2015.10.028
https://doi.org/10.1016/j.vetmic.2019.05.023
https://doi.org/10.1016/j.tvjl.2019.02.011
https://doi.org/10.1136/vr.140.24.620
https://doi.org/10.1136/vr.140.24.620
https://doi.org/10.1017/S1751731111002606
https://doi.org/10.1016/j.prevetmed.2010.07.011
https://doi.org/10.1016/j.prevetmed.2010.07.011
https://doi.org/10.3168/jds.2018-14718
https://doi.org/10.3168/jds.2018-14901
https://doi.org/10.1128/JCM.03586-14
https://doi.org/10.1128/JCM.03586-14
https://doi.org/10.1007/s00441-019-03082-y
https://doi.org/10.1007/s00441-019-03082-y
https://doi.org/10.1016/j.tvjl.2012.06.048
https://doi.org/10.1016/j.tvjl.2012.06.048
https://doi.org/10.2460/javma.237.5.555
https://doi.org/10.1136/vr.d5513
https://doi.org/10.1128/MMBR.65.2.232-260.2001
https://doi.org/10.3168/jds.2016-11875
https://doi.org/10.1016/j.cvfa.2017.02.002
https://doi.org/10.1016/j.cvfa.2017.02.002
https://doi.org/10.3168/jds.2018-14961
https://doi.org/10.1089/pho.2008.2252
https://doi.org/10.1016/j.pdpdt.2013.01.001
https://doi.org/10.1016/j.pdpdt.2015.12.006
https://doi.org/10.1016/j.pdpdt.2015.12.006
https://doi.org/10.1016/j.smallrumres.2017.03.011
https://doi.org/10.1016/j.smallrumres.2017.03.011
https://doi.org/10.1016/j.pdpdt.2017.12.009
https://doi.org/10.1016/j.pdpdt.2018.09.004
https://doi.org/10.1016/j.pdpdt.2020.102168
https://doi.org/10.1016/j.pdpdt.2020.102168
https://doi.org/10.1039/b311900a
https://doi.org/10.1039/b311900a
https://doi.org/10.1016/S1473-3099(16)30268-7
https://doi.org/10.1016/S1473-3099(16)30268-7
https://doi.org/10.1080/1040841X.2018.1467876
https://doi.org/10.1111/j.1751-1097.2011.01005.x
https://doi.org/10.1111/j.1751-1097.2011.01005.x
https://doi.org/10.1002/zoo.21135
https://doi.org/10.1002/zoo.21135
https://doi.org/10.1016/j.pdpdt.2014.04.007
https://doi.org/10.1016/j.pdpdt.2014.12.012
https://doi.org/10.1016/j.pdpdt.2019.08.022
https://doi.org/10.1016/j.pdpdt.2019.08.022
https://doi.org/10.1016/j.jphotobiol.2020.111893
https://doi.org/10.1016/s0093-691x(97)00098-8
https://doi.org/10.1369/0022155414545787
https://doi.org/10.1128/JCM.01914-08
https://doi.org/10.1016/j.tvjl.2012.06.054
https://doi.org/10.3390/ani5040400
https://doi.org/10.3390/ani5040400
https://doi.org/10.3168/jds.2017-13622
https://doi.org/10.1016/j.vetmic.2008.10.015
https://doi.org/10.1016/j.tvjl.2013.09.002
https://doi.org/10.1016/j.tvjl.2013.09.002
https://doi.org/10.1046/j.1365-2133.2003.05091.x
https://doi.org/10.1089/pho.2009.2601
https://doi.org/10.7754/Clin.Lab.2018.180220
https://doi.org/10.1111/j.1439-0442.2004.00671.x
https://doi.org/10.1111/j.1439-0442.2004.00671.x
https://doi.org/10.3390/tropicalmed4010022
https://doi.org/10.3390/tropicalmed4010022

F.P. Sellera et al.

[47] C. Jacobs, K. Orsel, S. Mason, et al., Comparison of effects of routine topical
treatments in the milking parlor on digital dermatitis lesions, J. Dairy Sci. 101
(2018) 5255-5266, https://doi.org/10.3168/jds.2017-13984.

[48] F.P. Sellera, M.R. Fernandes, C.P. Sabino, et al., Effective treatment and
decolonization of a dog infected with carbapenemase (VIM-2)-producing
Pseudomonas aeruginosa using probiotic and photodynamic therapies, Vet.
Dermatol. 30 (170) (2019) e52, https://doi.org/10.1111/vde.12714.

[49]

[50]

Photodiagnosis and Photodynamic Therapy 34 (2021) 102274

M. Madi, A.S. Alagl, The effect of different implant surfaces and photodynamic
therapy on periodontopathic Bacteria Using TagMan PCR assay following peri-
implantitis treatment in dog model, Biomed Res. Int. 2018 (2018), 7570105,
https://doi.org/10.1155/2018/7570105.

S. Rogers, K. Honma, T.S. Mang, Confocal fluorescence imaging to evaluate the
effect of antimicrobial photodynamic therapy depth on P. Gingivalis and

T. Denticola biofilms, Photodiagnosis Photodyn. Ther. 23 (2018) 18-24, https://
doi.org/10.1016/j.pdpdt.2018.04.015.


https://doi.org/10.3168/jds.2017-13984
https://doi.org/10.1111/vde.12714
https://doi.org/10.1155/2018/7570105
https://doi.org/10.1016/j.pdpdt.2018.04.015
https://doi.org/10.1016/j.pdpdt.2018.04.015

	Methylene blue-mediated antimicrobial photodynamic therapy can be a novel non-antibiotic platform for bovine digital dermatitis
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 MB-APDT
	2.3 OXY treatment
	2.4 Follow-up period
	2.5 Clinical evaluation of bovine digital dermatitis lesions
	2.6 Histological evaluation of the lesions
	2.7 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	Ethics approval
	Funding
	Declaration of Competing Interest
	Acknowledgements
	References


