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ARTICLE INFO ABSTRACT

Keywords: Background: Bovine mastitis is a disease that causes a severe drawback in dairy production. Conventional
Disease of cows treatments with antibiotic could leave antibiotic residues in the milk. The aim of this study was to evaluate the
Dairy cows effect of photodynamic therapy in the treatment of bovine subclinical mastitis to develop an in vivo therapeutic
Phototherapy protocol that could be used in routine farm practice, favoring the early return to production.

Eﬁ:éfisiﬁzer Methods: Forty cows with subclinical mastitis (n = 40) were divided into 4 groups (control, photodynamic

therapy - PDT, light irradiation — LED, and photosensitizer — PS). Control group received no treatment, PDT
group received application of 1.0 mL of 2.5% toluidine blue photosensitizer followed by LED irradiation at
A = 635nm, the LED group was treated with LED irradiation alone, and the PS group received only 2.5%
toluidine blue dye. LED irradiation was applied to the mammary gland by means of an acrylic light guide
coupled to the LED equipment. The PDT and LED groups were irradiated with 200 J/cm? at three different
positions inside the mammary gland. Milk samples were collected at 0 h, 12h, 24 h after treatment for microbial
identification and total bacterial count.

Results: The treatment of the PDT group showed significant difference p < 0.05, characterizing the efficiency of
this technique with the reduction of the microorganisms Streptococcus dysgalactiae and coagulase-negative
Staphylococcus.

Conclusion: Photodynamic therapy was effective when applied in vivo for subclinical bovine mastitis. There was
no need to separate the animal from production.

Veterinary medicine

1. Introduction depends largely on indirect tests such as the California Mastitis Test

(CMT), which show the number of polymorphonuclear cells contained

Mastitis is a mammary gland inflammation that can be classified as
clinical, subclinical and chronic mastitis. Although mastitis occurs
sporadically in all mammalian species, its impact is of major economic
importance in dairy cattle production, since milk production is of the
most importance for humans [1].

In the form of clinical mastitis there is edema, warmth, pain and
hardening of the mammary gland, in many cases with easy diagnosis.
When mammary glands with mastitis are not easily diagnosed by pal-
pation or visual examination of changes of the milk aspect the mastitis
is classified as sub-clinical. The diagnosis of the subclinical mastitis

in the milk [1].

Although the treatment of subclinical mastitis have been studied for
many years the disease still causes great losses in milk production [2].
Several studies report large economic losses related to the different
types of mastitis found in cattle, from reduced milk production, drug
costs and veterinary care [3-5].

High performance technologies in dairy production have increas-
ingly depended on the use of veterinary drugs to treat cow diseases;
among these drugs we can mention the antimicrobials used to treat
mastitis. Microbial resistance to antimicrobials drugs is routinely
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observed. Tests carried out in isolated Staphylococcus spp. and Gram-
negative rods showed high levels of resistance to beta-lactam drugs,
azithromycin, tetracycline, and doxycycline. [6-11]. Furthermore, milk
could present residues of the drugs used for the treatment.

In the search for a new treatment alternative for microbial re-
sistance, Photodynamic Therapy (PDT) is a promising strategy for the
eradication of Gram-positive, Gram negative, yeast and fungal bacteria
[12].

The mechanism of PDT is the activation of a non-toxic photo-
sensitizer that through appropriate exposure to light at a convenient
wavelength and energy density generates reactive oxygen species, in-
cluding free radicals and singlet oxygen which, when in contact with
the microorganisms, can modify bacterial DNA and cell membrane,
leading to microbial death [13-15].

The effects of different photosensitizers (PS) on microorganisms are
studied in vitro using a technique known as Photodynamic Inactivation
(PDI). The PS when are activated by light radiation cause a deleterious
microbial effect, which can be obtained by using light radiation with
different wavelengths and energy densities [16]. Several studies about
the deleterious action of PDI on microorganisms that cause mastitis
have been reported, showing good results in in vitro experiments
[17,18].

Several published studies have discussed the use of the PDT tech-
nique in in vivo animal models mainly to treat the diseases that affect
humans such as neoplasia [19-21] and periodontitis [22].

Therapeutic protocols using PDT in the veterinary clinical practice
are still very scarce in literature, in wild animals there are reports of the
application of the technique in pododermatitis in penguins [23], in
farm animals was reported the use of the technique in sheep with ab-
scesses of lymphadenitis [24], ocular carcinoma in cattle [25], and in
pets in epidermoid carcinoma [26]. As far as the authors know there are
not reports in the literature of in vivo studies on the use of PDT in
treating dairy bovine mastitis

In this context, the present study aimed to evaluate the effect of
photodynamic therapy in the treatment of subclinical mastitis in cattle
in order to develop an in vivo therapeutic protocol that could be used in
the routine of the dairy farm with the faster return of the animal to
production.

2. Materials and methods
2.1. Ethics statement

The project was approved by the Animal Ethics Committee of
Camilo Castelo Branco University under number 1-00034/2012.

2.2. Animals

The experiment was carried out in a rural property located in the
city of Cagapava, Sao Paulo, Brazil.

All lactating cows (n = 164) at different stages of lactation were
tested for subclinical mastitis using the California Mastitis Test (CMT)
score, performed once a week before the first milking of the day. Cows
(n = 40) that showed positive CMT score for subclinical mastitis in four
consecutive weeks were included in the experiment.

2.3. Residual milk

Six cows with a positive CMT score were randomly selected and
after the automated milking process, the milk was manually depleted in
the teat with mastitis, thus the quantity of residual milk after auto-
mated milking was determined, obtaining the value of
(145 = 23.3) mL per teat/cow.
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Fig. 1. Diagram of the acrylic light guide to be coupled to the LED equipment to allow
irradiation to reach the infected mammary tissue. The measurements are expressed in
mm, and the letter D indicates that the dimension refers to the diameter.

2.4. Photosensitizer (PS)

The photosensitizing agent used trough the study was the toluidine
blue at a concentration of 2.5% (Relva’, Ribeirao Preto/SP, Brazil).
Considering that 1 mL of 2.5% toluidine blue solution was injected in
the mammary gland and the residual milk volume of 145 mlL, it was
estimated a dye concentration inside the gland of 0.17 mg/mL.

2.5. LED equipment

The Starlaser’ LED equipment (Microdont, Brazil), operating at
wavelength A = 635nm, with optical output power of 400 mW and
power density of 2 W/cm? was used in the study. The output of the LED
equipment was coupled to a cylindrical (acrylic) light guide measuring
100 mm in length by 5mm in diameter (Fig. 1). The light guide was
then introduced through the teat canal for the LED light to reach the
mammary tissue affected by mastitis.

After coupling the acrylic optical guide to the LED equipment, the
optical power was measured at the distal end of the guide, using the
PM100D power meter (ThorLab, Newton, New Jersey, USA), obtaining
the value of 150 mW, corresponding to a power density of 0.76 W/cm?.
For this experiment an optical energy density of 200 J/cm? was estab-
lished, which resulted in 260 s of LED light incidence on the mammary
tissue during each irradiation.

2.6. Treatment groups

The treatments were always performed after milking, with all the
animals (n = 40) confined in the place of milk collection. The cows
were consecutively allocated into four equally divided experimental
groups, and only one teat of each cow was selected for the study
(n = 10 teats per group): first group (Control) underwent no treatment,
second group (PDT) was treated with LED radiation associated with
2.5% toluidine blue photosensitizer, third group (LED) was only irra-
diated with LED light, and fourth group (PS) was only treated with
2.5% toluidine blue photosensitizer.

In the PDT group, the treatment consisted of injecting 1.0 mL of
2.5% toluidine blue solution into the interior of the mammary gland by
a catheter through the teat canal. The teat was then massaged for a
better distribution of the photosensitizer inside the teat. Next, the light
guide coupled to the LED equipment was introduced into the teat canal.
A three-step procedure was used to irradiate the mammary tissue by
changing the position of the distal end of the acrylic piece, as shown in
Fig. 2. The first stage of light irradiation occurred after the distal end of
the guide reached the glandular parenchyma (Fig. 3A). Afterwards, the
acrylic piece was retracted until reaching the central region of the
cistern gland, and thus, a second LED irradiation was carried out
(Fig. 3B). For the last step, the guide was retracted until the distal end
was positioned at the entrance of the cistern gland, where the third LED
light irradiation was performed (Fig. 3C). Thus, the teat with mastitis
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Fig. 2. Schematic view of the three-step LED irradiation of the teat with mastitis.
Numbers 1, 2 and 3 indicated the positions of the distal end of the acrylic light guide in
relation to the entrance of the cistern gland for each irradiation (dotted line).

treated with PDT received three applications of LED irradiation, each of
260 s and 200 J/cm? measured at the distal end of the light guide. After
treatment, the animals remained in production and the milk was not
discarded after milking. The teats of LED group were irradiated with
LED light in 635 nm (red) using the same application protocol as the
PDT group, without administration of the photosensitizer. Group PS:
1.0 mL of the 2.5% toluidine blue photosensitizer was applied inside the
teat with mastitis; then, the teat was massaged for a better distribution
of the photosensitizer inside the gland, no LED irradiation was applied.
Control group: no treatment was applied to the teat with mastitis.
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The acrylic optical guide was disinfected using 70% ethanol before
being introduced in the next cow for the irradiation session (Santa Cruz.
Guarulhos, SP, Brazil).

2.7. Milk sampling and bacteriological analysis

Milk samples from all cows were harvested at Oh, 12h and 24 h
after treatment, before milking and after sanitization of the teats. The
samples were distributed in sterile bottles and transported to the mi-
crobiology laboratory in isothermal boxes containing ice. In the la-
boratory, the samples were processed in duplicate for microbial iden-
tification and total bacterial count. The total bacterial count was
performed considering the initial dilution of 1:10, obtaining dilutions of
1:100, 1:100,000, and 1: 1000,000. Samples were seeded in blood agar
base (Difco”) with 5% defibrinated sheep blood (Newproog) and in-
cubated in a bacteriological oven at 37 °C. Isolation and total bacterial
counts were performed at 24 h and 48 h after incubation.

The morphological characteristics of the colonies such as size, type,
staining, and presence of hemolysis were observed; then, were analyzed
under microscope observation: morphology, arrangement of cells, Gram
staining characteristics, and catalase test [27].

2.8. Statistical analysis

Data were analyzed using statistical analysis of variance (ANOVA)
followed by the Tukey-Kramer multiple comparison test with sig-
nificance level of 5% (p < 0.05). The program used for statistical
analysis was GraphPad Instat 3.0° (GraphPad Software Inc, CA, USA)

3. Results

Analysis of the 164 cows tested showed a prevalence of 66.5% with
mastitis, corresponding to 71.6% of subclinical mastitis and 28.4% of
clinical mastitis. All 40 cows selected for the present study presented
subclinical mastitis. Following the division of the groups, milk samples
were collected from the cows of the study and six different micro-
organisms that cause the disease were isolated, as shown in Table 1. In
some samples of milk with subclinical mastitis were isolated the three
combined microorganisms coagulase negative Staphylococcus, Bacillus
sp and Corynebacterium sp

The logarithm of the total bacterial count (CFU/mL) of the PDT,

Fig. 3. Photographs showing the three-step procedure of photodynamic therapy, where in each of them, the distal end of the acrylic light guide was positioned as follows: A- against the
glandular parenchyma, B- the central region of the cistern gland, and C- entrance of the gland.
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Table 1
Number of milk samples per group in which microorganisms causing subclinical mastitis
in dairy cattle were found and isolated.

Microorganisms Groups
PDT LED PS CONTROL

Coagulase-negative Staphylococcus 3 6 10 3
Streptococcus dysgalactiae 6 1 1 3
Streptococcus bovis 0 0 0 2
Escherichia coli 1 1 0 0
Bacillus sp 0 5 1 1
Corynebacterium sp 0 1 2 3

LED, PS, and Control groups of subclinical mastitisat 0h, 12h and 24 h
after treatment are shown in Fig. 4. After the microbiological survey,
the results obtained in all treatment groups were statistically analyzed
using the analysis of variance ANOVA, followed by the Tukey-Kramer
multiple comparison test, at a 5% significant level. The treatment of the
PDT group was the only that presented a statistically significant dif-
ference (p < 0.0001), indicating that the treatment was efficient in the
reduction of the microorganisms involved in the bovine disease. The
ANOVA test, followed by the Tukey-Kramer for the other three groups
gave the following results: LED — p = 0.19, PS — p = 0.48 and Control
— p = 0.24, showing that the treatments were not efficient in these
groups.

To study the temporal evolution of the bacterial inactivation process
in the PDT group, the ANOVA followed by the Tukey-Kramer multiple
comparison test was applied, observing the following results: 0h vs 12h
— p < 0.001; Oh vs 24h — p < 0.001; 12h vs 24h — p > 0.05,
indicating that the inactivation was more significant in the first 12h
after irradiation. A 2-log bacterial reduction was found in the first 12h
followed by 1 log between 12h and 24h, totaling a 3-log bacterial
reduction in the first 24 h.

Bacteriological analysis of the PDT group showed the presence of
Streptococcus dysgalactiae (5 animals), Escherichia coli (1 animal) and
coagulase-negative Staphylococcus (3 animals). Fig. 5 presents the log
of bacteria counts isolated from the PDT group at time intervals Oh,
12 h, and 24 h. A 2-log reduction for Streptococcus dysgalactiae and 5-log
reduction for coagulase-negative Staphylococcus were found in the first
24 h after irradiation in the PDT group. However, treatment with PDT
was not effective against Escherichia coli.
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Fig. 5. Mean value of the log of bacteria counts isolated from the PDT group at time
intervals Oh, 12h, and 24 h.

4. Discussion

Mastitis has a high prevalence in dairy herd worldwide; for instance:
Léon-Galvan et al. [5] in their studies in Mexico found 39.1% of sub-
clinical mastitis and 9.3% for clinical mastitis; Sinhé et al. [4] obtained
in India 46% prevalence of infected animals by subclinical mastitis,
while that Malik et al. [28] studying the micro-region of Cuiab4/MG in
Brazil, found that 85.2% of the animals presented the mastitis in at least
one teat, with clinical and subclinical mastitis being 5.8 and 65%, re-
spectively. In our study was obtained a total prevalence for mastitis of
66.5%, of these 71.2% were subclinical mastitis and 28.4% clinical
mastitis, demonstrating the importance of the study of new non-con-
ventional treatments for this disease. Alencar et al. [9] while studying
the microorganisms involved in mastitis in the State of Rio de Janeiro/
Brazil found 85.07% of Staphylococcus spp. and 14.93% of Gram-nega-
tive rods. The same authors observed in their antimicrobial resistance
tests high levels of resistance to beta-lactam antibiotics for Staphylo-
coccus spp. and azithromycin, tetracycline and doxycycline in Gram-
negative rods; therefore, making difficult to cure the disease using
conventional methods with antibiotics.

Photodynamic therapy was initially applied in neoplasia and skin
infections [29] and later in microorganisms [16-18,30]. It has become

Fig. 4. Mean value and standard deviation of the
logarithm of total bacterial count of the four ex-
perimental groups treated for subclinical mastitis at
time intervals O h, 12 h, and 24 h after irradiation. *
p < 0.001 between Oh and 12h and ** p < 0.001
between 0 h and 24 h, both in the PDT group.
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an increasingly promising antimicrobial therapy option, as there are no
reports of microbial resistance to this therapy.

The bacteria Staphylococcus aureus, Streptococcus dysgalactiae,
Streptococcus agalactiae, Corynobacterium bovis and Prototheca zopfii
isolated from bovine mastitis have already been tested with photo-
dynamic inactivation therapy (PDI) by applying 50 pM of methylene
blue as a photosensitizer and LED irradiation at a wavelength
A = 662 nm, and optical power of 320 mW [18]. The authors submitted
the microbiological samples to different energy densities in in vitro as-
says and they found at 3J/cm? irradiation a bacterial reduction of
Staphylococcus aureus, Streptococcus dysgalactiae and Corynobacterium
bovis, being C. bovis samples more susceptible to PDI with 1-3.5-log
reduction in comparison with the other species. They also observed that
Streptococcus agalactiae and Prototheca zopfii underwent complete in-
activation when irradiated with the higher energy densities of 12 J/cm?
and 18 J/cm?, respectively.

In other in vitro assay using E. coli was reported a partial reduction
of this agent when compared to S. aureus, when both were inactivated
with the use of photosensitizer toluidine blue and radaclorin [16]. The
low rate of inactivation of E. coli was also reported when the milk in-
fected with this bacterium was treated with pulsed light. The authors
concluded that this low inactivation could have occurred due to the
concentration of the bacterium in the milk, and light absorption by the
solid materials and fat in the milk, making difficult the bacterium in-
activation [31].

These in vitro assays corroborate our results in vivo as we observed 2-
log reductions of Streptococcus dysgalactiae, 5-log reduction of coagulase
negative Staphylococcus, but did not observe change in the total bac-
terial count of Escherichia coli, even after three applications of LED ir-
radiation at 200 J/cm?

Hamblin et al. [32] stated that photosensitizers penetrating inside
the bacteria can be more effective than those acting only on the bac-
terial surface. This fact is relevant to explain why the diversity of
bacteria found in cows with subclinical mastitis present different re-
sponses to therapeutic treatment proposed.

It can be observed for the groups that receive only photosensitizer or
LED irradiation alone a partial reduction of the microorganisms that
cause mastitis disease. Our data corroborate the in vitro essays reported
in the literature [16-18],

When evaluating in vivo animal assays using photodynamic therapy,
most studies report the use of the technique in fully controlled ex-
perimental models, such as in mice with cutaneous and oral infections
by fungi, and in neoplasms [33,34]. Those experiments differ from the
present study since our main objective was to apply the photodynamic
therapy technique in the routine of a dairy farm, despite all the vari-
ables that can be found in a farm, and making the therapeutic practice
promising for the dairy sector as there is no need to discard the milk
from the treated teat and the technique does not induce the phenom-
enon of microbial resistance, as antibiotic therapy promotes.

Studies reporting clinical veterinary treatment using photodynamic
therapy are still scarce in the literature, the most common are case
report studies, such as an equine that received PDT for the surgical
removal of giant cell carcinoma of the epidermis [35], application of
PDT in abscesses of caseous lymphadenitis in sheep using methylene
blue as a photosensitizer with fluence of 133.3 J/cm? [24], and in the
treatment of footpad dermatitis (bumblefoot) in penguins comparing
conventional treatment with the PDT technique [23].

Nascimento et al. [23] carried out in vitro and in vivo studies with
Magellanic penguins using photodynamic therapy. In their in vitro assay
to test the microbial inactivation of the lesions, PDI was applied with
300 uM methylene blue photoactivated with laser irradiation of
133.3 J/cm?. In that study, they found bacterial death according to the
time of exposure to irradiation. Bacteria S. aureus and Pseudomonas
aeruginosa were efficiently inactivated, but this did not occur in the
samples where E. coli was isolated, reporting the difficulty of in-
activation of this bacterium, which corroborates data found in the
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present study of subclinical mastitis in cows. In relation to the in vivo
assay, those authors observed that the group of penguins that was
treated with PDT presented a better performance than the group treated
with antibiotics in the first month of the treatment, because PDT was
directly applied on the lesion, eliminating a great number of micro-
organisms without injured more the infected tissue [24].

It was not found in the literature reports of using PDT for the
treatment of dairy cows mastitis.

Although there are few published studies investigating specific
therapeutic protocols for animal diseases, the PDT technique is ex-
tremely promising in veterinary clinical practice and it can be used
routinely.

5. Conclusion

The results obtained in the present study allow us to conclude that
photodynamic therapy was efficient when applied in vivo to treat sub-
clinical mastitis in cows, without the need to remove the animal from
production. Further studies should be carried out to develop other
therapeutic protocols because of the diversity of microorganisms in-
volved in the mastitis.
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