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Abstract

Antimicrobial resistance is an emerging global concern in human and veterinary medicine.
Antibiotics that are critical for human health are also used in veterinary medicine, including
for treatment of non-life threatening conditions such as otitis externa. Otitis externa is one of
the most frequently diagnosed dermatological conditions in dogs with a prevalence of up to
20%, and it is traditionally treated with products containing antibiotics and antifungal agents.
Though the use of antimicrobials can potentially contribute to the development of antimicrobial
resistance, antimicrobials are an essential component to treat, manage and improve the welfare
of dogs suffering from otitis externa. However, this may not represent good antimicrobial
stewarship. One approach to minimising the use of critical or new antibiotics is to repurpose
old drugs for new purposes. This approach has not yet been explored in the field of veterinary
otology.

The experiments in this thesis explored the efficacy of polyether ionophores and
antimicrobial adjuvants against pathogens associated with canine otitis externa.
Staphylococcus pseudintermedius, multidrug-resistant S. pseudintermedius, B-haemolytic
Streptococcus  spp., Pseudomonas aeruginosa, Proteus mirabilis and Malassezia
pachydermatis clinical otic isolates, as well as Gram-positive and Gram-negative American
Type Culture Collection (ATCC) reference strains, were used in minimal inhibitory
concentration (MIC) testing, checkerboard assays and biofilm assays in vitro. Narasin and
monensin are polyether ionophores conventionally used as rumen modifiers in ruminants and
as anticoccidial agents in avian and mammalian production animals. Both narasin and
monensin were found to be effective against Gram-positive otic and ATCC strains, including
the multidrug-resistant staphylococci. Gram-positive pathogens in the planktonic state were
more susceptible to narasin than monensin, whereby the MICso and MICoo of narasin were 32
times lower than those of monensin. Also, narasin had anti-yeast activity against M.

pachydermatis otic isolates at higher concentration. However, both ionophores lacked activity



against Gram-negative pathogens which would preclude their use as sole antimicrobial agents
in cases of otitis involving rods or mixed infections.

The non-antibiotic mucolytic agent, N-acetylcysteine (NAC), and two metal chelating
agents, Tris-EDTA and disodium EDTA, were found to be promising adjuvants that had both
intrinsic antimicrobial activity and the ability to enhance the efficacy of ionophores against
Gram-negative bacterial infections. The combination of narasin with either Tris-EDTA or
disodium EDTA produced additive effects against P. aeruginosa ATCC strains. An additive
effect was also found against the Staphylococcus aureus ATCC strain when narasin or
monensin was combined with NAC.

The ability of otic pathogens to produce j is an increasing concern in chronic and
relapsing cases of otitis externa in dogs. In our experiments, all S. pseudintermedius otic
isolates (n=20) formed biofilms with an 80:20 ratio between weak and moderate biofilm
production. 95% of P. aeruginosa otic isolates (n=20) were biofilm producers, evenly
distributed amongst weak (30%), moderate (35%) and strong (30%) production. The presence
of biofilms may play an essential role in the resistance of otic pathogens to antimicrobial agents.
S. pseudintermedius otic isolates which were inherently susceptible to narasin and monensin in
the planktonic state became resistant to them in the biofilm state. NAC was demonstrated to be
an effective antibiofilm agent that eradicated preformed biofilms of S. pseudintermedius and
P. aeruginosa otic isolates. The presence of Tris enhances the ability of disodium EDTA (Tris-
EDTA) to eradicate preformed P. aeruginosa biofilms whereby disodium EDTA only reduced
biofilms when used alone.

In conclusion, the use of ionophores could represent a future strategy for the treatment
of Gram-positive bacterial and Malassezia infections in canine otitis externa, and when
combined with adjuvants, could be effective in Gram-negative infections. In addition, NAC
and Tris-EDTA are potential antibiofilm agents for the treatment of biofilm-associated otitis
externa. The study results have provided the basis for further development of these repurposed

drugs which would represent an example of good antimicrobial stewardship.
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Chapter 1: Introduction and Literature Review
1.1 Canine otitis externa

Otitis externa (OE) is one of the most common skin disorders in dogs attended by small animal
practitioners, with a prevalence up to 20% reported over the past five decades (Angus, 2004;
August, 1988; Grono, 1969; Miller, Griffin, & Campbell, 2013). The earliest literature reported
an incidence of OE in 4.8% (409/8585) of dogs presented to an Australian veterinary school
clinic for over 5 years (Grono, 1969). A comprehensive survey between 1972 and 1973 found
that on average, a small animal veterinarian in the UK was presented with skin/ear conditions
in 19.6% of dogs (Evans, Lane, & Hendy, 1974). In 1995, a prevalence study of common
diseases diagnosed by American private practitioners who examined 31,484 dogs, revealed
OE being the third most common disorder with a prevalence of 13% (Lund, Armstrong, Kirk,
Kolar, & Klausnor, 1999). A survey of types of small animal consultation, diagnosis and
treatment of skin conditions in general practices in England over 4 years (1998-2001) found
that 104 of 2322 dogs (4.5%) were diagnosed with otitis (Hill et al., 2006). In a recent survey
in 89 primary care veterinary practices in the UK between 2009 and 2013, OE was recorded as
the most frequent disorders in dogs with a prevalence of 10.2% (396 out of 3884 dogs) (O'Neuill,

Church, McGreevy, Thomson, & Brodbelt, 2014).

1.2 Clinical signs and aetiologies of canine otitis externa

Canine OE is a multifactorial inflammatory skin disease affecting the external ear canal of dogs
with presenting signs of pain, erythema, swelling, pruritus, head shaking, head shyness,
ceruminous or suppurative ear discharges and malodour (August, 1988; Miller et al., 2013;
Rosser, 2004). Aetiologies of canine OE are classified by primary and secondary causes and
predisposing and perpetuating factors. Primary and secondary causes are responsible for the
onset and development of ear inflammation and disease. Predisposing and perpetuating factors

do not cause ear infection in their own, but contribute to the ear disease and may prevent
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resolution and lead to the recurrence of the ear disease if they are not managed appropriately
and sufficiently (Miller et al., 2013; Paterson, 2016a). In a clinical scenario, chronologically,
primary causes and predisposing factors of canine OE commonly lead to secondary bacterial
and fungal infections, followed by perpetuating factors that further aggravate and prevent the

resolution of the disease (Miller et al., 2013).

Primary causes of OE include allergies (atopic dermatitis and adverse food reactions),
keratinisation disorders, ectoparasites, foreign bodies, autoimmune diseases and neoplastic
diseases (August, 1988; Rosser, 2004; Saridomichelakis, Farmaki, Leontides, & Koutinas,
2007). The primary causes may not be obvious to the owner until secondary causes such as
bacteria, yeast or fungal infections develop (Miller et al., 2013). Secondary causes are those
that cause pathological changes or disease in an existing abnormal ear condition, which in
general is considered more straightforward and requires a shorter term of therapy to resolve
compared to primary causes and perpetuating factors (Miller et al., 2013; Paterson, 2016a).
Secondary causes are usually discussed extensively as bacterial and yeast or fungal infections.
Other secondary causes include overcleaning and inappropriate use of cotton-tipped applicators
that could lead to excessive moisture and trauma in the ear canal (Miller et al., 2013). Adverse
reactions and irritation to some of the ingredients in topical treatment such as propylene glycol,

alcohol and acidic solutions is another secondary cause (Miller et al., 2013).

Predisposing causes of OE include conformational abnormalities, heat and high
humidity in the environment that lead to excessive moisture, obstructive ear diseases, systemic
diseases and treatment effects (August, 1988; Rosser, 2004). Pendulous pinnae and hairy ear
canals in various breeds were the most common predisposing causes reported in a Greek study
(Saridomichelakis et al., 2007). In contrast, another study did not find any significant difference
in the temperature and humidity of external ear canals among various dog breeds with either
erected or pendulous ear types that predisposed to OE (Yoshida, Naito, & Fukata, 2002).
Perpetuating factors are advanced pathologic changes in the auditory meatus, tympanum and
middle ear as a result of predisposing, primary and secondary causes of canine OE. Some

14



breeds of dogs are over-represented for canine OE in relation to the perpetuating factors.
Cocker spaniels with chronic and severe OE were found to have predominant ceruminous tissue
response pattern (ceruminous gland hyperplasia and ceruminous gland ectasia) in comparison
to other dog breeds with prominent fibrous tissue response (Angus, Lichtensteiger, Campbell,
& Schaeffer, 2002). A retrospective study of 100 cases of canine OE found that ear canal
stenosis and tympanic membrane perforation-otitis media were the two most important
perpetuating causes (Saridomichelakis et al., 2007). Furthermore, this study also suggested that
bacterial (cocci and rods) and yeast infections in OE were perpetuating factors, in which OE
complicated by an overgrowth of cocci was significantly related to stenotic ear canals and OE
complicated by rods was strongly associated with otitis media. On the other hand, Zur, Lifshitz,
and Bdolah-Abram (2011) identified a strong association of rods with endocrine diseases and

Malassezia yeast infection with allergies.

1.3 Pathogens associated with canine otitis externa

Numerous studies from various worldwide geographical locations have investigated microbial
isolation and identification along with antimicrobial sensitivity profiles in canine OE.
Staphylococcus pseudintermedius (formerly Staphylococcus intermedius), Streptococcus spp.
Pseudomonas aeruginosa, Proteus mirabilis, Escherichia coli and Malassezia pachydermatis
are the commonly reported bacterial and yeast pathogens associated with canine OE (see
appendix 1) as shown in Table 1. It is important to note that the total percentages of isolates in
each study do not equate to 100% due to overlapping results from several bacteria and yeast
isolated concurrently from each ear swab as well as insignificant bacterial strains not listed in
Table 1. The most common bacteria isolated from cases of otitis externa are Gram-positive S.
pseudintermedius (23 — 91.9%) followed by Gram-negative P. aeruginosa (8.6 — 27.6%).
However, an opposite scenario was observed in several studies where P. aeruginosa (18.4 —
49.3 %) was isolated most commonly followed by S. pseudintermedius (1.9 —24.3 %) (Bugden,

2013; Demirbilek & Yilmaz, 2019; Fernandez et al., 2006; Subapriya et al., 2015). In contrast
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to the usual trend, B-haemolytic Streptococcus spp. was a more frequently isolated Gram-
positive bacteria in one study (Demurbilek & Yilmaz, 2019) and another two studies found a
higher frequency of P. mirabilis or E. coli compared to P. aeruginosa in the Gram-negative
bacteria category (Lyskova, Vydrzalova, & Mazurova, 2007; Oliveira, Leite, Brilhante, &
Carvalho, 2008). Generally, these studies revealed that P. mirabilis (4.1 — 18.9 %) and E. coli
(1 — 17%) infections are interchangeable as the second or third most cultured Gram-negative

bacteria.

In several studies, the percentages of M. pachydermatis (69.9 — 76.3 %) appeared to be
higher or equal to the proportion of S. pseudintermedius and P. aeruginosa combined
(Fernandez et al., 2006; Kiss, Radvanyi, Szigeti, Lukats, & Nagy, 1997; Oliveira et al., 2008).
Concurrent yeast cultured with bacterial pathogens is not uncommon (Kiss, Radvanyi, &
Szigeti, 1997; Rigaut, Sanquer, Maynard, & Réme, 2011). Graham-Mize and Rosser Jr. (2004)
demonstrated that more than two to six bacteria and yeast could be cultured concurrently. A 5-
year retrospective study on 143 dogs with canine OE diagnosed in a veterinary teaching
hospital found that mixed infection with Gram-positive cocci, Gram-negative rods and
Malassezia yeast was more frequently observed (26.3%) than the combination of cocci and

Malassezia yeast (21.1%) or cocci and rods (19.5%) (Zur et al., 2011).

However, these studies may not be a meaningful representation of the microbiological
profiles in canine OE by describing the order from the most to the least frequently isolated
pathogens. Prevalence figures in this table from the studies varied dramatically. For instance,
an Iranian study isolated 91.9% S. pseudintermedius (n=74) while Venezuelan and Turkish
studies only had 1.9% (n=53) and 5.4% (n=277), respectively (Demirbilek & Yilmaz, 2019;
Fernandez et al., 2006; Malayeri, Jamshidi, & Salehi, 2010). A true geographical variation or
diversity in laboratory diagnosis is possible. Furthermore, several studies did not identify
Staphylococcus, Pseudomonas and Proteus at the species level (Bugden, 2013; Lyskova et al.,
2007; Moraes, Pereira, Silva, Moreira, & Casseb, 2014; Petrov et al., 2013; Subapriya et al.,
2015; Tiirkyilmaz, 2008). Moreover, the frequency and types of microorganism isolated from
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canine OE reported in these studies can differ for many reasons, depending on the type of
canine OE cases, stages of infection and diagnostic approach. A first time consultation with an
acute canine OE will most probably detect Gram-positive cocci with or without yeast if
cytology and ear swab are routinely performed for culture and identification (Miller et al.,
2013; Paterson, 2016a). On the other hand, a referral case or a chronic and relapsing case of
canine OE with treatment failure, underlying conditions or severe external ear pathological
changes will most likely find Gram-negative rods by cytology and microbiological diagnoses

(Paterson & Matyskiewicz, 2018; Rosser, 2004; Zur et al., 2011).

Recent studies identified and compared aural bacterial and fungal microbiota in dogs
with and without OE by molecular methods comprising DNA extraction, PCR amplification
and sequencing (Korbelik, Singh, Rousseau, & Weese, 2018, 2019). Korbelik et al. (2019)
analysed approximately 1.7 million sequences from dogs with bacterial otitis and identified
four predominant genera: Staphylococcus, Pseudomonas, Parvimonas and Fusobacterium. It
is not unexpected to find Staphylococcus spp. and Pseudomonas spp. associated with canine
OE as discussed earlier in this review, but the findings of both anaerobic Gram-positive
Parvimonas spp. and Gram-negative Fusobacterium spp. in canine OE might have been under-
reported in the culture-based studies. Additionally, Korbelik et al. (2019) found that the
detection of the genus Escherichia increased in healthy ears compared to infected ears.
Escherichia may play a protective role in healthy ears as well as being an indicator of bacterial
dysbiosis in disease conditions (Ngo, Taminiau, Fall, Daube, & Fontaine, 2018). In another
study analysing approximately 1.4 million sequences from dogs with fungal otitis, three main
genera Malassezia, Filobasidium and Holtermanniella were identified, and M. pachydermatis
(55.7 — 98.4%) was the most common species (Korbelik et al., 2018). Molecular methods in
microbiology are sensitive and specific to identify a more diverse range of species that may not
be detected and limited by the conventional culture-based methodology (Rhoads, Wolcott, Sun,

& Dowd, 2012). Previous studies using molecular methods demonstrated that the skin
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microbiota of dogs was, in reality, more abundant and diverse compared to those identified by

culture-based methods (Bradley et al., 2016; Hoffmann et al., 2014; Weese, 2013).
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Table 1: Comparison of the microbiological profiles of canine otitis externa in various countries

References:
Author (Year)

Kiss, Radvanyi, and Szigeti

(1997)

Hariharan, Coles, Poole,
Lund, and Page (2006)
Fernandez et al. (2006)
Lyskova et al. (2007)

Oliveira et al. (2008)
Tiirkyilmaz (2008)
Penna et al. (2010)
Malayeri et al. (2010)
Engelen, De Bock, Hare,
and Goossens (2010)
Rigaut et al. (2011)

Petrov et al. (2013)
Bugden (2013)
Moraes et al. (2014)
Subapriya et al. (2015)
De Martino et al. (2016)
Bourély et al. (2019)
Demirbilek and Yilmaz
(2019)

Notes:

Country of | Number

origin

Hungary
Canada

Venezuela
Czech
Republic
Brazil
Turkey
Brazil
Iran

US and
Canada
France,
German,
and Spain
Bulgaria
Australia
Brazil
India
Italy
France
Turkey

of dogs/
swabs

515
1819

53
97

100
88
151
74
176

176

241
3541
57
240
196
7623
277

Gram-positive bacteria

Staphylococcus
pseudintermedius

39.2%
36.3%

1.9%
58.8%

70%

25%
23.2%
91.9%
52.8%

46.6%

*70%
24.3%
€37.8%
€21.8%
23.0%
33.0%
5.4%

8 CoPS= Coagulase-positive Staphylococcus spp., speciation not done
® Proteus spp., speciation not done

¢speciation not done

B-haemolytic
Streptococcus spp.
or Strep. canis
“1.2%

1.9%

29.9%

2%
°9.1%

3.4%

10.4%
6.2%
“12.2%
€10.0%
0.51%
5.9%
7.6%
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Gram-negative bacteria

Pseudomonas
aeruginosa

12.6%
17.5%

30.2%
7.2%

3%
18.2%

13.5%
10.8%

8.6%

17.4%
35.5%
17.7%
49.3%
11.7%
27.6%
18.4%

Proteus
mirabilis

9.6%

18.9%
b14.4%

7%
59.1%

4.1%
6.3%

5.2%

11.2%
>6.8%
®11.0%
€6.6%
4.6%
13.6%
9.7%

Escherichia
coli

9.8%

7.5%
10.3%

1%
11.4%

1.4%
5.2%

11.6%
4.2%
3.7%
17.0%
3.1%

4.3%

Yeast
Malassezia
pachydermatis

76.3%

69.9%
30.9%

73%

44.3%

32.9%

40.2%
15.4%
10.7%

9.7%



1.4 Antimicrobial susceptibility and resistance profiles

The antimicrobial susceptibility and resistance profiles of S. pseudintermedius, P. aeruginosa
and M. pachydermatis in the following sections were reviewed using clinical breakpoints of
systemic therapy typically described in the majority of literature. However, clinical breakpoints
are not defined for topical antimicrobial agents which are the most common treatment modality
used to treat canine OE. Besides, topical antimicrobial therapy usually delivers a high
concentration of antimicrobial in the mg/mL concentration range that can overcome apparent
in vitro resistance to concentrations in the pg/mL range (Nuttall, 2013). Therefore, the results
of in vitro antimicrobial susceptibility tests are less applicable and poorly predictive of the

outcome to topical therapy.

1.4.1 Antimicrobial susceptibility and resistance profiles of Staphylococcus pseudintermedius

Table 2 shows the resistance profiles of S. pseudintermedius to a range of antimicrobials
commonly available in commercial otic products. Overall, S. pseudintermedius showed a trend
of reduction in susceptibility to enrofloxacin and gentamicin over two decades. Studies
between 1997 and 2014 demonstrated high susceptibility of S. pseudintermedius to
enrofloxacin from 82% to 100% and gentamicin from 96% to 100% (Bugden, 2013; Hariharan
et al., 2006; Kiss, Radvanyi, & Szigeti, 1997; Lyskova et al., 2007; Malayeri et al., 2010). In
comparison to more recent studies between 2013 and 2019, S. pseudintermedius showed
resistant to enrofloxacin up to 38.6% and gentamicin up to 33.3% (De Martino et al., 2016;
Dégi et al., 2013; Scherer et al., 2018). Polymyxin B resistance was reported in the earliest
study with only 31% resistant, but 100% resistant were demonstrated in the Australian and
Romanian studies (Bugden, 2013; Dégi et al., 2013; Kiss, Radvanyi, & Szigeti, 1997). S.
pseudintermedius was highly susceptible to neomycin in the Australian study, but resistance
was found in other studies from 31.1 to 91.4% (Bugden, 2013; De Martino et al., 2016; Kiss,

Radvanyi, & Szigeti, 1997; Penna et al., 2010). A more recent retrospective survey in dogs
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with OE from 2012 to 2016 by Bourély et al. (2019) revealed resistance of S. pseudintermedius

to enrofloxacin, gentamicin and fusidic acid in 13.5%, 13% and 6.1%, respectively.

However, there were more susceptibility and resistance data reported in the listed
studies in relation to systemic antimicrobials. The majority of these studies demonstrated high
resistance to penicillin G from 62% to 69% (Bourély et al., 2019; Hariharan et al., 2006; Kiss,
Radvanyi, & Szigeti, 1997; Lyskova et al., 2007; Malayeri et al., 2010). A survey conducted
throughout Europe between 2002 and 2009 analysed that S. pseudintermedius (n=199) isolated
from cats and dogs with otitis were highly susceptible to enrofloxacin (96.5%), marbofloxacin
(97%) and amoxicillin-clavulanic acid (100%), but highly resistant to ampicillin (66.3%) and
penicillin (73%) (Kroemer et al., 2014). On the other hand, a Brazilian study in 2010 reported
significant resistance in S. pseudintermedius (35 isolates), to enrofloxacin (48.6%), gentamicin
(54.3%) and neomycin (91.4%) but susceptibility to amoxicillin-clavulanic acid (85.7%),
oxacillin (85.7%) and cephalexin (74.3%) (Penna et al., 2010). Additionally, Penna et al.
(2010) highlighted that 89% of Staphylococcus spp. exhibited multiple drugs resistance as well
as 100% resistance to at least one drug. Recent studies have reported that no single drug tested

was 100% effective for Staphylococcus spp. (Moraes et al., 2014; Petrov et al., 2013).
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Table 2: Comparison of resistance (%) of Staphylococcus pseudintermedius isolated from canine otitis externa to a range of antimicrobials commonly available

in commercial otic products

References: Country of Number of Enrofloxacin® Marbofloxacin® = Polymyxin B¢ = Gentamicin® Neomycin® Fusidic acid"
Author (Year) origin isolates
Kiss, Radvanyi, and Szigeti | Hungary 515 2% - 31% 4% 35% -
(1997)
Hariharan et al. (2006) Canada 660 1% - - 2% - 3%
Lyskova et al. (2007) Czech 100 0% - - 0% - -
Republic
Penna et al. (2010) Brazil 35 48.6 % - - 54.3% 91.4% -
Malayeri et al. (2010) Iran 68 0% - - 3.03% - -
Bugden (2013) Australia 861 2% - 100% 1% 4% -
Dégi et al. (2013) Romania 24 - - 100% 33.3% - -
Kroemer et al. (2014) France/ 199 3.5% 3.0% - - - -
Europe
De Martino et al. (2016) Italy 45 15.5% - - 11.1% 31.1% -
Scherer et al. (2018) Brazil 44 38.6% - - 27.3% - -
Bourély et al. (2019) France Varies 13% (n=2115) - - 13.5% - 6.1% (n=1757)
(n=2491)

Notes: a =Baytril® otic; b = Aurizon®; ¢ = Surolan™ or Dermotic or PMP; d = Oribiotic®; e = Easotic® or Otomax® or Momentamax®;
Yy

f = Canaural®; refer to table 4 for additional details of commercial otic products.
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1.4.2 Antimicrobial susceptibility and resistance profiles of Pseudomonas aeruginosa

Table 3 shows the resistance profiles of P. aeruginosa isolated from canine OE to a range of
antimicrobials commonly available in commercial otic products. This table lists the studies in
chronological order in which the prevalence of resistance might be expected to increase over
time. However, the table does not show such a trend but identifies geographical differences. A
Brazilian study revealed the most comprehensive resistance profiles in 167 P. aeruginosa
strains and reported 63.6% strains resistant to enrofloxacin, 54.4% strains resistant to
polymyxin B, 71.4% strains resistant to gentamicin, and 94.7% strains resistant to neomycin
(Penna, Thomé, Martins, Martins, & Lilenbaum, 2011). In a French surveillance network for
antimicrobial resistance, data were analysed on P. aeruginosa isolated from dogs with otitis.
Resistance to enrofloxacin and gentamicin were detected in 64.3% of 1996 strains and 17.8 %
of 2096 strains, respectively (Bourély et al., 2019). Another study revealed that P. aeruginosa
canine OE isolates were highly resistant to enrofloxacin and gentamicin in 51.9% and 43.3%
of the strains, respectively (Meki¢, Matanovi¢, & Seol, 201 1). Overall, enrofloxacin and
gentamicin are more frequently included in antimicrobial susceptibility testing against P.

aeruginosa and detected for resistance.

Interestingly, a 100% resistance as well as a 100% susceptibility of P. aeruginosa to
enrofloxacin were reported by Graham-Mize and Rosser Jr. (2004) and Malayeri et al. (2010),
respectively whereby both studies examined less than 25 isolates. On the other hand, Bugden
(2013) examined 1,256 isolates and Bourély et al. (2019) surveyed 1996 isolates. These studies
demonstrated that 36% and 64.3% of P. aeruginosa strains showed enrofloxacin resistance,
respectively. A larger number of samples in a study may prevent an overestimation of
enrofloxacin—susceptible or —resistant strains of P. aeruginosa. The majority of the studies
listed in table 3 show susceptibility of P. aeruginosa strains to gentamicin ranging from 81 to
100%. Resistance to marbofloxacin was not found in the previous study by Martin Barrasa,
Lupiola Gomez, Gonzalez Lama, and Tejedor Junco (2000), but 26.4 % to 33.3% of P.
aeruginosa strains were resistant to marbofloxacin in the more recent studies (Kiss, Radvanyi,
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Szigeti, et al., 1997; Vingopoulou et al., 2018; Wildermuth, Griffin, Rosenkrantz, & Boord,

2007).

As Gram-negative P. aeruginosa is inherently resistant to penicillins and first-
generation cephalosporins, the susceptibility or resistance to those antibiotics is not included
in Table 3. As expected, multiple studies reported P. aeruginosa being totally (100%) resistant
to amoxicillin/clavulanic acid, ampicillin, penicillin G, cephalexin and cephalothin (Hariharan
et al., 2006; Lyskova et al., 2007; Malayeri et al., 2010; Petrov et al., 2013). P. aeruginosa was
also highly resistant (> 87 to 100%) to other antimicrobial classes including tetracycline (e.g.
doxycycline), chloramphenicol, macrolides (e.g. erythromycin) and lincosamides (e.g.
clindamycin and lincomycin) (Hariharan et al., 2006; Lyskova et al., 2007; Malayeri et al.,

2010; Petrov et al., 2013; Tiirkyilmaz, 2008).
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Table 3: Comparison of resistance (%) of Pseudomonas aeruginosa isolated from canine otitis externa to a range of antimicrobials commonly available in

commercial otic products.

References: Country of  Number of = Enrofloxacin® = Marbofloxacin® = Polymyxin B = Gentamicin® Neomycin® Fusidic acid"
Author (Year) origin isolates
Kiss, Radvanyi, and Szigeti Hungary 515 - - 21% 8% 43% -
(1997)
Martin Barrasa et al. (2000) Spain 19 26.3% 0% - 15.8% - -
Graham-Mize and Rosser Jr. Michigan 24 100% - - 50% - -
(2004)
Hariharan et al. (2006) Canada 319 38% - 0% 15% - 100%
Lyskova et al. (2007) Czech 9 71.4% - - 0% - -
Republic
Wildermuth et al. (2007) California 32 53.1% 33.3% - - - -
Tiirkyilmaz (2008) Turkey 16 - - - 19% - -
Malayeri et al. (2010) [ran 10 0% - - 10% - -
Penna et al. (2011) Brazil 167 63.6% - 54.4% 71.4% 94.7% -
Meki¢ et al. (2011) Croatia 104 51.9% - - 43.3% - -
Petrov et al. (2013) Bulgaria 42 38% - 0% 2% - -
Bugden (2013) Australia 1256 36% - 7% 5% - -
Kroemer et al. (2014) France 329 83% 26.4% - - - -
De Martino et al. (2016) Italy 23 43.5% - - 8.7% 65.2% -
Vingopoulou et al. (2018) Greece 75 44% 32% - - = =
Demirbilek and Yilmaz (2019) | Turkey 51 35% - 1% 1% - -
Bourély et al. (2019) France Varies 64.3% - 17.8% - -
(n=1996) (n=2096)

Notes: a = Baytril® otic; b = Aurizon®; ¢ = Surolan™ or Dermotic or PMP; d = Oribiotic®; e = Easotic® or Otomax® or Momentamax®;

f = Canaural®; refer to table 4 for additional details of commercial otic products.
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1.4.3 Antimicrobial susceptibility and resistance profiles of Malassezia pachydermatis

There is increased concern about treatment failure and recurrence of Malassezia yeast otitis
due to antifungal resistance along with poor management of primary causes and predisposing
factors (Chiavassa, Tizzani, & Peano, 2014). In a study evaluating the potency of antifungal
agents used in otic formulations, M. pachydermatis was most susceptible to miconazole with
the lowest in vitro minimum inhibitory concentration (MIC) ranges compared to clotrimazole
and thiabendazole (Peano, Beccati, Chiavassa, & Pasquetti, 2012). In a recent study, 54.3% of
M. pachydermatis was found to be susceptible to gentamicin, an aminoglycoside antibiotic

used in some topical otic formulations (F. A. Silva et al., 2017).

However, due to previously non-standardised methodology in antifungal susceptibility
testing of M. pachydermatis, comparison of results with different studies becomes challenging
(Cafarchia et al., 2012; Eichenberg et al., 2003; Peano et al., 2017). Thus, a susceptible strain
in one study could be interpreted as resistance in other testing conditions and vice versa (Peano
etal., 2017). Eichenberg et al. (2003) demonstrated that M. pachydermatis isolated from canine
OE (n= 82) was susceptible to antifungal agents such as ketoconazole (56%), fluconazole
(54%), itraconazole (69%) using modified broth microdilution methodology. However, an
earlier study using disk diffusion methodology was only comparing the average diameter of
inhibition zones to determine the susceptibility of M. pachydermatis otic isolates (n=80) to five
antifungal agents (Kiss, Radvanyi, & Szigeti, 1997). Kiss, Radvanyi, and Szigeti (1997)
revealed that M. pachydermatis was most susceptible to ketoconazole and least sensitive to
nystatin with econazole and miconazole showing intermediate efficacy. In a later study using
disk diffusion methodology, clinical breakpoints were available to determine the susceptibility
of M. pachydermatis otic isolates (Lyskova et al., 2007). M. pachydermatis otic isolates were
100% susceptible to amphotericin B, bifonazole, ciclopiroxolamin, clotrimazole, miconazole,
econazole, itraconazole, ketoconazole, nystatin and pimaricin except for fluconazole where

4.4% resistant strains were detected (Lyskova et al., 2007).
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1.5 Treatment of canine otitis externa

1.5.1 Topical otic treatment

Topical antimicrobial and anti-inflammatory therapy is the first-line treatment to
manage bacterial and yeast overgrowth and to relieve signs of pain and inflammation in cases
of canine OE cases (Dowling, 1996). However, the choice of topical antimicrobial will depend
on the initial findings in the cytological examination, or be based on microbiological culture
and sensitivity testing in cases of chronic OE complicated by rods overgrowth or following
unsuccessful treatment (Dowling, 1996). Topical ear treatments can also be beneficial in the
management of primary, predisposing and perpetuating causes of otitis (Paterson, 2016b). For
instance, a topical product containing glucocorticoids will be chosen according to its potency
to manage the inflammation caused by allergies or immune-mediated diseases (Paterson,
2016b). Table 4 shows a list of commercially available topical otic preparations. The active
ingredients in each otic product are categorised by antibiotic, antifungal agent and anti-
inflammatory agent. Efficacy studies on the antibiotic and antifungal agent combination

relevant to each otic formulation are recorded in the last column of the table.

Several clinical studies compared two or more combinations of antimicrobials and anti-
inflammatory in the otic preparations for their efficacy and tolerability in canine OE. These in
vivo studies utilised controlled, randomised and double-blinded designs according to the good
clinical practice (GCP) guidelines (Blake, Keil, Kwochka, Palma, & Schofield, 2017; Engelen
et al., 2010; Kiss, Radvanyi, Szigeti, et al., 1997). Efficacy assessment often includes clinical
scoring of pain, erythema, swelling, ulceration and exudates pre- and post-treatment at weekly
intervals and other evaluations based on cytology, microbiology, treatment response and cure
rate (Engelen et al., 2010; Rigaut et al., 2011). Safety evaluation includes haematology and
biochemistry profiles, urinalysis, hearing assessment and observation of the frequency and
severity of adverse events (Blake et al., 2017; Rigaut et al., 2011). Rougier, Borell, Pheulpin,
Woehrlé, and Boisramé (2005) demonstrated that both marbofloxacin-clotrimazole-
dexamethasone (Aurizon®) and miconazole-polymyxin B-prednisolone (Surolan®) otic
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formulations did not show a significant difference in efficacy and tolerability, but the former
was superior in terms of glucocorticoid potency to reduce pain and once daily dosing that
encouraged higher client compliance. Studdert and Hughes (1991) found that miconazole-
polymyxin B-prednisolone (Surolan®) had the fastest cure and lowest recurrence rate when
compared to two other combination therapies containing neomycin-thiostrepton-nystatin-
triamcinolone (Panalog®) and neomycin-monosulfiram-betamethasone (Oterna®, Jurox).
Engelen et al. (2010) recommended miconazole-polymyxin B-prednisolone (Surolan®) as a
first-line combination topical therapy for canine OE that does not require a potent
glucocorticoid. Furthermore, miconazole-polymyxin B-prednisolone (Surolan®) had a clinical
efficacy of 97% in 91 cases compared to gentamicin-clotrimazole-betamethasone (Otomax®)
with 95% clinical efficacy in 85 cases, hence demonstrating equivalent efficacy to eliminate
infections and improve overall clinical response (Engelen et al., 2010). On the other hand,
Rigaut et al. (2011) claimed that the otic product (Easotic®) containing gentamicin, miconazole
and hydrocortisone aceponate administered once daily for 5 days, was an efficient and safe
treatment for canine OE and it was non-inferior to gentamicin-clotrimazole-betametasone

(Otomax®™) that requires twice daily application for 7 days.

Newer topical otic formulations have been developed to improve treatment success and
client compliance by reducing frequency and difficulty to deliver ear treatment and handling
of dogs. Blake et al. (2017) demonstrated that a single treatment of florfenicol-terbinafine-
mometasone (Claro®) achieved 72.5% clinical efficacy for up to 30 days in cases of otitis
associated with S. pseudintermedius and M. pachydermatis. Similarly, florfenicol-terbinafine-
betamethasone (Osurnia®) only requires two doses a week apart to effectively treat S.
pseudintermedius and M. pachydermatis infection with resolution for up to 35 days (Nuttall &
Forster, 2015). Furthermore, Noli, Sartori, and Cena (2017) demonstrated that the
administration of single-dose or once a week ear treatment in dogs with OE by a veterinarian

instead of their owners, significantly improved the quality of life of dogs and owners.
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Other studies demonstrated the efficacy of antimicrobials in otic formulations in vitro.
Combination antimicrobial therapy is crucial to prevent or delay the development of
antimicrobial resistance (Domalaon, Idowu, Zhanel, & Schweizer, 2018). Pietschmann et al.
(2013) demonstrated that the combination of polymyxin B and miconazole produced a
synergistic effect against E. coli and P. aeruginosa but not with S. pseudintermedius. Similarly,
Boyen et al. (2012) did not find synergistic activity with polymyxin B and miconazole
combinations in vitro against methicillin-resistant Staphylococcus aureus (MRSA) and
meticillin-resistant S. pseudintermedius (MRSP) isolates but effectiveness against these
isolates was still possible with the high concentration of miconazole in commercial topical
products (e.g. Surolan®). Another study found synergism in the combination of fusidic acid
and framycetin (Canaural®) against S. pseudintermedius and B-haemolytic Streptococcus spp.
whereas the combination of polymyxin B and miconazole had a synergistic effect only against
B-haemolytic Streptococcus spp., but not S. pseudintermedius (Nuttall, Allison, Hale, &

Williams, 2011).
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Table 4: Various types of commercial otic products categorised by active ingredients (antibiotic, antifungal and anti-inflammatory) with the recommended

dosages for canine otitis externa and the relevant efficacy studies.

Commercial
otic products

Aurizon®

Baytril® Otic

Claro®

Osurnia®

Surolan™
Dermotic
PMP

Easotic®

Otomax®

Mometamax®

Company,
Country

Vetoquinol,
UK
Bayer, USA

Bayer, USA

Elanco, USA

Elanco, USA
Ilium, AU
Apex Lab., AU

or Dechra
Virbac, France

Merck, USA

Merck, USA

Antibiotic

Marbofloxacin
(3 mg/ml)
Enrofloxacin
(5 mg/ml)

Florfenicol
(16.6 mg/ml)
Florfenicol
(10 mg/ml)

Polymyxin B
(0.5293 mg/ml)
Polymyxin B
(0.696 mg/ml)
Polymyxin B
(0.696 mg/ml)
Gentamicin
(1505 TU/ml)

Gentamicin
(3 mg/ml)

Gentamicin
(3 mg/ml)

Antifungal agent

Clotrimazole
(10 mg/ml)
Silver
Sulfadiazine
(10 mg/ml)
Terbinafine
(14.8 mg/ml)
Terbinafine
(10 mg/ml)

Miconazole
(23 mg/ml)
Miconazole
(23 mg/ml)
Miconazole
(23 mg/ml)
Miconazole
(15.1 mg/ml)

Clotrimazole
(10 mg/ml)

Clotrimazole
(10 mg/ml)

Anti-
inflammatory
agent
Dexamethasone
(0.9 mg/ml)
Not available

Mometasone
(2.2 mg/ml)
Betamethasone
(1 mg/ml)

Prednisolone
(5 mg/ml)
Prednisolone
(5 mg/ml)
Prednisolone
(5 mg/ml)
Hydrocortisone
aceponate
(1.11mg/ml)
Betamethasone
(1 mg/ml)

Mometasone
(1mg/ml)
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Dosage and
administration in dogs

10 drops per ear once
daily for 7-14 days

5-10 drops(<16kg), 10-15
drops (>16kg) twice daily
for 14 days

1 tube (1ml) per ear once

1 tube (1ml) per ear every
7 days

5 drops twice daily for 7
days

3-5 drops twice daily for
14-21 days

3-5 drops twice daily

1 pump (1ml) per day for
5 days

4 drops (<13.6kg), 8 drops
(>13.6kg) twice daily for 7
days
4 drops (<13.6kg), 8 drops
(>13.6kg) once daily for 7
days

Efficacy studies:
Author (Year)

Rougier et al. (2005)

Bae, Choi, Kim, Lee, and Oh
(2013)

Blake et al. (2017)

(Nuttall & Forster, 2015), Forster,
Real, Doucette, and King (2018),
Noli et al. (2017)

Studdert and Hughes (1991),
Rougier et al. (2005), Engelen et al.
(2010), Boyen et al. (2012),
Pietschmann et al. (2013)

Rigaut et al. (2011)

Engelen et al. (2010), Rigaut et al.
(2011)



Table 4 (continued)

Commercial
otic products

Oribiotic®

Panalog®

Dermalone™

Tresaderm®

Canaural® ear
drop

Posatex™

Company,
Country

Vetoquinol,

France

Fort Dodge,
USA

Vedco, USA

Merial, USA

Dechra, UK

Merck, USA

Antibiotic

Neomycin

(3 mg/ml),
Bacitracin

(430 IU/ml)
Neomycin

(2.5 mg/ml),
Thiostrepton
(2,500 units/ml)
Neomycin

(2.5 mg/ml),
Thiostrepton
(2,500 units/ml)
Neomycin

(3.2 mg/ml)
Fusidic acid

(5 mg/ml),
Framycetin

(5 mg/ml)
Orbifloxacin
(10 mg/ml)

Antifungal agent

Nystatin
(86,000 IU/ml)

Nystatin
(100,000 IU/ml)

Nystatin
(100,000 units/ml)

Thiabendazole
(40 mg/ml)
Nystatin
(100,000 IU/ml)

Posaconazole
(1 mg/ml)

Anti-
inflammatory
agent
Triamcinolone
(0.86 mg/ml)

Triamcinolone
(1 mg/ml)

Triamcinolone
(1 mg/ml)

Dexamethasone
(1 mg/ml)
Prednisolone
(2.5 mg/ml)

Mometasone
(1 mg/ml)

31

Dosage and
administration in dogs

A pea of ointment per ear
2-3 times a day for 7-14
days.

3-5 drops twice daily

3-5 drops twice daily

5-15 drops twice daily

5-10 drops twice daily for
7-14 days

4 drops (<13.6kg), 8 drops
(>13.6kg) once daily for 7
days

Efficacy studies:
Author (Year)

Rycroft and Saben (1977)

Rycroft and Saben (1977)

Nuttall et al. (2011)

Grecu et al. (2018)



1.5.2 Topical ear cleaners

Various studies have demonstrated the potential of chelating agents or ear cleaning
solutions to increase the in vitro antimicrobial susceptibility of pathogens associated with
canine OE to a primary antimicrobial agent. The earliest study described successful treatment
of canine OE associated with resistant Gram-negative and Gram-positive pathogens within 7
to 15 days by application of topical EDTA-tromethamine/EDTA-Tris for 10 mins before the
use of previously ineffective antibiotics (cephaloridine or kanendomycin or enrofloxacin) that
were applied alone (Farca, Piromalli, Maffei, & Re, 1997). Likewise, an investigation by Metry
et al. (2012) showed that P. aeruginosa was more susceptible to enrofloxacin compounded in
four types of ear cleansers (Tris-EDTA, Tris-EDTA and 0.15% chlorhexidine, Epi-Otic®
(Virbac) and Epi-Otic Advanced® (Virbac) containing 0.5% EDTA) and hypothesised that
previously resistant bacteria can become susceptible to enrofloxacin when compounded with
ear cleaner solutions. Furthermore, Pye, Singh, and Weese (2014) reported that Triz EDTA®
(Dechra) aqueous flush containing tromethamine-EDTA and deionised water used in
combination with either neomycin or gentamicin, significantly increased antimicrobial

susceptibility of Pseudomonas otitis associated with biofilm formation.

Hensel, Austel, Wooley, Keys, and Ritchie (2009) demonstrated that a third-generation
chelating agent (Tris/EDTA or Tricide®, Molecular Therapeutic LCC) potentiated the
antifungal activity of miconazole against M. pachydermatis ear infections in dogs, and this
combined therapy was recommended for cases with predominantly yeast otitis. Another study
revealed that the use of ear cleaner containing tromethamine-EDTA alone was ineffective
against M. pachydermatis unless 0.1% ketoconazole was added (Cole, Luu, Rajala-Schultz,
Meadows, & Torres, 2007). In agreement with the previous study, no antimicrobial activity
was found against S. pseudintermedius (S. intermedius), P. aeruginosa or M. pachydermatis
with the used of Tris-EDTA alone (Swinney, Fazakerley, McEwan, & Nuttall, 2008). Mason,
Steen, Paterson, and Cripps (2013) demonstrated that five out of nine topical ear cleaners
showed in vitro efficacy against M. pachydermatis otic isolates. Two of the five effective ear

32



cleaners were Epi-Otic® (Virbac) and Triz-Ultra+Keto™ (Dechra), and each similarly contains
a chelating agent EDTA or Tris-EDTA and an antifungal agent such as salicylic acid and

ketoconazole, respectively (Mason et al., 2013).

Additionally, ear cleaners containing lactic acid and salicylic acid (Sancerum®, MSD)
and boric acid and citric acid (MalAcetic Aural®, Dechra), both had anti-Malassezia and
antipseudomonal activities (Mason et al., 2013; Steen & Paterson, 2012). On the other hand,
an ear cleaner containing isopropanol, propylene glycol, tromethamine and citric acid
(Cleanaural® Dog, Dechra) was concluded the most effective ear cleaner against S.
pseudintermedius (S. intermedius), P. aeruginosa and M. pachydermatis (Swinney et al.,
2008). The aforementioned organic acids in the ear cleaners have a mild acidifying effect to
lower pH in the ear canal and inhibiting microbial growth (Swinney et al., 2008). Otodine®
(Vetruus) containing propylene glycol, chlorhexidine, and Tris-EDTA, a ceruminolytic agent
was used to clean ears daily (up to 7 days) prior to administration of ear formulations containing
orbifloxacin-posaconazole-mometasone (Posatex®, Merck) to increase the clinical efficacy and

treatment success in canine OE (Grecu et al., 2018).

1.6 Antimicrobial resistance

Globally, in recent decades, the emergence of antimicrobial resistance (AMR) associated with
superbugs such as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant
enterococci (VRE), multidrug-resistant P. aeruginosa and other ESKAPE pathogens have led
to threatening infectious diseases with an estimated mortality by 2050 of up to10 million people
annually and global economic losses of up to 100 trillion USD if no action is taken(O’Neill,
2016). Other ESKAPE pathogens (Klebsiella pneumoniae and Acinetobacter baumannii)
exhibit multi-drug resistance, including resistance to carbapenems; and Enterobacter spp.,
which contains extended-spectrum B-lactamases (ESBL)s and carbapenemases (Pendleton,
Gorman, & Gilmore, 2013; Santajit & Indrawattana, 2016). Unfortunately, there is no escape

from the development of AMR in production and companion animals and the increasing reports
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of AMR in human populations involving zoonotic pathogens, poses further risk to public health

(Pomba et al., 2017; Rendle & Page, 2018).

Existing effective antibiotics are becoming increasingly inadequate to meet the current
clinical requirement. Moreover, only a few new antimicrobial classes (e.g. lipopeptides and
oxazolidinones) have been approved for use since the 1980s, and the current research and
development of new antimicrobials and antimicrobial classes is unable to keep up with the
dissemination of AMR (Blaskovich, 2019). Antimicrobial misuse and overuse both in human
and veterinary medicine are the other contributing factors to the development and spread of
resistance (Weese, Page, & Prescott, 2013). Awareness in prudent use of antimicrobials and
global enforcement on good practices of antimicrobial stewardship are urgently needed to
reduce resistance selection and to preserve the efficacy of existing antimicrobials (Weese et al.,

2013).

1.6.1 Development of antimicrobial resistance

In general, there are three types of antimicrobial resistance mechanisms in bacteria: acquired,
intrinsic and adaptive (Alekshun & Levy, 2007). Acquired resistance develops through the
process of chromosomal gene mutation or horizontal transfer of genes incorporated into new
genetic material such as plasmids, integrons or naked DNA. This provides a selective
advantage when the bacteria are in the presence of antimicrobial compounds that can be passed
on to their progeny causing emergence of antimicrobial resistance strains (Kostyanev & Can,
2017; Tenover, 2006). Intrinsic resistance is commonly found in Gram-negative bacteria due
to the presence of an extra outer membrane consisting of a double layer of phospholipids and
lipopolysaccharides which restricts the penetration of hydrophobic and high molecular weight
antibiotics (Cox & Wright, 2013; Domalaon et al., 2018). Furthermore, most Gram-negative
bacteria possess efflux pump systems that remove drug compounds targeting intracellular
pathways. (Cox & Wright, 2013; Kostyanev & Can, 2017). Adaptive resistance involves
antimicrobial selective pressure that increases the ability of bacteria to survive in an
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antimicrobial rich environment by alterations in gene or protein expression triggered by
environmental conditions (Bernal, Molina-Santiago, Daddaoua, & Llamas, 2013).
Subinhibitory levels of antibiotics, stress, nutrient condition and growth state are some of the
contributing factors to adaptive resistance in bacteria (Poole, 2012). Biofilm or
exopolysaccharide matrix formation is another bacterial resistance mechanism that produces
an extra barrier to prevent diffusion of drugs into the bacterial cell (Costerton, Stewart, &
Greenberg, 1999). Biofilm resistance mechanisms mainly involve physiological changes in
biofilm-grown bacteria such as slow growth, nutrient limitation, induction of general stress
response, increasing expression of multidrug-resistant (MDR) pumps, activating quorum-
sensing systems and changing profiles of outer membrane proteins (Bjarnsholt, Ciofu, Molin,
Givskov, & Hoiby, 2013; Mah & O'toole, 2001; Stewart, 2002). Biofilm formation can make
bacteria ten to a thousand times more resistant to antibiotics compared to the planktonic state

of the same bacterial strain (Mah & O'toole, 2001; Olson, Ceri, Morck, Buret, & Read, 2002).

1.6.2 Antimicrobial resistance in canine otitis externa pathogens

1.6.2.1 Methicillin-resistant and multidrug-resistant Staphylococcus pseudintermedius

There is an increasing amount of literature reporting methicillin-resistant Staphylococcus
pseudintermedius (MRSP) and multidrug-resistant Staphylococcus pseudintermedius
(MDRSP) associated with otitis and other skin diseases in companion animals (Morris, Rook,
Shofer, & Rankin, 2006; Saputra et al., 2017; Weese & van Duijkeren, 2010). Note that in the
older literature, S. pseudintermedius from canine isolates was previously identified as S.
intermedius (Bannoehr et al., 2007; Sasaki et al., 2007). A retrospective survey from 2001 to
2005 in a US veterinary teaching hospital reported an increasing prevalence of oxacillin-
resistance which corresponded with multidrug-resistance in S. pseudintermedius isolated from
dogs (Jones, Kania, Rohrbach, Frank, & Bemis, 2007). In 2005, another study revealed that
94% (31 out 33) of S. pseudintermedius isolates were MDRSP, resistant to > 4 antimicrobial
classes, oxacillin-resistant and mecA-positive (Jones et al., 2007). In an European study, twelve
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S. pseudintermedius isolates from 11 dogs and a cat with skin and ear infections were shown
to be positive for the mecA gene indicating methicillin resistance (MRSP) and multidrug
resistance to at least five antimicrobial classes including penicillins, cephalosporins,
fluoroquinolones, macrolides, tetracyclines and aminoglycosides (Loeffler et al., 2007). A
prospective study in Brazil revealed that 85.7% (33/35) of S. pseudintermedius in canine OE
were MDRSP, highly resistant to amoxicillin-clavulanic acid (85.7%) and least resistant to
neomycin (8.6%) (Penna et al., 2010). In a two-year Korean study, 78.4% of S.
pseudintermedius isolated from the skin or ears in dogs were MDRSP, resistant to > 4
antimicrobial classes excluding B-lactams, and 17.6% were simultaneously mecA-positive
MRSP (Yoon et al., 2010). Another Korean study found that 52% of mecA-positive MRSP
(n=25) from canine OE or pyoderma were highly resistant to at least one fluoroquinolone —
enrofloxacin, marbofloxacin, ciprofloxacin, levofloxacin or moxifloxacin (J.-H. Yoo, Yoon,
Lee, & Park, 2010). Dégi et al. (2013) demonstrated that 24 S. pseudintermedius isolated from
canine OE before any antimicrobial treatment, were resistant to at least two drugs and were all
resistant to polymyxin B. In a recent Brazilian study, 86% (38/44) of S. pseudintermedius
isolated from canine OE were resistant to at least one antibiotic and 40.9% (18/44) were
classified as MRSP, based on resistance to oxacillin by disk diffusion and mecA gene detection
by PCR (Scherer et al., 2018). In the latest 4-year AMR survey on canine OE, 56% of S.
pseudintermedius (n=1066) were resistant to one or two antibiotic classes, 20.7% were
multidrug-resistant and 2 isolates were pan-resistant to eight antimicrobial classes:
aminoglycosides, cephalosporins, fluoroquinolones, macrolides, penicillins, chloramphenicol,

fusidic acid and trimethoprim-sulfamethoxazole (Bourély et al., 2019).
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1.6.2.2 Multidrug-resistant Pseudomonas aeruginosa

Recent studies have documented the emergence of multidrug-resistant P. aeruginosa
(MDRPA) with resistance to at least one antimicrobial agent in three or more antimicrobial
classes commonly reported (Ciocan et al., 2015). This has been coupled with an increasing
frequency of fluoroquinolone resistance (Meki¢ et al., 2011; Penna et al., 2011). In a study
from 2000 (Martin Barrasa et al., 2000), P. aeruginosa was associated with chronic and
recurrent OE in dogs with the highest fluoroquinolone resistance seen to enrofloxacin (57.9%),
followed by ciprofloxacin (21.1%) and marbofloxacin (10.1%). However, this study lacked
data on MDR strains. Likewise, Wildermuth et al. (2007) found that P. aeruginosa isolated
from dogs with OE showed resistance (descending order) to enrofloxacin (53.1%),
marbofloxacin (33.3%) and ciprofloxacin (25%). This study also found that 50% of the isolates
(n=30) were resistant to at least one of the three fluoroquinolones and 20% were classified
multidrug-resistant to all three fluoroquinolones (Wildermuth et al., 2007). In a recent study,
an almost similar trend was reported wherein 44% and 32% of P. aeruginosa canine otic
isolates (n=75) were resistant to enrofloxacin and marbofloxacin respectively, whereas 48% of
the isolates were resistant to pradofloxacin, a third-generation fluoroquinolone (Vingopoulou
et al., 2018). More worryingly, Arais, Barbosa, Carvalho, and Cerqueira (2016) demonstrated
that MDRPA was present in canine OE and pyoderma that was resistant to at least four
antimicrobials from different classes, not only fluoroquinolones, but also carbapenems,
monobactams, and extended-spectrum antipseudomonal penicillins that are critically important
for human medicine. Another study revealed that MDRPA otic isolates were highly resistant
to cefepime, a fourth-generation cephalosporin followed by levofloxacin, a third-generation
fluoroquinolone which are both listed as highest priority critically important antimicrobials for

human medicine (Ciocan et al., 2015; WHO, 2019).

Pseudomonas otitis in dogs is commonly associated with MDR strains due to its
intrinsic and acquired resistance mechanisms (Arais et al., 2016; Vingopoulou et al., 2018).
Fluoroquinolone resistance in P. aeruginosa can be associated with mutation in DNA gyrase
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(gyrA and gyrB) genes in a quinolone resistance determinant region (QRDR) whereas P.
aeruginosa strains carrying class 1 integron were associated with multidrug resistance (Arais
et al.,, 2016). However, Vingopoulou et al. (2018) demonstrated that the majority of P.
aeruginosa canine OE isolates with fluoroquinolone resistance were associated with
topoisomerase substitution pattern in GyrA, and only 6.7% was a carrier of plasmid-mediated
quinolone resistance (PMQR) genes. Intrinsic resistance in MDRPA has been associated with
its outer membrane permeability and MDR efflux pumps such as MexAB-OrPM and MexXY

(Cox & Wright, 2013; Llanes et al., 2004).

1.6.3 Biofilm-associated canine otitis externa

Biofilm formation by S. pseudintermedius and P. aeruginosa canine otic pathogens may play
an important role in bacterial persistence and resistance. However, few studies have reported
biofilm-forming ability in these otic pathogens. One study found that 39.3% of S. intermedius
otic isolates from dogs were biofilm producers, but no further classification of biofilm
formation was undertaken (Moreira et al., 2012). Similarly, 40% (33/83) of P. aeruginosa
canine otic isolates were shown to produce biofilms, and were categorised as weak (8.4%),
moderate (18.1%) or strong (13.3%) biofilm producers (Pye, Yu, & Weese, 2013). Two studies
investigated the association of biofilm-forming ability, biofilm-associated genes (icaA and
icaD) and methicillin resistance in S. pseudintermedius isolated from healthy dogs or dogs with
skin infections (Han, Yang, & Park, 2015; Singh, Walker, Rousseau, & Weese, 2013). Both
studies reported that S. pseudintermedius isolates expressed icaA and icaD genes regardless of
resistance, and there was no difference in the ability to produce biofilm between methicillin-
susceptible S. pseudintermedius and MRSP. On the other hand, in a study investigating the
sequence types (ST)s of MRSP isolated from European dogs, MRSP isolates belonging to ST71
demonstrated significantly higher biofilm production in comparison with MRSP ST106 and

other MRSP isolates (Osland, Vestby, Fanuelsen, Slettemeds, & Sunde, 2012).
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Biofilms can play an important role in persistent infection in canine OE (Costerton et
al., 1999). Biofilms form a secure reservoir for planktonic bacteria that protect them from the
host immune system (Clutterbuck et al., 2007; Nuttall, 2016). Moreover, the development of
the exopolysaccharide matrix forms a barrier that reduces the penetration of antimicrobial
agents that are normally effective against the planktonic state of bacteria (Mah & O'Toole,
2001). For instance, Pye et al. (2013) demonstrated that the MIC90 of gentamicin increased by
16-fold in the biofilm-embedded P. aeruginosa canine OE isolates in comparison to the
planktonic state. The presence of persister cells in the slow-growing and stationary growth
phases of both planktonic and biofilm cultures has been proposed to increase AMR (Jacques,
Aragon, & Tremblay, 2010; Spoering & Lewis, 2001). Treatment failure and recurrence of OE
can also occur when some antimicrobials manage to diffuse into biofilms causing bacteria to
be exposed to an intermediate concentration of antimicrobials in which leads to selective

pressure and mutational resistance (Nuttall, 2016).

1.6.4 Zoonotic transmission

Zoonotic transmission of AMR from companion animals to humans is a public health concern
(Pomba et al., 2017). Humans and animals sharing the same environment or living in close
contact were shown to harbour identical strains of methicillin-resistant Staphylococcus spp.
(Morris, Boston, O’Shea, & Rankin, 2010). From an investigation of 171 veterinary
dermatology staff and their respective pets (dogs and cats), three households were found to be
sharing genetically identical MRSP strains using pulsed-field gel electrophoresis (PGFE)
(Morris et al., 2010). In a companion animal clinic, MRSP strains isolated concurrently from
healthy animals, animals with wounds, veterinary staff and environmental samples revealed
indistinguishable PGFE profiles with similar resistance patterns (Van Duijkeren et al., 2008).
Furthermore, veterinary professionals are at higher risk of cross-colonisation with MRSP
strains due to their daily contact with companion animals (Rodrigues et al., 2018; Sasaki et al.,

2007). Indirect evidence of zoonotic transmission was shown from a survey involving 128
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small animal dermatologists, where 3.9% of them were carriers of MRSP (Paul, Moodley,

Ghibaudo, & Guardabassi, 2011).

There are also increasing reports of owners diagnosed with S. pseudintermedius skin
and soft tissue infections, transmitted from their pet dogs. S. pseudintermedius is a normal skin
and nasal flora inhabitant in healthy dogs but can become an opportunistic pathogen in dogs
and susceptible individuals, including humans (Bannoehr et al., 2007). In a Canadian survey,
twenty-four human cases of skin and soft tissue infections were associated with S.
pseudintermedius of canine origin with three cases of MRSP identified (Somayaji, Priyantha,
Rubin, & Church, 2016). Tanner, Everett, and Youvan (2000) confirmed that S.
pseudintermedius (previously known as S. intermedius) isolated both from a healthy dog and
its owner who suffered from otitis externa was identical by molecular phylogenetic techniques,
whereas Lozano et al. (2017) demonstrated identical strains of S. pseudintermedius in two
patients diagnosed with skin diseases and their respective healthy dogs by PGFE. In another
case, S. pseudintermedius was isolated both from a man suffering from a skin infection and his
three healthy dogs indicating possible zoonotic transmission (Robb, Wright, Foster, Walker, &
Malone, 2017). The majority of reports mentioned earlier involved detection of identical S.
pseudintermedius strains from sick owners and their healthy dogs, but there were also cases
involving dogs with dermatological conditions. S. pseudintermedius was isolated from patients
suffering from chronic rhinosinusitis with underlying immune disorders as well as from their
respective dogs with otitis and soft tissue infections (Kuan, Yoon, Vijayan, Humphries, & Suh,

2016).
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1.7 Strategies to combat antimicrobial resistance

1.7.1 Development of new drugs

There is an urgency to develop new antibiotics to cope with the emerging of AMR. However,
there are multiple challenges in the process of antibiotic discovery from preclinical stages to
post-approval clinical trials. The first five to six years of preclinical trials has a low (17.3%)
and unpredictable probability of success (O’Neill, 2015). Antibiotic discovery can take up 13
years and be very expensive, with research, post-approval and marketing costs of up 2.8 billion
USD (DiMasi, Grabowski, & Hansen, 2016; O’Neill, 2015). Since 1960, only four new
antibiotic classes have emerged — the quinolones, lipopeptides, streptogramins and
diarylquinolines with a majority of analogues of existing antibiotics being approved
(Chaudhary, 2016; Lewis, 2013). Drug approval has been problematic due to stringent
regulatory requirements to demonstrate the safety and efficacy of a new drug (Projan, 2003).
Daptomycin, a lipopeptide class antibiotic was discovered in 1986 but was only approved for
use against Gram-positive bacteria after 17 years in 2003 (Lewis, 2013). Furthermore, newly
introduced antibiotics can rapidly become ineffective as soon as resistance develops. For
instance, ciprofloxacin was discovered in 1961 but resistance was documented in 1968, the
same year the antibiotic was introduced to clinics (Lewis, 2013). Consequently, major
pharmaceutical companies have exited the field of antibiotic research and development due to

a poor return on investment and lack of incentives (Blaskovich, 2019; Lewis, 2013).

1.7.2 Antimicrobial stewardship

Responsible use of antimicrobials is necessary to cope with the emergence of antimicrobial
resistance and exhaustion of effective antibiotics. Effective antimicrobial stewardship requires
multidimensional approaches and involvement of everyone associated with the use of
antimicrobials to preserve the efficacy of existing antibiotics and minimise the development of

resistance (Prescott, 2014; Scott Weese et al., 2013). Veterinary practice guidelines, collection
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of clinical microbiology data, consideration of drug pharmacokinetics and pharmacodynamics,
antibiotic resistance and use surveillance, national and international drug regulations, infection
control practices, and client compliance are part of the multifaceted approaches of
antimicrobial stewardship in veterinary medicine (Guardabassi & Prescott, 2015; Weese et al.,

2013).

There are five R’s in the general principle of antimicrobial stewardship including
responsibility, reduction, refinement, replacement and review (Page, Prescott, & Weese, 2014).
For example, a prescriber uses an antimicrobial responsibly by making an accurate diagnosis,
following antimicrobial guidelines for the right drug, frequency, dosage and duration, reducing
and replacing the use of antimicrobials preferably with alternatives and finally, reviewing the
need for the therapy (Dyar, Huttner, Schouten, & Pulcini, 2017; Scott Weese et al., 2013).
Whenever possible, a narrow-spectrum antimicrobial should be chosen over a broad-spectrum
drug based on culture and susceptibility testing, a topical rather than systemic therapy should
be used in superficial skin diseases, and the use of critically important antimicrobials for human

medicine should be avoided in veterinary medicine (Guardabassi & Prescott, 2015).

Establishing categorisation of antimicrobials used in veterinary practice is an excellent
way to implement antimicrobial stewardship (Guardabassi & Prescott, 2015; Prescott, 2014;
Weese et al., 2013). The categorisation should take into consideration the World Health
Organisation (WHO) critically important antimicrobial (CIA) list for human medicine as well
as World Organisation for Animal Health (OIE) CIA list for veterinary medicine (OIE, 2019;
WHO, 2019). The first-, second-, and third- line of antimicrobial classifications are commonly
adopted based on the severity of infections (minor to life-threatening), culture and sensitivity
testing, the level of importance to human medicine and the likelihood of resistance
development (Weese et al., 2013). Another type of antimicrobial categorisation involves
communication between prescribers, an antimicrobial stewardship coordinator and a panel of

experts as follows: first-choice drugs (prescribed without restriction), restricted drugs (only
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prescribed for specific indications) and reserve drugs (prescribed only with permission)

(Guardabassi & Prescott, 2015).

1.7.3 Alternative therapies

The remaining effective antimicrobials are limited (Blaskovich, 2019). Until recently, major
pharmaceutical companies have abandoned antibiotic discovery, which will lead to no new
antibiotics to combat AMR in the near future (Blaskovich, 2019; Projan, 2003). Many studies
have now focused on alternative therapies to combat methicillin- and multidrug-resistance in
resistant pathogens such as vaccines, bacteriophage therapy and monoclonal antibodies (Rello,

Parisella, & Perez, 2019).

The first investigation into the use of bacteriophage mixtures as an ototopical therapy
for P. aeruginosa canine OE demonstrated promising results of increase bacteriophage count
that corresponded with clinical improvement and reduction in Pseudomonas bacterial count
(46 — 96.8%) without apparent adverse effects (Hawkins, Harper, Burch, Anggérd, & Soothill,
2010). A more recent study found that bacteriophages effectively lysed a majority (71.8%) of
the P. aeruginosa strains (n=39) isolated from canine skin diseases including OE as well as

66.7% of the fluoroquinolone resistant P. aeruginosa strains (n=6) (Furusawa et al., 2016).

Natural antimicrobial therapies, such as honey bee products have been explored as
alternative OE treatments. Argentine propolis extract formulation was used as a topical
antibacterial and anti-inflammatory therapy in 38 dogs, with 71% showing satisfactory
improvement, clinically and microbiologically (Lozina et al., 2010). The propolis extract was
also found to be effective against M. pachydermatis (100%) and Staphylococcus aureus (94%)
at two weeks post-treatment (Lozina et al., 2010). Another study tested 12 Argentine propolis
ethanolic extracts, and they were found to be bacteriostatic against S. aureus, S. intermedius
and S. haemolyticus isolated from canine otitis (Salas et al., 2014). Brazilian propolis extract

demonstrated bactericidal and fungicidal activities against S. intermedius and M.
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pachydermatis canine otic isolates with minimum bactericidal concentration (MBC)o at 21
mg/ml and minimum fungicidal concentration (MFC) at 5.3 mg/ml, respectively (Cardoso,
Maboni, Machado, Alves, & de Vargas, 2010). The use of medical grade honey (MGH) gel in
15 dogs with OE achieved 70% clinical cure within 1-2 weeks and overall improvement in
otitis clinical signs of erythema, swelling, edema and exudates (Maruhashi et al., 2016).
Additionally, MGH was found to possess biocidal activity against various OE isolates,

including MRSP (Maruhashi et al., 2016).

Other alternative therapies for canine OE found in the literature include herbal
medicines and essential oils. An ethyl acetate leaf extract of Harugana madagascariensis
exhibited antimicrobial activities against S. intermedius, P. aeruginosa, and M. pachydermatis
otic isolates from dogs and cats with MICs ranging from 50 to 250 pg/ml and MBCs ranging
from 125 to 500 pg/ml (Moulari, Pellequer, Chaumont, Guillaume, & Millet, 2007). A
comprehensive study of the efficacy of nine commercial essential oils revealed that
canine/feline otic MRSP strains were susceptible to oregano (Origanum vulgare), basil
(Ocimum basilicum) and clary sage (Salvia sclarea) whereas MDRPA strains were sensitive to
rosemary (Rosmarinus officinalis), basil, and clary sage, with highest MICs reported up to
18.34 pg/ul (18,340 mg/ml) (Ebani et al., 2017). Another study demonstrated that cinnamon
essential oil and cinnamaldehyde were excellent antimicrobials against MDRSP, MDRPA and
M. pachydermatis associated with canine OE (Sim et al., 2019). Additionally, a combination
of either cinnamon oil or cinnamaldehyde with a chelating agent, EDTA produced synergistic
activity against MDRPA with 15- to 30- fold reduction in the MICs without EDTA (Sim et al.,

2019).
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1.7.4 Repurposing of old drugs for new purposes

Repurposing the use of existing antimicrobials for new purposes is an alternative way to
overcome the challenges in AMR and unavailability of new antibiotics, whilst adhering to good
principles of antimicrobial stewardship. Repurposing old drugs to fight pathogens that are
resistant to conventional antimicrobials has become more common (Chong & Sullivan, 2007).
To discover, develop and obtain marketing approval for new drugs in the U.S. market can cost
over 2.8 billion dollars and take over 10 years (DiMasi et al., 2016). There is a high risk of
failure (82.7%) in the preclinical stage alone that may take up to 6 years (Hong, Ipema, Gabay,
& Lodolce, 2011; O’Neill, 2015). Using old drugs with known toxicological and
pharmacokinetic profiles with an acceptable level of safety and tolerability is a much cheaper
and efficient option than developing entirely new antibiotics (Oprea & Mestres, 2012;

Strittmatter, 2014). (Ashburn & Thor, 2004).

As a classic example of drug repurposing, two types of salicylanilide used exclusively
as anthelmintic drugs, namely niclosamide and oxyclozanide, have potential efficacy in treating
antimicrobial-resistant staphylococcal infections (Rajamuthiah et al., 2015). Similarly,
auranofin, an antirheumatic drug, was repurposed as a topical antimicrobial agent for skin and
wound infections caused by methicillin-resistant S. aureus, vancomycin-resistant S. aureus and
vancomycin-intermediate S. aureus (Thangamani, Mohammad, Abushahba, Sobreira, &
Seleem, 2016). An antifungal agent, ciclopirox has shown potential antimicrobial effectiveness
against MDR infections caused by Gram-negative pathogens such as Acinetobacter baumannii,
Escherichia coli and Klebsiella pneumoniae (Carlson-Banning et al., 2013). In another study,
ciclopirox was used as an adjuvant to enhance the antimicrobial activity of polymyxin B, which
successfully produced in vitro synergistic effects against Gram-negative bacteria including

MDR E. coli and MDR A. baumannii strains (Kim, Kim, & Pan, 2015).
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1.8 Carboxylic polyether ionophores (ionophores)

“lonophore” means carrier of ions in the translation of the original Greek (Pressman & Fahim,
1982). Carboxylic polyether ionophores such as narasin and monensin are important secondary
metabolites produced by Streptomyces spp., and they are commonly used as coccidiostats in
poultry and as rumen modulators or growth promoters in ruminants (Callaway et al., 2003;
Dutton, Banks, & Cooper, 1995; Russell & Strobel, 1989). Ionophores are only licenced for
use in animals and have demonstrated little evidence of bacterial resistance or co-selection for
resistance to other antimicrobial classes (Butaye, Devriese, & Haesebrouck, 2003; Subbiah,
Mitchell, & Call, 2016). The mechanism of action of ionophores involves the formation of
lipid-soluble complexes that allow monovalent (and in some cases divalent) cations to be
transported across cellular membranes by passive diffusion processes (Cybulski, Radko, &
Rzeski, 2015). Early literature describes carboxylic polyether ionophores as being highly
lipophilic mobile ion carriers of approximately 520 — 950 MW that could rapidly dissolve into
bacterial cell membranes resulting in the following effects: ion binding, shielding of ionic
changes, translocation of ions across the bacterial membrane and disruption of ion gradients
(Pressman, 1976). Other studies describe ionophores as compounds that interfere with the
natural ion transport system, lowering the energy barrier necessary for the transmembrane
transport of ions, and catalysing an electroneutral cation-proton exchange across the barrier
which abolishes the gradient of Ca*, Mg?*, K" and Na" across bacterial cell membranes
(Butaye et al., 2003). Gram-positive bacteria are highly susceptibility to ionophores due to their
porous peptidoglycan layer that allows small molecules such as the lipophilic ionophores to
pass through the bacterial cell wall, permeate and dissolve into the cytoplasmic membrane
(Callaway et al., 2003). In general, ionophores are not effective against Gram-negative bacteria.
The Gram-negative bacterial cell wall contains a lipopolysaccharide layer, outer membrane and
periplasmic space that does not permit penetration of hydrophobic molecules with a MW > 600

(Butaye et al., 2003).
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Ionophores are safe and effective in the target animals at the prescribed and
recommended dosage levels for oral consumption. However, ionophore toxicity has been
reported due to mixing errors or ingestion of a ration, premix or concentrated product
accidentally or intentionally in non-target animals such as horses, goats, pigs, dogs and cats as
well as overdosing in target animals (i.e. chickens, cattle and sheep) (Novilla, 1992; Roder,
2011). Ionophore toxicity is typically associated with clinical signs of anorexia, diarrhoea,
dyspnoea, ataxia, depression, recumbency and death, and pathological features of degenerative
cardiomyopathy, musculoskeletal necrosis and congestive heart failure (Novilla, 1992). Horses
were found to be the most sensitive non-target species with the lowest estimated oral median
lethal dosage (LDso) of monensin at 2 mg/kg which was comparatively 100x, 13x, 6.5x, > 5x,
and 5x lower than the estimated LDso for chicken, cattle, swine, dog, and sheep respectively
(Todd, Novilla, & Howard, 1984). Ionophore toxicity is generally observed after oral

consumption, but limited literature describes toxicity after topical exposure.

1.8.1 Monensin

Monensin, previously known as monensic acid, is a monovalent carboxylic polyether
ionophore produced by Streptomyces cinnamonensis (Butaye et al., 2003). Monensin is a
lipophilic ion carrier with a MW of 670 that transports Na“ more efficiently than K (Butaye et
al., 2003; Pressman, 1976). Monensin disrupts the balance of intracellular and extracellular
cations of the target bacterial cell by exchanging proton H" with either K or Na” which causes
accumulation of intracellular protons and disruption of ionic and pH gradients (Dutton et al.,
1995; Russell, 1987). Then, multiple ATP linked efflux pumps are activated to re-establish ion
and pH gradients until intracellular ATP pools are exhausted, leading to cell death (Callaway
et al., 2003; Russell & Strobel, 1989). Monensin sodium (Coban®, Elancoban®, Rumensin®) is
commercially available as an anticoccidial agent, feed additive and growth promoter in
chickens, turkeys and cattle (EFSA, 2004b; EMEA, 2007). In ruminants, monensin improves

feed efficiency by changing ruminal fermentation resulting in decreased production of
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methane, ammonia and lactic acid, increased propionate production, nitrogen retention and
reduction in ruminal acidosis leading to efficient energy and protein utilisation (Callaway et
al., 2003; Russell & Strobel, 1989). The antimicrobial activity of monensin has been widely
investigated in isolates associated with commercial poultry and ruminants. Clostridium
perfringens isolated from broiler chickens (n=26) and turkeys (n=22) were both susceptible to
monensin with MICso and MICoo at 1 pg/ml (Watkins, Shryock, Dearth, & Saif, 1997). A
Belgian antimicrobial resistance survey on C. perfringens (n=44) isolated from 31 broiler
chickens farm revealed 100% susceptibility to monensin with both MICso and MICoo at four-
fold lower concentrations (0.25 pg/ml) than findings by Watkins et al. (1997). R. O. S. Silva
et al. (2009) determined effectiveness of monensin against C. perfringens (n=55) isolated from
broiler chickens by agar dilution method revealing MICso at 0.25 pg/ml and MICoo at 0.5 pg/ml.
However, monensin has also been evaluated for its efficacy against other pathogens. In an
Australian bovine mastitis study (n=141), monensin was effective against S. aureus, coagulase-
negative staphylococci, methicillin-resistant staphylococci and Streptococcus spp. with MICso
and MICoo at 2 and 8 pg/ml, respectively (Hickey et al., 2018). Other studies have looked into
the potential of monensin in treating human infections (Rajendran, Ilamathi, Dutt,
Lakshminarayana, & Ghoshi, 2018). S. epidermidis, a normal inhabitant of human skin and
mucous membranes, but a primary cause of chronic nosocomial infections, was sensitive to
monensin (n=12) with MIC ranging from 0.5 to 2 pg/ml with MICoo of 2 ng/ml and MBCoo at
16 pg/ml (Stefanska, Stepien, Huczynski, & Tyski, 2015). Monensin was also effective against

MRSA (n=5) at 4 pg/ml and VRE (n=3) at 16 ug/ml (J. C. Yoo et al., 2007).

The toxicology profile of monensin has been studied extensively in laboratory animals
and livestock. However, toxicity in dogs has also been reported. Monensin poisoning in dogs
was reported due to accidental contamination of dog food with monensin in feed milling
factories or farm dogs exposed to the ration prepared for cattle and chicken. Clinical signs
included neurological disorders, cardiac and skeletal myopathy, gastrointestinal disorders and

death. (Warnock, 2016; Wilson, 1980). In a 3-month and 1-year chronic oral monensin toxicity
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study in Beagle dogs the lowest no observed effect levels (NOEL) were seen at doses of < 5
mg/kg (~200ppm) and < 2.5 mg/kg, respectively (Todd et al., 1984). Dogs given doses above
the NOEL (15 mg/kg and 50 mg/kg) showed signs of toxicity including anorexia, weakness,
ataxia and elevated serum muscle enzyme while pathologic lesions of skeletal muscle and
cardiac degeneration and necrosis were found in dead animals (Todd et al., 1984). In terms of
topical toxicity, a single application of mycelial monensin (Elancoban®) at 500 mg/kg on
clipped and abraded skin of rabbits for 24 hours and observation for 2 weeks revealed no dermal
toxicity or irritation except slight skin redness in one animal (EFSA, 2004b). However, the
application of crystalline monensin on mice ear pinnae caused a delayed contact
hypersensitivity using a local lymph node assay, indicating monensin is a weak contact

sensitiser (EMEA, 2007).

1.8.2 Narasin

Narasin is a monovalent carboxylic polyether ionophore (MW 700-800) produced by the
fermentation process of Streptococcus aureofaciens followed by extraction and purification
with organic solvents (Berg & Hamill, 1978; Dutton et al., 1995). Narasin (Monteban® G100,
Maxiban®, Elanco) is commercially available as a feed additive to improve feed efficiency and
growth as well as control and prevention of coccidiosis in poultry (Bampidis et al., 2018;
EFSA, 2004a). However, the earliest study by Berg and Hamill (1978) also revealed the in
vitro effectiveness of narasin against Gram-positive bacteria (S. aureus and Streptococcus
faecalis, MIC=100 pg/ml; Mycoplasma spp., MIC=6.25 — 12.5 png/ml ), anaerobic bacteria
(Actinomyces bovis and Clostridium perfringens, MIC < 0.5 pg/ml) and fungi (Candida spp.,
MIC= 100 pg/ml; Trichophyton mentagrophytes, MIC=12.5 ng/ml). Nagaraja and Taylor
(1987) reported on the susceptibility of Gram-positive anaerobic ruminal bacterial strains,
Eucobacterium spp., Lactobacillus spp., and Streptococcus spp. to narasin with MIC ranging
from 0.19 to 3 pg/ml. Furthermore, Gram-negative staining ruminal bacterial strains such as

Butyrivibrio spp., Lachnospira spp. and Ruminococcus spp. were identified as possessing a
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Gram-positive-type cell wall structure during the period of study and being susceptible to
narasin with an MIC range of 0.19 — 0.75 pg/ml (Nagaraja & Taylor, 1987). Antimicrobial
activities of narasin were also frequently reported in C. perfringens, known to cause necrotic
enteritis and cholangiohepatitis in chickens and turkeys, with MICoo ranging from 0.03 to 0.5
ng/ml (Johansson, Greko, Engstrom, & Karlsson, 2004; Martel et al., 2004; R. O. S. Silva et
al., 2009; Watkins et al., 1997). In a recent study, narasin and other ionophores were tested in
vitro for the potential to be repurposed as intramammary therapies in bovine mastitis (Hickey
et al.,, 2018). Narasin was found to effective against S. aureus (n=39; MICs0=0.5 ng/ml;
MICo=1 pg/ml), coagulase-negative staphylococci (n=22; MICs0=0.25 pg/ml; MICo0=0.5
ng/ml), methicillin-resistant staphylococci (n=7; MIC range=0.25-1 ng/ml) and Streptococcus
spp. (n=72; MIC range= <0.06 — 0.25 pg/ml) isolated from bovine mastitis (Hickey et al.,

2018).

Even though narasin has been widely used as a feed additive in livestock, low
propensity for resistance was found, and there was no cross-resistance to other antimicrobials
except salinomycin (Butaye, Devriese, & Haesebrouck, 2000; EFSA, 2004a; Subbiah et al.,
2016). In a South Australian survey on antimicrobial resistance of Enterococcus spp. isolated
from slaughtered pigs, 100% susceptibility was found to narasin at 1 pg/ml determined by the
agar dilution method (Fard, Heuzenroeder, & Barton, 2011). However, in a study comparing
the efficacy of narasin against C. perfringens isolated from piglets presented with and without
diarrhoea, reduced susceptibility was found in C. perfringens causing diarrhoea where narasin
MICoo increased by 32-fold compared to C. perfringens isolated as normal flora (MICoo=8

pug/ml) (Salvarani et al., 2012).

Toxicology profiles of narasin have been investigated extensively in laboratory animals
including rats, mice, rabbits and dogs for acute and chronic oral toxicity, dermal toxicity and
irritation, and skin sensitization (Novilla, Owen, & Todd, 1994). In an acute oral narasin
toxicity study in dogs, LDso was estimated at > 10 mg/kg body weight post oral administration
of a single dose of a 5% mycelial narasin capsule and observation for 2 weeks (Novilla et al.,

50



1994). Clinical signs of acute oral narasin toxicity included anorexia, dullness and depression,
diarrhoea, leg weakness, ataxia and death (Novilla et al., 1994). Similar observations were
reported in 20 dogs poisoned by a batch of dog food contaminated with narasin premix intended
for broilers in the factory packaging process (Karsai, Papp, Salyi, Bago, & Kantas, 1990).
Intravenous administration of narasin at concentrations of 0.153, 0.076 and 0.004 mg/kg
increased heart rate, mean blood pressure and coronary artery blood flow, respectively, in both
anaesthetised and conscious dogs (Novilla et al.,, 1994). The lowest NOEL in dogs was
observed at concentrations of 1 mg/kg and 0.5 mg/kg body weight after 3 months and 1 year
of oral daily dosing, respectively (EFSA, 2004a; Novilla et al., 1994). Narasin was determined
to be a non-skin sensitiser in a skin sensitisation study on guinea pigs which were given ten
intracutaneous injections of 0.25% crystalline narasin in safflower oil over 3 weeks (Novilla et
al., 1994). However, application of 25% (v/v) of narasin (Monteban®) on the ear pinnae of mice
resulted in increased ear thickness and a lymphoproliferative response indicating narasin to be
a potential skin sensitiser (EFSA, 2004a). Narasin did not cause apparent dermal toxicity and
irritation post 24h topical application on the shaved dorsum of rabbits with over a 2 week

observation period (Novilla et al., 1994).

1.9 Antimicrobial adjuvants

The use of adjuvants to enhance the antimicrobial activity of an existing antimicrobial agent is
an alternative strategy to the development of new antibiotics to treat resistant bacterial infection
and sparing the use of critically important antibiotics for human medicine (Ejim et al., 2011;
Wright, 2016). Antimicrobial adjuvants are active molecules, preferably with a weak or non-
antibiotic activity, that augment the activity of an antibiotic or antimicrobial when present in
combination against targeted resistant pathogens (Bernal et al., 2013). An antimicrobial
adjuvant can function in different ways. It can inhibit bacterial cell physiological pathways
such as inducing oxidative stress responses (e.g. tellurite), inhibiting synthesis and repair of

bacterial cell wall (e.g. fosfomycin), and inhibiting folic acid biosynthetic pathways (e.g. the
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synergistic combination of sulfamethoxazole and trimethoprim) (Bernal et al., 2013; Bushby,
1975; Kalan & Wright, 2011; Molina-Quiroz et al., 2012; Popovic, Steinort, Pillai, &
Joukhadar, 2010). An adjuvant can also be a blocker of antibiotic resistance elements. For
instance Augmentin® is a classic example of a commercially available antibiotic-adjuvant
comprising amoxicillin and the B-lactamase inhibitor clavulanic acid to inhibit the cell wall
synthesizing enzymes (penicillin-binding proteins) of pathogens resistant to 3-lactam antibiotic
(Domalaon et al., 2018; Gill, Franco, & Hancock, 2015; Worthington & Melander, 2013).
There are also adjuvants that enhance the uptake of antibiotics through bacterial membranes
by damaging the bacterial cell wall (e.g. bacitracin and vancomycin), increasing permeability
of bacterial membranes (e.g. EDTA) and interfering with the integrity of the
lipopolysaccharides of the outer membrane of Gram-negative bacteria (e.g. colistin or
polymyxin E) (Bernal et al., 2013; Kalan & Wright, 2011). Efflux pump inhibition (EPI) is
another mechanism of adjuvants to prevent antibiotics from being expelled from bacterial cells.
Phenylalanine-arginyl B-naphthylamide (PaiN) is one of the identified EPIs against resistance
nodulation division (RND) efflux pumps in Gram-negative bacteria including P. aeruginosa
(Gill et al., 2015; Pieren & Tigges, 2012). Additionally, adjuvants can change resistant-cell
physiology by dispersing biofilms to planktonic cells to increase the susceptibility of bacteria
to antibiotics such as D-aminoacids, human peptide LL-37 and peptide IDR-1018 (Bernal et

al., 2013; Pletzer & Hancock, 2016).
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1.9.1. N-acetylcysteine

N-acetylcysteine (NAC) is commonly used as a mucolytic agent as well as a non-antibiotic
agent with bactericidal and antibiofilm activities (Aslam & Darouiche, 2011; Samuni,
Goldstein, Dean, & Berk, 2013). The antimicrobial effect of NAC is thought to be due to its
ability to competitively inhibit the utilisation of amino acids such as cysteine by bacterial cells
(Parry & Neu, 1977; Zhao & Liu, 2010). Also, NAC can efficiently reduce disulfide bonds in
bacterial cell proteins, leading to alteration of cell structure, cell damage and death (Samuni et
al., 2013). Several in vivo studies in laboratory animals demonstrated that NAC antioxidant
properties are protective against chemotherapy-induced ototoxicity and noise-induced hearing
loss (Dickey, Muldoon, Kraemer, & Neuwelt, 2004; Feghali, Liu, & Van De Water, 2001;
Fetoni et al., 2009). However, there are conflicting reports on whether or not NAC reduces
oxidative stress or is otoprotective in cases of aminoglycoside-induced ototoxicity (e.g.
kanamycin and gentamicin) (Tepel, 2007). An early investigation found that NAC produced a
synergistic effect with kanamycin to cause further hearing loss and cochlear damage in guinea
pigs (Bock, Yates, Miller, & Moorjani, 1983), but in a subsequent study NAC reduced
ototoxicity induced by gentamicin in a rat model by preventing cochlear cell apoptosis

(Somdas, Korkmaz, Giirgen, Sagit, & Ak¢adag, 2015).

Multiple studies have demonstrated the in vitro antimicrobial activity of NAC against
veterinary and human pathogens. NAC was effective against S. pseudintermedius, P.
aeruginosa, Corynebacterium spp. and B-haemolytic Streptococcus spp. isolated from canine
OE with MICs ranging from 5,000 to 20,000 pg/ml (May, Conklin, & Bemis, 2016). Similarly,
P. aeruginosa strains associated with human chronic otitis media were susceptible to NAC at
concentrations of > 0.5% or 5,000 ng/ml (Lea et al., 2014). However, a previous study detected
much lower inhibitory concentrations of NAC with MICs ranging from 2 to 20 pg/ml against
P. aeruginosa strains isolated from the sputum of patients with lower respiratory infections
(Parry & Neu, 1977). They found that the growth curve and inhibition of P. aeruginosa in the

presence of NAC were both dose- and inoculum size-dependent (Parry & Neu, 1977). Another
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study demonstrated that NAC had excellent bactericidal activity against various bacterial
strains isolated from hospital device-associated infections (Aslam & Darouiche, 2011). Both
MIC and MBC of NAC ranged from 5,000 to 10,000 pg/ml against S. aureus, P. aeruginosa,
Enterobacter cloacae, K. pneumoniae and resistant pathogens such as MRSA and VRE (Aslam

& Darouiche, 2011).

Despite its own antimicrobial activity, NAC is also an important modulator of the
antimicrobial activity of other agents (Goswami & Jawali, 2010). Hence, although NAC can
enhance the activity of a primary antimicrobial agent such as penicillin and polymyxin, it can
also antagonise the antimicrobial activities of several types of antibiotics including
aminoglycosides, fluoroquinolones, macrolides and imipenem against different bacterial
strains (Goswami & Jawali, 2010; Parry & Neu, 1977; Rodriguez-Beltran et al., 2015; Saggers
& Lawson, 1966). NAC significantly potentiated the antimicrobial activity of carbenicillin
against P. aeruginosa strains isolated from cystic fibrosis patients, whereby carbenicillin MICs
reduced from 100 — 500 pg/ml to 0.4 — 62 pg/ml in the presence of 1% NAC (Roberts & Cole,
1981). Similar findings were reported by Parry and Neu (1977) in which additive or synergistic
activity was found against P. aeruginosa when NAC and carbenicillin or ticarcillin were used
in combination. On the other hand, NAC antagonised the antimicrobial activity of gentamicin
against P. aeruginosa and K. pneumoniae strains with up to 16-fold increases in MIC values
(Parry & Neu, 1977). Also, NAC inactivated the antimicrobial activity of neomycin but
synergised with polymyxin B with a 4-fold reduction of MIC against P. pyocyanea (Saggers &
Lawson, 1966). In the presence of NAC, the antimicrobial activity of two fluoroquinolones
ciprofloxacin and ofloxacin reduced and their MIC values increased from 2- to 64-fold against
E. coli, P. aeruginosa and K. aerogenes strains (Goswami & Jawali, 2010). In contrast, no
antagonism was found in an NAC and ciprofloxacin combination against 20 P. aeruginosa
strains, but a 50:50 split between synergism and no interaction was observed (Zhao & Liu,
2010). A recent study found that imipenem-susceptible P. aeruginosa strains became

unresponsive to imipenem treatment in the presence of NAC (Rodriguez-Beltran et al., 2015).
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They demonstrated that NAC antagonised imipenem by competitively inhibiting the uptake of
imipenem by OprD protein in the outer membrane of P. aeruginosa (Rodriguez-Beltran et al.,

2015).

The antibiofilm activity of NAC involves inhibition of bacterial adherence, reduction
of extracellular polymeric substance (EPS) matrix formation, disruption to mature biofilm
formation, and reduction of sessile cell viability (El-Feky et al., 2009; Marchese et al., 2003;
Olofsson, Hermansson, & Elwing, 2003; Perez-Giraldo et al., 1997). NAC has also been shown
to disrupt the disulfide bridges between the EPS matrix that maintains the integrity of biofilm
(Schwandt et al., 2004). NAC is commonly used as a flushing solution to physically remove
biofilm as part of the management of canine OE (Griffin & Aniya, 2017; Nuttall, 2016).
However, the literature on NAC antibiofilm activity in canine otic and other veterinary
pathogens is limited. The majority of studies are related to human respiratory and urinary tract
diseases and medical device-associated infections (Dinicola, De Grazia, Carlomagno, &
Pintucci, 2014). Multiple studies demonstrated that the antibiofilm activity of NAC is dose-
dependent where the reduction in biofilm formation increases as the concentration of NAC
increases simultaneously (El-Feky et al., 2009; Marchese et al., 2003; Perez-Giraldo et al.,
1997). Perez-Giraldo et al. (1997) found that 8 mg/ml of NAC reduced biofilm growth by >
50% in the majority of S. epidermidis strains associated with prosthetic and intravascular
devices. The combination of NAC with ciprofloxacin produced synergistic effects and
increased the inhibitory effects on biofilm production and pre-formed biofilms of S. aureus, S.
epidermidis, E. coli, K. pneumoniae, P. aeruginosa and Proteus vulgaris strains related to
ureteral stent placement (El-Feky et al., 2009). Furthermore, they found that the combination
of 2 pg/ml (2 MIC) of ciprofloxacin and 4,000 pg/ml of NAC entirely eradicated preformed
S. aureus biofilm using scanning electron microscopy (El-Feky et al., 2009). Similarly, Zhao
and Liu (2010) found that 500 pg/ml of NAC and "2 MIC of ciprofloxacin produced synergism
against P. aeruginosa biofilms and EPS production significantly reduced by 44.6% with 1,000

ng/ml of NAC. Additionally, P. aeruginosa PAOI biofilm was eradicated by NAC at 10,000
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ug/ml, which was observed using fluorescence confocal laser scanning microscopy (Zhao &
Liu, 2010). Another study revealed that 2 mg/ml of NAC potentiated the antimicrobial activity
of fosfomycin (2000 mg/1) to disperse initial and mature E. coli biofilms up to 80% and 73%,
respectively compared to 57% and 49%, respectively, if fosfomycin was used alone (Marchese
et al., 2003). A recent study demonstrated that the growth and biofilm formation of Gram-
positive skin pathogens, including S. aureus were completely inhibited at 25,000 ng/mL of

NAC (Eroshenko, Polyudova, & Korobov, 2017).

1.9.2 Ethylenediaminetetraacetic acid (EDTA) and ethylenediaminetetraacetic acid —

tromethamine (Tris-EDTA)

Ethylenediaminetetraacetic acid (EDTA) is a metal chelating agent with antimicrobial and
antibiofilm properties (Finnegan & Percival, 2015). Tromethamine (Tris) buffer enhances the
ability of EDTA to chelate and remove divalent cations such as Mg?" and Ca** ions that are
important in maintaining the integrity of the lipopolysaccharide cell wall of Gram-negative
bacteria (Goldschmidt & Wyss, 1967; Gray & Wilkinson, 1965; Vaara, 1992). Disruption by
EDTA or Tris-EDTA leads to solubilisation of the lipopolysaccharide molecules and increases
the permeability of primary antimicrobial agents into the inner membrane of resistant Gram-

negative organisms (Goldschmidt & Wyss, 1967; Gray & Wilkinson, 1965; Leive, 1965).

Tris-EDTA is a common ingredient found in ear cleaners or rinses to remove ear
debris, reduce microbial load and increase the susceptibility of otic pathogens to topical
antimicrobial therapy for canine OE (Nuttall, 2016; Paterson, 2016b). MDRPA canine otic
isolates (n=11) were susceptible to Tris-EDTA with MICs ranging from 2,200/600 —
8,900/2,400 png/ml (Buckley, McEwan, & Nuttall, 2013). In another study, a comprehensive
range of canine otic isolates were susceptible to EDTA with MICo of 190 pg/ml (S.
pseudintermedius), 750 ug/ml (P. mirabilis and B-haemolytic Streptococcus spp.) and 3,000

ug/ml (P. aeruginosa) (Khazandi et al., 2019).
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Tris-EDTA and disodium EDTA were also assessed for their antimicrobial activities as
ear cleaners as well as part of a formulation or poly-pharmaceutical commercial product
(Guardabassi, Ghibaudo, & Damborg, 2010; Swinney et al., 2008). Among ear cleaners
containing EDTA or Tris-EDTA, Epi-Otic® Advanced formula (Virbac, other ingredients:
salicylic acid 0.1%, parachlorometaxylenol 0.1%, docusate sodium and propylene glycol) and
TrizPlus® (Dermapet, other ingredients: chlorhexidine 0.15%) had equivalent antimicrobial
activity against S. intermedius at > dilution and M. pachydermatis at 1/8 dilution, but the
former was comparatively more effective against P. aeruginosa at 1/16 dilution (Swinney et
al., 2008). However, TrizEDTA® (Dermapet), which only contains Tris-EDTA, was not
effective at any dilution against S. intermedius, P. aeruginosa and M. pachydermatis canine
otic isolates (Swinney et al., 2008). Another study also found that Epi-Otic® Advanced formula
(Virbac) containing 0.5% EDTA effectively inhibited the growth of M. pachydermatis otic
isolates with > 40 mm zone inhibition compared to the other ear cleaners containing EDTA
(Mason et al., 2013). However, the presence of salicylic acid and parachlorometaxylenol in
Epi-Otic® (Virbac) may possess anti-yeast activity as well (Mason et al., 2013). Another study
demonstrated that the ear cleaner, Otodine® (Vetruus) containing 48 pg/ml of Tris-EDTA and
1,500 pg/ml of chlorhexidine was bactericidal at % dilution (12 /375pg/ml of Tris-
EDTA/chlorhexidine) against a wide range of otic pathogens including S. pseudintermedius,
Streptococcus canis, Corynebacterium auriscanis, P.aeruginosa, P. mirabilis, E. coli and M.

pachydermatis (Guardabassi et al., 2010).

There is a considerable amount of literature describing the efficacies of EDTA or Tris-
EDTA when combined with other antimicrobial agents, resulting in enhanced antimicrobial
activities against Gram-negative and Gram-positive bacteria, yeasts and fungi (Brown &
Richards, 1965; Farca et al., 1997; Wooley & Jones, 1983). An older study by Russell (1987)
used EDTA to increase the uptake and susceptibility of ionophores such as monensin, against
inherently resistant Gram-negative bacteria. Likewise, Tris-EDTA (50/250 mmol/l) was used

as a rinse twice a day for a week before the administration of cephaloridine, kanendomycin or
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enrofloxacin to potentiate the antimicrobial activity of these antibiotics against Gram-positive
and Gram-negative otic pathogens (Farca et al., 1997). An ear rinse containing Tris-EDTA and
benzyl alcohol was used to enhance the antifungal activity of 0.1% (1 mg/ml) ketoconazole
against M. pachydermatis otic isolates from dogs (Cole et al., 2007). Another study found that
Tris-EDTA increased in vitro efficacy of gentamicin and marbofloxacin against MDRPA
canine otic isolates (Buckley et al., 2013). They found that the median MBC for gentamicin
significantly reduced by 16-fold from 625 to 39.1 pg/ml whereas the median MBC for
marbofloxacin reduced slightly from 625 to 468.8 pg/ml in the presence of Tris-EDTA
(Buckley et al., 2013). In a recent study, Tris-EDTA (2250/600 pg/ml) potentiated the
antibacterial activity of gentamicin and orbifloxacin against MDRSP (n=20) and also,
enrofloxacin, marbofloxacin, orbifloxacin and gentamicin against P. aeruginosa (n=20) skin
isolates from dogs (Boyd, Santoro, & Gram, 2019). However, the potentiating activity of Tris-
EDTA with these antibiotics became pointless as their concentrations found in otic
formulations (e.g. 3,000 pg/ml of gentamicin in Otomax®™) were 27 x and 279 x higher than the
combined antibiotic/Tris-EDTA MICs against S. pseudintermedius (123.46 pg/ml) and P.

aeruginosa (4.12 ng/ml), respectively (Boyd et al., 2019).

The antibiofilm activity of EDTA or Tris-EDTA is associated with its ability to chelate
divalent cations Ca?", Mg?*, and Fe?* that causes destabilisation and dispersion of the EPS
matrix leading to detachment and killing of biofilms (Banin, Brady, & Greenberg, 2006; Z. Liu
et al., 2017). Z. Liu et al. (2017) demonstrated that 30,000 pg/ml (30 mg/ml) EDTA
significantly reduced EPS formation and viable bacterial cells in biofilms as well as decreasing
the thickness, average dispersal distance and textural entropy of Pseudomonas biofilms.
According to Banin et al. (2006), 18,600 pg/ml (50 mM) of EDTA reduced P. aeruginosa
PAOI1 biofilms from approximately 10® to 10° colony forming units (CFU) and a further
reduction to =10> CFU in the presence of 2,420 pg/ml (20 mM) of Tris (Tris-EDTA).
Furthermore, Tris-EDTA potentiated the antibiofilm activity of gentamicin (50 pg/ml) to

completely eradicate P. aeruginosa PAO1 biofilms (CFU=0), which was far more effective
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than the combination of gentamicin and EDTA alone (CFU=10%) or gentamicin alone
(CFU=10") (Banin et al., 2006). In an observation using confocal laser scanning microscopy, a
meagre concentration of EDTA at 5 pg/ml was able to synergistically reduce P. aeruginosa
PAOL1 biofilms when combined with 50 ng/ml of phenyl-arginine-p-napthylamide (PaN), an
efflux pump inhibitor (Y. Liu, Yang, & Molin, 2010). Conversely, the PAO1 biofilm formation
increased in 5 pg/ml of EDTA alone, which was likely due to the capability of EDTA to release
lipopolysaccharide and the latter serving as a matrix for biofilm cell attachment (Leive, 1965;
Y. Liu et al., 2010). In a recent investigation, 7,400 pg/ml (20 mM) of EDTA was found to
enhance the antibiofilm activities of commercial antiseptics such as Octenillin® (Schiilke &
Mayr GmbH), Prontosan® (B. Braun) and Betadine® (Meda Pharma) by 20,000-fold, 4000-fold
and 200-fold, respectively against S. aureus and P. aeruginosa biofilms associated with chronic

wound infections (Lefebvre, Vighetto, Di Martino, Garde, & Seyer, 2016).

Few studies have described the antibiofilm efficacy of EDTA or Tris-EDTA on biofilm-
associated OE in dogs. A previous investigation demonstrated that Triz-EDTA® (Dechra), an
ear rinse containing 530 pg/ml of Tris and 140 pg/ml of EDTA increased susceptibility of
canine OE P. aeruginosa biofilms (n=31) to neomycin and gentamicin with reduction of MICoo
by 2- and 16-fold, respectively (Pye et al., 2014). However, an antagonistic effect was observed
in 64.5% of the biofilm-embedded P. aeruginosa isolates when Triz-EDTA® (Dechra) was
used in combination with enrofloxacin (Pye et al., 2014). A recent study found that 380 pg/mL
(1 mM) of EDTA disrupted and reduced the growth of 24h pre-formed biofilms in S.

pseudintermedius (n=2) and P. aeruginosa (n=2) canine OE isolates (Khazandi et al., 2019).
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1.9.3 Monoglycerides

Monolaurin and monocaprin are bactericidal monoglycerides esterified from lauric acid and
capric acid respectively with glycerol (Da Silva, Medeiros, Langone, & Freire, 2003; Pereira,
da Silva, & Langone, 2004; Rarokar, Menghani, Kerzare, & Khedekar, 2017). They have
increasing applications in the food, cosmetic and pharmaceutical industries as emulsifiers,
preservatives and food additives, but they have also been used as antimicrobial agents for
mucosal and skin infections (John J Kabara, 1984; Thormar & Hilmarsson, 2007). Monocaprin
has been used as a model to identify the antimicrobial mode of action of monoglycerides
against both Gram-positive and Gram-negative bacteria using transmission electron
microscopy, in which disintegration of bacterial cell plasma membranes and cytoplasm
granules is seen but little effect observed on the cell wall (Gudmundur Bergsson, Arnfinnsson,
Karlsson, Steingrimsson, & Thormar, 1998; Gudmundur Bergsson, Arnfinnsson,
Steingrimsson, & Thormar, 2001). The combination of these two monogylcerides enhances
antimicrobial activity against Gram-positive organisms (Batovska, Todorova, Tsvetkova, &
Najdenski, 2009) while the combination of monolaurin with other natural antimicrobials such
as nisin and lactoperoxidase has shown additive to synergistic antibacterial activity against
Gram-negative organisms (Dufour, Simmonds, & Bremer, 2003). In general, monolaurin has
greater inhibitory activity against Gram-positive bacteria than monocaprin, but the latter has
been described as having a broader spectrum of activity against some Gram-negative and yeast
organisms (Jon J Kabara, Swieczkowski, Conley, & Truant, 1972; Rzicka, Velclova, Jani§, &
Krejci, 2003). Buiikova et al. (2011) found that monolaurin and monocaprin had antimicrobial
activity against S. aureus CCM 3953 at 250 pg/ml and 500 pg/ml, respectively and against P.
aeruginosa CCM 3955 at 1500 pug/ml. In another study, monolaurin and monocaprin displayed
much lower MICs against three S. aureus strains; 7.8 — 31.25 pg/ml and 62.5 - 125 pg/ml,
respectively (Batovska et al., 2009). The discrepancy in these results could be attributed to
differences in the chemical composition of the monoglycerides, experimental methods and

variation in the susceptibility characteristics of the tested strains.
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1.9.4 Polymyxin B nonapeptide

Polymyxin B nonapeptide (PMBN) is a derivative of polymyxin B with reported negligible
bactericidal activity but a higher affinity to bind to, disrupt and permeate the lipopolysaccharide
outer membrane of Gram-negative bacteria (Vaara, 1992; Martti Vaara & T Vaara, 1983;
Martti Vaara & Timo Vaara, 1983; Vaara & Viljanen, 1985). One study found that P.
aeruginosa ATCC 27853 was sensitive to PMBN at 4 pg/ml, but S. aureus ATCC 29213 was
less susceptible to PMBN with a much higher MIC at 64 pg/ml (Duwe, Rupar, Horsman, &
Vas, 1986). Similarly, P. aeruginosa IFO 3080 strain was highly susceptible to PMBN at 128

nmol/ml or 0.12 pg/ml (Sato, Shindo, Sakura, Uchida, & Kato, 2011).

Furthermore, PMBN was used as an antibiotic adjuvant to increase the susceptibility of
resistant Gram-negative bacteria to hydrophobic antimicrobials such as valinomycin,
novobiocin, fusidic acid, erythromycin, clindamycin and carbenicillin by at least 10-fold
(Alatossava, Vaara, & Baschong, 1984; Ofek et al., 1994; Viljanen & Vaara, 1984). For
example, PMBN at 5 ng/ml enhanced the antibacterial activity of valinomycin against E. coli
B strain with a 50-fold reduction in MIC (Alatossava et al., 1984). In the presence of 30 pg/ml
of PMBN, P. aeruginosa strains became susceptible to novobiocin with an MIC range of 0.1 —
8 ug/ml, having previously been resistant (MIC > 1000 pg/ml) (Ofek et al., 1994). On the other
hand, 30 pg/ml of PMBN reduced the MIC of fusidic acid by 300-fold against E. coli strains
(Viljanen & Vaara, 1984). In a recent study, PMBN at the sub-inhibitory concentration of 1
ng/ml was used to synergise the antimicrobial activity of an antibiotic-EPI combination, e.g.
azithromycin-PABN against MexAB-OprM overexpressing P. aeruginosa and MDRPA strains
(Ferrer-Espada et al., 2019). They found that both PMBN and PapN potentiated antibacterial
and antibiofilm activities of azithromycin with up to a 2,133-fold decrease in MIC and a 10

million times reduction in biofilm growth of P. aeruginosa strains (Ferrer-Espada et al., 2019).
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1.10 Research aims

The aims of this PhD project were as follows:

A. To investigate the antimicrobial activity of the ionophores narasin and monensin against
pathogens associated with canine otitis externa in vitro.

B. To investigate the antimicrobial activity of seven adjuvants —
N-acetylcysteine, Tris-EDTA, disodium EDTA, Tris-HCL, monolaurin, monocaprin,
and polymyxin B nonapeptide against pathogens associated with canine otitis externa
in vitro.

C. To determine the interaction between ionophores and adjuvants against pathogens
associated with canine otitis externa in vitro.

D. To determine the ability of pathogens associated with canine otitis externa to produce
biofilms.

E. To investigate the antibiofilm activity of ionophores (narasin and monensin) and
adjuvants (N-acetylcysteine, Tris-EDTA and disodium EDTA) against Staphylococcus

pseudintermedius biofilms and Pseudomonas aeruginosa biofilms.
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1.11 Thesis outline — a summary of experimental chapters

This thesis is presented as a series of five published or accepted journal articles. Each chapter
forms a separate scientific paper. Accordingly, some repetition between chapters exists in their

introduction and or methods sections.

Chapter 2 (Paper 1): In vitro antimicrobial activity of narasin against common clinical isolates
associated with canine otitis externa. In this paper, narasin, a polyether ionophore
conventionally used as a rumen modifier and anticoccidial agent in production animals, was
investigated for its efficacy against pathogens associated with canine otitis externa. Gram-
positive otic pathogens comprising methicillin-susceptible Staphylococcus pseudintermedius,
multidrug-resistant S. pseudintermedius and B-haemolytic Streptococcus spp. were highly
susceptible to narasin. Narasin was also found to have a weak anti-yeast activity against
Malassezia pachydermatis isolates. However, no antimicrobial activity was found against the

Gram-negative otic pathogens Pseudomonas aeruginosa and Proteus mirabilis.

Chapter 3 (Paper 2): In vitro antimicrobial activity of monensin against common clinical
isolates associated with canine otitis externa. Monensin was another polyether ionophore that
was investigated for its efficacy against pathogens associated with canine otitis externa.
Monensin was effective against all Gram-positive bacteria including the multidrug-resistant
staphylococci but lacked antimicrobial activity against Gram-negative bacteria and yeast

isolates.

Chapter 4 (Paper 3): In vitro antimicrobial activity of seven adjuvants against common
pathogens associated with canine otitis externa. Following the finding that both ionophores
lacked Gram-negative activity, seven potential adjuvants which might enhance antimicrobial
activity were investigated. Adjuvants with limited spectrum or no antimicrobial activity were

omitted after initial screening against Staphylococcus and Pseudomonas reference strains. N-
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acetylcysteine (NAC), Tris-EDTA and disodium EDTA were found to be the most promising
adjuvants with intrinsic antimicrobial activity that could be used to enhance the efficacy of

ionophores against Gram-negative and multi-drug-resistant bacterial infections.

Chapter 5 (Paper 4): In vitro antimicrobial activity of narasin and monensin in combination
with adjuvants against pathogens associated with canine otitis externa. Further investigations
were performed to evaluate the interaction between ionophores and adjuvants in vitro using a
checkerboard assay. The antimicrobial activity of narasin or monensin in the presence of an
adjuvant (NAC, Tris-EDTA or disodium EDTA) against bacterial strains representing
pathogens associated with canine otitis externa was investigated. The combination of narasin
with either Tris-EDTA or disodium EDTA produced additive effects against P. aeruginosa
strains. Also, an additive effect was found against Staphylococcus aureus when narasin or

monensin was combined with NAC.

Chapter 6 (Paper 5): Biofilm production by pathogens associated with canine otitis externa,
and the antibiofilm activity of ionophores and antimicrobial adjuvants. The phenotypic
characterisation of biofilm production in S. pseudintermedius and P. aeruginosa canine otic
isolates were described and evaluated. The majority of the otic isolates in this study were
biofilm producers. Further studies investigated the in vitro antibiofilm activity of ionophores
(narasin and monensin) and adjuvants (NAC, Tris-EDTA and disodium EDTA) against
moderate to strong biofilm producers of both strains. NAC eradicated biofilms produced by S.
pseudintermedius and P. aeruginosa strains while Tris-EDTA had antibiofilm activity against

P. aeruginosa biofilms only.
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Chapter 2: In vitro antimicrobial activity of narasin against

common clinical isolates associated with canine otitis externa
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Background - Antimicrobial resistance and antimicrobial stewardship are of ever-increasing importance in vet-
erinary medicine. Re-purposing of old drugs that are not used in human medicine is one approach that addresses
the emergence of multidrug resistance in canine skin and ear infections, and can reduce the use of critically
important human antibiotic classes.

Hypothesis/Objectives — To determine the antimicrobial activity of narasin, a polyether ionophore convention-
ally used as a rumen modifier and anticoccidial agent in production animals, against common clinical isolates of
canine otitis externa (OE).

Animals/Isolates - Clinical isolates (n = 110) from canine OE were tested, including 17 meticillin-susceptible
Staphylococcus pseudintermedius (MSSP), 13 multidrug-resistant Staphylococcus pseudintermedius (MDRSP),
and 20 each of B-haemolytic Streptococcus spp., Pseudomonas aeruginosa, Proteus mirabilis and Malassezia
pachydermatis.

Methods - Bacterial and yeast isolates were subcultured, suspended in broth and inoculated into 96-well plates.
Organisms were tested against concentrations of narasin ranging from 0.03 to 128 pg/mL. Minimal inhibitory
concentrations (MICs) were determined after overnight incubation.

Results - Narasin MICs for staphylococcal and streptococcal isolates ranged from 0.06 to 0.25 pg/mL; MICsq
and MICgg values for both organisms were 0.125 pg/mL. No MICs were achieved for Pseudomonas or Proteus
isolates. There was a weak antifungal effect against M. pachydermatis isolates (MIC 32 to >128 pg/mL).

Conclusions and Clinical Relevance — Narasin was effective against Gram-positive bacteria and had antifungal
activity at higher concentrations against M. pachydermatis. However, the lack of Gram-negative activity would
prevent its use as a sole antimicrobial agent in cases of canine OE.

United States concluded that canine OE was the third

Introduction

Otitis externa (OE) is one of the most common disorders
to affect dogs. A 1995 prevalence study involving over
31,000 dogs from 52 general veterinary practices in the
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most common disorder with a prevalence of 13%." A sub-
sequent UK survey from 1998 to 2001 found that otitis
was the most common dermatological diagnosis, account-
ing for 4.5% of all consultations in dogs.2 A further study in
the UK, using data derived from the VetCompass (Veteri-
nary Companion Animal Surveillance) database of 3,884
dogs from 89 practices, listed canine OE as the most fre-
quently recorded disorder, with a prevalence of 10.2%.°

Micro-organisms typically associated with OE are Sta-
phylococcus pseudintermedius (formerly S. intermedius),
Pseudomonas aeruginosa, B-haemolytic Streptococcus
spp., Proteus mirabilis and Malassezia pachydermatis.*™®
Emergence of antimicrobial resistance has been described
in a number of these bacterial species with increasing fre-
quency, especially meticillin-resistant  Staphylococcus
pseudintermedius (MRSP) which are often multidrug-resis-
tant to other antimicrobial Classes,7’9 and multidrug-resis-
tant P. aeruginosa which often show resistance to at least
three to four classes of antimicrobials.’® '

One approach to the problem of antimicrobial resis-
tance in the past is to incorporate more potent classes of
antimicrobial agents into topical otic treatments,
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particularly the newer generation fluoroquinolones such
as enrofloxacin and marbofloxacin. However, fluoro-
quinolone resistance is emerging, with Pseudomonas oti-
tis isolates showing resistance rates ranging from 47.9 to
53.1% for enrofloxacin and from 8.7 to 33.3% for mar-
bofloxacin.'®""'* The development of resistance to
these and other antibiotics among veterinary pathogens
also poses a potential threat to human health, particularly
among zoonotic multidrug-resistant strains with potential
to cause severe, life-threatening infections.'®"” Restrict-
ing the use of critically important antibiotics to safeguard
their future effectiveness, a fundamental element of
antimicrobial stewardship, is essential and is driving a
search for alternative antimicrobial agents to treat infec-
tions such as canine OE. However, discovering, develop-
ing and obtaining marketing approval of new drugs for
humans can cost over US$ 1.3 billion, can take an aver-
age of over 10 years, and comes with a high risk of failure
(up to 84% in the preclinical stage alone).’®°

An alternative approach to address both the issue of
antibiotic resistance and antimicrobial stewardship is the
concept of repurposing old drugs for new purposes.?°-22
For example, the salicylanilide anthelmintic drugs niclosa-
mide and oxyclozanide have been studied as potential
agents for the treatment of resistant bacterial infections,
with in vitro activity being demonstrated against meti-
cillin-resistant Staphylococcus aureus (MRSA) and Ente-
rococcus faecium.?® Polyether ionophores are highly
lipophilic molecules which transport monovalent or diva-
lent cations across the cell membrane of susceptible bac-
teria. These drugs are only licensed for animal use in
which they are commonly used as rumen modulators and
anticoccidial agents in production animals.?* 2% There is
little evidence of bacterial resistance or co-selection for
resistance to other classes of antimicrobials by the
ionophores.?’~3° These drugs are not suitable for develop-
ment as systemic antibiotics due to a low margin of
safety and potential toxicity in nontarget species. Poison-
ing or fatalities have been observed in horses, sheep,
goats, pigs, cats and wild birds that accidentally ingested
poultry or cattle feed containing ionophores.®'

Narasin, a monovalent polyether ionophore discovered
in the late 1970s by the fermentation process of Strepto-
myces aureofaciens, has been shown to be effective
against Gram-positive bacteria, anaerobic bacteria and
fungi.>? However, it has a very low therapeutic index and
has resulted in neurotoxicity, cardiac toxicity and toxic
myopathy in dogs following consumption of narasin-con-
taminated commercial dog food,®® and following sys-
temic administration.>* Despite this, narasin may have
value as a topical agent for the treatment of surface infec-
tions such as those found on the skin or in the ear.

The aim of this study was to investigate the in vitro effi-
cacy of the polyether ionophore narasin as an antimicro-
bial agent against common bacterial and yeast OE
isolates from dogs.

Materials and methods

Bacteria and yeast isolates
One hundred and ten clinical isolates from cases of canine OE were
collected from 22 government, private and university diagnostic
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laboratories throughout Australia. These organisms were speciated
by standard methods employed in the accredited laboratories using
Clinical and Laboratory Standards Institute (CLSI) guidelines. Seven-
teen  meticillin-susceptible  Staphylococcus  pseudintermedius
(MSSP) and 13 multidrug-resistant Staphylococcus pseudinter-
medius (MDRSP) were obtained from the first national survey of
antimicrobial resistance in animal pathogens conducted in Aus-
tralia.®® Other organisms comprised 20 each of f-haemolytic Strepto-
coccus spp. (BHS), Pseudomonas aeruginosa (PA), Proteus mirabilis
(PM) and Malassezia pachydermatis (MP). Type strains S. aureus
ATCC 29213, P. aeruginosa ATCC 27853, Streptococcus pneumo-
niae ATCC 49619 and Candida albicans ATCC 90028 were used to
determine appropriate narasin testing concentrations as well as
for internal quality control to monitor the reproducibility of minimal
inhibitory concentrations (MIC) during testing of clinical isolates.
ATCC strains were purchased from Abacus ALS, Queensland 4131,
Australia.

Antimicrobial agents

Technical grade narasin, >98% purity (BioAustralis; Smithfield, NSW,
Australia) was used for determining the MIC for each isolate. Testing
concentrations were determined based on CLSI guidelines®® and pre-
liminary experiments (data not shown). Stock solutions of each
antimicrobial [1.6 mg/mL for MSSP, MRSP and Streptococcus spp.
(BHS); and 12.8 mg/mL for P. aeruginosa, P. mirabilis and M. pachy-
dermatis|] were prepared in dimethyl sulfoxide, >99.9% (DMSO,
Sigma-Aldrich; St. Louis, MO, USA) and stored at —80°C until used.
Preliminary testing found that the <1% concentration of DMSO used
in final experiments did not affect the MIC results.

Antimicrobial susceptibility testing

The antimicrobial susceptibility for each isolate was determined using
MIC microdilution methodology as recommended by CLSI,%® with
minor modifications. Briefly, bacterial isolates were subcultured on
5% Sheep Blood Columbia Agar (Thermo Fisher Scientific; Scoresby,
Victoria, Australia) and incubated overnight at 37°C. A bacterial sus-
pension for each isolate was prepared in phosphate buffered saline
(Oxoid™; Basingstoke, Hampshire, UK) and adjusted to 0.5 McFar-
land standard followed by 1 in 20 dilutions. Two-fold serial dilutions
of narasin stocks were performed in DMSO and diluted 1:100 in
cation-adjusted Mueller Hinton Broth (CAMHB) (Becton Dickinson
Pty Ltd, Sparks, MA, USA) in 96-well microtitre plates (Nunclon™
Delta Surface, Thermo Fisher Scientific; Hvidovre, Denmark). Finally,
20 pL of the bacterial inoculum was added to 180 pL narasin solution
to achieve a final bacterial concentration of 5 x 10° colony forming
units (cfu)/mL and narasin concentrations of 0.03-16 pg/mL (MSSP,
MDRSP and BHS) and 0.25-128 pg/mL (P. aeruginosa, P. mirabilis).
Antimicrobial challenge plates for streptococcal isolates were pre-
pared using CAMHB supplemented with 5% lysed sheep blood. All
isolates and control strains were tested in duplicate. Negative growth
controls contained only CAMHB, and positive growth controls con-
tained CAMHB and bacterial suspension. Growth was assessed visu-
ally after overnight incubation at 37°C, with streptococcal isolates
being incubated in 5% CO,. MIC was determined as the lowest con-
centration of narasin that completely inhibited visible growth of the
organism. The MIC range (minimum and maximum), MICso and
MICgyo were recorded and calculated for each of the bacteria groups;
MICso and MICgyq values were defined as the lowest concentrations
of narasin at which 50 and 90% of the isolates were inhibited,
respectively.

Antifungal susceptibility testing

The antifungal susceptibility of M. pachydermatis isolates was per-
formed using a modified CLSI broth microdilution method.®”-3
Briefly, isolates were inoculated onto Sabouraud’s dextrose agar
(SDA) supplemented with 1% Tween 80 (Sigma-Aldrich) and incu-
bated for 72 h at 32°C. Organisms were then suspended in Sabour-
aud's dextrose broth (SDB) (Oxoid™) supplemented with 1% Tween
80 to obtain a uniform yeast suspension with an optical density (OD)
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between 0.2 and 0.3 at 600 nm wavelength (Eppendorf BioPhotome-
ter plus; Hamburg, Germany). A 1:100 dilution was performed and
50 plL of yeast suspension was added to 150 plL of narasin solution
to create a final inoculum concentration of 4-5 x 10° cfu/mL and
narasin concentrations of 0.25 to 128 pg/mL. The MIC end-point was
determined using a combination of two methods: visual end-point
reading of 50% growth inhibition compared with the positive growth
control, and spectrophotometric end-point reading of ODs70nm l€SS
or equal to 50% of the positive growth control. The MICs were
reported as described previously for bacteria antimicrobial suscepti-
bility testing.

Results

Narasin had antimicrobial activity against S. pseudinter-
medius (MSSP and MDRSP) and Streptococcus spp.
(BHS) with MICs ranging from 0.06 to 0.25 pg/mL
(Table 1). The narasin MICsq and MICgyq values for these
isolates were both 0.125 pug/mL. Furthermore, the 13 iso-
lates of S. pseudintermedius that were multidrug-resis-
tant were all susceptible to narasin, with MICs ranging
from 0.06 to 0.25 pg/mL. At the concentrations tested
there was no attainable narasin MIC for any P. aeruginosa
or P. mirabilis isolates. Narasin MIC for M. pachyderma-
tis ranged from 32 to >128 pg/mL, with MICsg and MICgg
values of 128 pg/mL and >128 pg/mL, respectively
(Table 1). These results were consistent with those
obtained for the ATCC type strains. Consistent confluent
growth was observed in all the positive growth control
wells and there was no growth in any of the negative
growth control wells.

Discussion

In this study, narasin was shown to have in vitro antimi-
crobial activity against the Gram-positive canine otic
pathogens S. pseudintermedius and B-haemolytic Strep-
tococcus spp., with MICs ranging from 0.06 to 0.25 pg/
mL. To the best of the authors’ knowledge, this is the first
report of narasin activity against these common Gram-
positive canine pathogens. Previous studies have focused
on its efficacy against Clostridium perfringens in poultry,
with MICs ranging from 0.03 to 0.25 pg/mL,%%*? and
multiple organisms isolated from the bovine rumen asso-
ciated with bloat and lactic acidosis.*®

The 13 isolates of multidrug-resistant S. pseudinter-
medius tested in this study were all susceptible to

Antimicrobial activity of narasin

narasin. A previous study investigating the efficacy of four
polyether ionophores against five MRSA and three van-
comycin-resistant enterococci (VRE) found that narasin
was the most effective in vitro, with MICs of 0.5 and
8 pg/mL, respectively.** These studies suggest that in
addition to having excellent activity against Gram-positive
organisms, narasin has potential as a topical treatment for
bacteria that have become resistant to multiple antibiotic
classes, including the critically important fluoro-
quinolones.

Narasin demonstrated antifungal activity against
M. pachydermatis but only at higher concentrations. The
narasin MICs ranged from 32 to >128 pg/mL. These
results were similar to one of the earliest studies on the
antimicrobial activity of narasin which reported MICs for
each isolate of Candida tropicalis, Trichophyton mentagro-
phytes and Ceratocystis ulmi were 100, 12.5 and 50 pg/
mL, respectively.®? However, if narasin was to be used
as a topical product, such as in an ear preparation, it is
likely that the concentration in the formulation would
exceed these higher MICs. Narasin may therefore also
have potential as a treatment for canine OE caused by
M. pachydermatis.

Narasin did not demonstrate any antibacterial activity
against the Gram-negative otic pathogens P. aerugi-
nosa and P. mirabilis, with MICs for both organisms
exceeding the highest tested concentration of 128 ng/
mL. Previous studies likewise reported that narasin and
other ionophores are not active against Gram-negative
bacteria.?®43

The mechanism of action of narasin relates to its highly
lipophilic properties, allowing it to insert into bacterial cell
membranes. It then chelates reversibly with Na*™ and K*
conveying them rapidly across the cell membrane where
they exchange for other monovalent cations such as
hydrogen ions, disrupting the normal ionic and pH gradi-
ents.*® In Gram-positive bacteria, it is likely that narasin
can penetrate the porous peptidoglycan cell wall layer
and cause an imbalance of intracellular concentration gra-
dients, disrupting cellular division and potentially leading
to cell death.?®?846 The inherent resistance of Gram-
negative bacteria is most likely due to the two-layered cell
wall structure of Gram-negative bacteria preventing nara-
sin from permeating into the inner cytoplasmic mem-
brane. This would stop the drug from interfering with
ionic gradients and bacterial cell functions.?>28

Table 1. Minimum inhibitory concentration (MIC) range and lowest concentration at which 50% and 90% of the isolates were inhibited (MICgq
and MICg, respectively) for 110 clinical isolates of canine otitis externa and MIC for quality control strains with narasin

Narasin concentration (ug/mL)

Clinical isolates MIC range MICso MICgo
Staphylococcus pseudintermedius (n = 30) MSSP (n = 17), MDRSP (n = 13) 0.06-0.25 0.125 0.125
B-haemolytic Streptococcus spp. (n = 20) 0.06-0.25 0.125 0.125
Pseudomonas aeruginosa (n = 20) >128 >128 >128
Proteus mirabilis (n = 20) >128 >128 >128
Malassezia pachydermatis (n = 20) 32—>128 128 >128

Quality control strains
Staphylococcus aureus ATCC 29213 0.125 - -
Streptococcus pneumoniae ATCC 49619 0.25 - -
Pseudomonas aeruginosa ATCC 27853 >128 - -
Candida albicans ATCC 90028 >128 - -

MSSP meticillin—sensitive Staphylococcus pseudintermedius, MDRSP Multiple drug resistant Staphylococcus pseudintermedius.
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The results of this study have shown that narasin could
be a suitable candidate to treat canine OE due to Gram-
positive organisms and, at concentrations >128 pg/mL,
Malassezia spp. However, further studies would be
required to assess suitable formulations and topical
safety in dogs. To date, there is only limited information
about the potential of narasin to cause cutaneous irrita-
tion in laboratory animals. No evidence of skin irritation
was seen when it was applied to the dorsum of rabbits,®*
but topical application to the pinnae of mice resulted in
some swelling.*°

Narasin would not be suitable as a sole antimicrobial
agent in cases of otitis externa with mixed infections or
those associated with Gram-negative organisms. Even
with the high drug concentrations achieved in topical
preparations, it is unlikely that this inherent resistance
could be overcome. This problem could be solved by the
addition of a second antimicrobial agent, but there is also
a possibility that addition of an adjuvant that weakens the
external cell wall of Gram-negative bacteria could remove
this resistance mechanism. This could lead to the organ-
isms becoming susceptible to narasin. Further studies
are underway to test this hypothesis.
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Contexte - La résistance antimicrobienne et la gestion antimicrobienne sont d’importance croissante en
médecine vétérinaire. L'utilisation d'anciens médicaments qui ne sont plus utilisés en médecine humaine
est une approche qui pourrait étre utile dans I'émergence des multi-résistances dans les infections
cutanées et auriculaires canines et pourrait réduire I'utilisation d'antibiotiques de classe critique d'-

portance humaine.

Hypotheses/Objectifs — Déterminer |'activité antimicrobienne de la narasine, un ionophore polyéther, con-
ventionnellement utilisé comme agent anticoccidien et modificateur de la flore ruminale en production ani-
male, dans le cadre des otites externes (OE) canines.
Sujets/Souches - Les isolats (n=110) des OE externes ont été testés (17 meticillin-susceptible Staphylo-
coccus pseudintermedius (MSSP), 13 multidrug-resistant Staphylococcus pseudintermedius (MDRSP), et
20 B-haemolytic Streptococcus spp., 20 Pseudomonas aeruginosa, 20 Proteus mirabilis et 20 Malassezia

pachydermatis).

Meéthodes - Les souches bactériennes et de levures ont été repiquées, mélangées et inoculées dans 96
puits. Les organismes ont été testés contre des concentrations de narasine allant de 0.03 a 128 pg/mL.
Les concentrations minimales inhibitrices (MICs) ont été déterminées apres une nuit d'incubation.

Résultats — Les MICs de narasine pour les souches de staphylocoques et de streptocoques allaient de
0.06 a 0.25 pug/mL; les valeurs de MICsq et MICgq pour les deux organismes étaient 0.125 pg/mL. Aucune
MIC n'a été déterminée pour Pseudomonas ou Proteus. Il y avait un effet antifongique faible contre M.

pachydermatis (MIC 32 a>128 pug/mL).

Conclusions et importance clinique - La narasine est efficace contre les bactéries Gram positives et a
un effet antifongique a de hautes concentrations contre M. pachydermatis. Cependant, le manque d'-
tivité contre les Gram positives pourrait empécher son utilisation en tant que seul agent antimicrobien dans

les cas d'OE canines.

Resumen

Introduccion - la resistencia a los antimicrobianos y el uso responsable de los mismos tienen una impor-
tancia cada vez mayor en medicina veterinaria. Buscar un nuevo uso a los medicamentos antiguos que no
se usan en medicina humana es un enfoque que afronta la aparicion de resistencia a mdltiples farmacos en
infecciones de la piel y el oido de perros, y puede reducir el uso de clases de antibidticos importantes en

medicina humana.

Hipétesis/Objetivos — Determinar la actividad antimicrobiana de narasina, un ionéforo de poliéter utilizado
convencionalmente como modificador del rumen y agente anticoccidial en animales de produccién, frente

aaislados clinicos comunes de otitis externa canina (OE).

Animales/aislados - se analizaron aislados clinicos (n = 110) de casos de OE canina, incluidos 17 Staphy-
lococcus pseudintermedius sensible a meticilina (MSSP), 13 Staphylococcus pseudintermedius resistente
a multiples farmacos (MDRSP) y 20 de cada uno de Streptococcus spp. beta-hemoliticos, Pseudomonas
aeruginosa, Proteus mirabilis y Malassezia pachydermatis.
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Meétodos - Los aislados bacterianos y de levadura se subcultivaron, suspendidos en caldo y se inocularon
en placas de 96 pocillos. Los organismos se expusieron a concentraciones de narasina que fueron desde
0,03 a 128 pg/mL. Las concentraciones inhibitorias minimas (MICs) se determinaron después de la incu-
bacién durante la noche.

Resultados - Las MICs de narasina para aislados de estafilococos y estreptococos variaron de 0,06 a 0,25
ug/mL; los valores MICso y MICgq para ambos organismos fueron 0,125 pg/ml. No se lograron MICs para
aislamientos de Pseudomonas o Proteus. Hubo un efecto antifiingico débil contra los aislados de M. pachy-
dermatis (MIC de 32 a >128 pg/ml).

Conclusiones y relevancia clinica - La narasina fue efectiva frente a bacterias Gram-positivas y tuvo acti-
vidad antiflingica en concentraciones mas altas contra M. pachydermatis. Sin embargo, la falta de actividad
Gram-negativa evitaria su uso como (nico agente antimicrobiano en casos de OE canino.

Zusammenfassung

Hintergrund - Antimikrobielle Resistenz und die mikrobielle Verantwortung sind von immer groRerer
Bedeutung in der Veterinarmedizin. Eine Zweckédnderung alter Medikamente, die in der Humanmedizin
nicht mehr verwendet werden ist eine Herangehensweise, die der zunehmenden Multi-Resistenzbildung
bei Haut und Ohrinfektionen des Hundes entgegenwirken und die Verwendung der in der Humanmedizin
kritischen Antibiotika Klassen reduzieren kann.

Hypothese/Ziele — Eine Bestimmung der antimikrobiellen Aktivitat von Narasin, einem Polyether lono-
phor, welches konventionell als Rumen-modifizierendes und anti-Coccidien- wirksames Produkt bei Farm-
tieren angewendet wird, gegenliber gewohnlichen klinischen Isolaten von Otitis externa (OE) bei Hunden.
Tiere /Isolate — Es wurden klinische Isolate (n=110) von Otitis externa von Hunden getestet. Es handelte
sich um 17 Methicillin-empfangliche Staphylococcus pseudintermedius (MSSP), 13 multidrug-resistente
Staphylococcus pseudintermedius (MDRSP), und jeweils 20 Isolate von B-hamolytischen Streptococcus
spp., Pseudomonas aeruginosa, Proteus mirabilis und Malassezia pachydermatis.

Methoden - Die Bakterien- und Hefeisolate wurden subkultiviert, in Bouillon angereichert und auf 96-Loch
Mikrotiterplatten inokuliert. Die Organismen wurden auf Konzentrationen von Narasin, die zwischen 0,03
und 128 pg/ml lagen, getestet. Die minimale Hemmkonzentration (MICs) wurden nach einer Inkubation
Uber Nacht bestimmt.

Ergebnisse - Die MICs der Staphylokokken und Streptokokken Isolate gegenliber Narasin rangierten von
0,06 bis 0,25 pg/mL; MICso und MICgo Werte betrugen fur beide Organismen 0,125 pg/mL. Es konnten fur
Pseudomonas oder Proteus Isolate keine MICs erstellt werden. Es bestand eine schwache antimykotische
Wirkung gegentiber M. pachydermatis Isolaten (MIC 32 bis > 128 pg/mL).

Schlussfolgerungen und klinische Relevanz — Narasin war wirksam gegeniber Gram-positiven Bakterien
und zeigte eine antimykotische Wirkung in hoherer Konzentration gegentiber M. pachydermatis. Aufgrund
der fehlenden Wirkung gegenliber Gram-negativer Aktivitat wiirde es jedoch als einziger Wirkstoff in Fallen
von OE des Hundes nicht eingesetzt werden konnen.

£33

HE - FANER L X OBIHAIO L OUEE I, BREFEIRIC B W CE T T EEIC 2> TV D, AE
PECIXBEM A SN TORWE WY A 7O O TR, KOG EORYE BT 5 ZHAmHE R
OHBUKT 57 7 n—FD12Th Y, Fe NEBRICHE W COIEFICHERPUEWE Y 7 ADOEH 25
FTZENRTED,

RH/EH - ZEOXBEEREAB L a7 20 2FlE LTREPDHBEH SN T ERY =—F A
A T FT T DT TV DRINFROE)D R IR R BRI S T 2 PR EZ IR ET 5 2 &,
HEWIDBERR — 170D A F 2 U g M Staphylococcus  pseudintermedius(MSSP), 138k 0> 2 At 14 Sta-
phylococcus pseudintermedius(MDRSP), #2085 2D p¥EIME L Bk, RS, Y vr o2 - 178
U A(Proteus mirabilis)} & O\~ 7 & F 7 % &1 KOEH KO A EERE® = 110),

FHE - AR L OWERE R A 8 U, RPSIRPICRB S, 967 = L7 L — MIEERE LT, &5y
Btk A2 -V T 0.03~128 ug/mLD T 7 o ATk Dt & Fahie Uiz, —Meksaitic, e/ NHLE R A (MIC)
ZRE LT,

R — 7 NUERE R K OSESHERE Y BER IC3 95 T 7 ¥ OMICIE, 0.06~0.25 ug/mL T > 7o, i
FEOMICs0F5 £ OMICoofif130.125 ng/ mLToh o7z, FRIRE 7217 07 U A5 HEEK TIEIMICITR 7
Molz, 7' FTHBHRICH LTI W PIEEIG M 2§80 72(MIC 32~>128 ug/mL),

B L UBRWAREEN - S 7 vid, 77 2BHMEIC L CTEZITHY . mIRETIE~ 78T T
X L CHEREEEZ R Lz, L LS, 77 ABRMICHT DIEEEZ 72 nZ &2k v, ROEIZ
4B HAE AR RV E B 2 B,

wE

R — PrA R 2GR R B 25 S 0 S 253 0. SRR T T NS R T 24, A2 40 R
B JRAN B2 2 B 22 Tird 2450 1) D7 vk, I L AT DAk /D 45 R o NS L M hiA: 3%

6 © 2018 ESVD and ACVD, Veterinary Dermatology

73



Antimicrobial activity of narasin

188/ B i — s FH A 2 20 TG M, R 26 A e P A AR S KR B T R AR B R A
H (OBl R WA A o

/R — WK EROEMIGIKE MR (n = 110)ZEAT MR, ELHE 174 FY 4 PG M 0 11 8 vl ) 280 ) 4 2R v
(MSSP), 134~ 2 i 24 {15 7] 71279 % Bk 4 (MDR SP) A1 20—V ML PERE BR B~ ZRMAB P B ~ &7 S AR JEAT B RN 5
B TR T

T5 ik — P2 A AU BRI T AL ARURE 9%, VR AE P h O )96 FLE . MU 00,0152 128pg/ mLiE
LA 1) PP L A 2 B o S OB 97 I T 2 S/ N ) R P (MITC)

S5 — 0 BR R RE BR T 1A bR (1) R S 26 8 38 MICYE [ 250.06 20,25 g/ mLs i A4 7 19 MIC50 FIMIC9O &
¥750.125ng/mL. MIC{H. X J5 K2 T 1 47 e 55 A S i I (MIC 322> 128ug/mlL),
SRAMGRARICHE — IR L% 300 9 22 [RBA PRI A 2 JF HAE ek B, 6 5 5 S hr (o T HL AT P B TR v
Pho BRI, BTk Z BT 22 I VR B G 1, 727697 X OEIN, FEJE $h 7 30 AN RE A S b A AR

Resumo

Contexto — A resisténcia a antimicrobianos e o gerenciamento do uso racional dos mesmos tem ganhado
importancia crescente na Medicina Veterinaria. A prescrigao de drogas antigas que nao sao utilizadas em
medicina humana é uma medida que aborda a emergéncia de multirresisténcia a antimicrobianos em
infecgoes de pele e condutos auditivos de caes e pode reduzir o uso de classes de drogas humanas critica-
mente relevantes.

Hipotese/objetivos — Determinar a atividade antimicrobiana de narasin, um poliéter ionéforo convencio-
nalmente utilizado como um modificador rumenal e agente anticoccidial em animais de produgao, contra
isolados clinicos comuns de otite externa (OE) canina.

Animais/Isolados - Os isolados clinicos (n=110) de OE canina foram testados, incluindo 17 Staphylococ-
cus pseudintermedius suscetiveisl a meticilina (MSSP), 13 Staphylococcus pseudintermedius mutltirresis-
tentes (MDRSP), e 20 de cada B-haemolytic Streptococcus spp., Pseudomonas aeruginosa, Proteus
mirabilis e Malassezia pachydermatis.

Métodos - Os isolados bacterianos e leveduricos foram subcultivados, suspensos em caldo e inoculados
em placas de 96 pogos. Os microrganismos foram testados para concentragoes de narasin de 0,03 a 128
ug/mL. Concentragoes inibitérias minimas (MICs) foram determinados apds incubagao durante a noite.
Resultados — Os MICs de narasin para os isolados de Staphylococcus e Streptococcus variaram de 0.06 a
0.25 pg/mL; os valores de MICgsq € MICgg para ambos os microrganismos foi 0.125 pug/mL. Nenhum MIC
foi atingido para os isolados de Pseudomonas ou Proteus. Houve um efeito antifdngico fraco contra os iso-
lados de M. pachydermatis (MIC 32 a>128 pug/mL).

Conclusoes e relevancia clinica - Narasin foi eficiente contra bactérias Gram-positivas e demonstrou ati-
vidade antifingica em altas concentracoes contra M. pachydermatis. Entretanto, a auséncia de atividade
contra Gram-negativos impediria 0 seu uso como agente antimicrobiano em casos de OE.
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Antimicrobial resistance and antimicrobial stewardship are of ever-increasing importance in veterinary medi-
cine. Multidrug-resistant infections of the canine skin and ear continue to emerge, but the use of antibiotic
classes of critical importance to human medicine may not represent good antimicrobial stewardship.
Repurposing of old drugs that are not used in human medicine is one approach that addresses both these issues.
In this study, the minimal inhibitory concentration (MIC) of monensin for 111 bacterial and yeast canine otitis

isolates was determined using microdilution methodology according to Clinical Laboratory Standards Institute
(CLSI) guidelines. Monensin was effective against all Gram-positive bacteria including the multidrug-resistant
staphylococcal strains with MICs ranging from 1 to 4 pg/ml, but lacked antimicrobial activity against Gram-
negative bacteria and yeast isolates. Monensin has potential to be incorporated as one of the main components in

an otic formulation.

1. Introduction

The emergence of antimicrobial resistance (AMR) due to resistant
superbugs is a worldwide problem both in human and animal medicine.
It has been estimated that drug-resistant antimicrobial infections ac-
count for 700,000 human deaths each year and by 2050, the death toll
may rise to 10 million people every year [1]. Adding to this global
issue, there has not been a new class of antimicrobial agents approved
for use since the 1980s. Discovering, developing and obtaining mar-
keting approval for new human drugs can cost over US$2.6 billion, take
an average of over 10 years, and comes with a high risk of failure of up
to 84% in the preclinical stage alone [2,3].

Development of AMR in canine veterinary isolates from cases of
otitis externa is frequently associated with methicillin-resistant
Staphylococcus pseudintermedius (MRSP), multidrug-resistant S. pseu-
dintermedius (MDRSP) [4-8], and multidrug-resistant Pseudomonas
aeruginosa, which often show resistance to at least 3-4 classes of anti-
microbials [9-12]. These pathogens represent a potential threat to
human health, particularly among zoonotic multidrug-resistant strains
with the potential to cause severe, life-threatening infections [13,14].
To prolong the life of existing antibiotics, good antimicrobial
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stewardship is essential [15,16] and should involve limiting the use of
newer antimicrobial classes to safeguard their future effectiveness and
avoidance of the use in animals of antimicrobial classes of critical im-
portance to human medicine.

Repurposing existing drugs is an alternative approach to address
both the issue of antimicrobial resistance and antimicrobial stewardship
[1,17,18]. For example, the salicylanilide anthelmintic drugs niclosa-
mide and oxyclozanide have been studied as potential agents for the
treatment of resistant bacterial infections, with in vitro activity being
demonstrated against methicillin-resistant S. aureus (MRSA) and En-
terococcus faecium [19]. Our laboratory has been exploring the potential
for repurposing polyether ionophores as antimicrobial agents in veter-
inary medicine. One example of such an ionophore, monensin, is the
subject of this study. The highly lipophilic ionophores have compound
specific affinity for transport of monovalent and divalent cations across
the cell membrane of susceptible bacteria [20]. These drugs are only
licensed for animal use where they are commonly used as rumen mi-
crobiota modulators and anticoccidial agents in production animals
[21,22]. There is little evidence of bacterial resistance or co-selection
for resistance to other classes of antimicrobials by ionophores [23-25].
These drugs are not suitable for development as systemic antibiotics



W.Y. Chan et al.

due to the low margin of safety and a high likelihood of systemic
toxicity in non-target species [26]. Neurotoxicity and toxic myopathy
have been reported in dogs following consumption of monensin con-
taminated commercial dog food [27,28]. However, the development of
ionophores as topical antimicrobials can preclude systemic toxicity
while retaining their potential benefit as a true class of “animal only”
antimicrobials.

Canine otitis externa was identified as a condition that might be
amenable to treatment with monensin. Otitis externa (OE) is one of the
most frequently recorded disorders in dogs, with a prevalence of 10.2%
in a large UK VetCompass (Veterinary Companion Animal Surveillance)
database in 2014 [29]. An earlier UK study found that otitis was the
most common dermatological diagnosis, accounting for 4.5% of all
consultations in dogs [30]. A US prevalence study in 1995 involving
over 31,000 dogs from 52 general veterinary practices concluded that
canine OE was the third most common disorder with a prevalence of
13% [31].

Microorganisms typically diagnosed with OE are S. pseudintermedius
(formerly S. intermedius), P. aeruginosa, B-haemolytic Streptococcus spp.,
Proteus mirabilis and Malassezia pachydermatis [32-37]. Resistance of
these organisms to existing antimicrobials is an emerging problem.
Staphylococcal otitis was commonly reported with resistance to poly-
myxin B ranging from 66% to 100% [32,33,38], and penicillin G ran-
ging from 34.3% to 66% [35,38,39]. Pseudomonas otitis isolates had
fluoroquinolone resistance rates ranging from 47.9% to 53.1% for en-
rofloxacin and 8.7% to 33.3% for marbofloxacin [9,10,40]. Recently,
52% (13/25) of MRSP strains isolated from canine OE or pyoderma
showed resistance to two or more fluoroquinolones (enrofloxacin, ci-
profloxacin, ofloxacin, levofloxacin, and moxifloxacin) [41]. There is a
potential public health risk associated with emerging AMR in canine OE
pathogens [42,43]. Thus, it is essential to reduce the use of critically
important human drugs for animal treatment and seek alternative an-
timicrobial agents where appropriate.

The aim of this study was to investigate the in vitro efficacy of the
polyether ionophore monensin as a topical antimicrobial agent against
common bacterial and yeast otitis externa isolates from dogs.

2. Materials and methods
2.1. Test and control strains

A total of one hundred and eleven bacterial and yeast clinical canine
otitis isolates were collected from government, private and university
diagnostic laboratories throughout Australia. These organisms were
speciated using biochemical testing and MALDI-TOF mass spectrometry
(Bruker, Preston, VIC, Australia). Seventeen methicillin-susceptible S.
pseudintermedius (MSSP) and thirteen multidrug-resistant S. pseu-
dintermedius (MDRSP) were obtained from the first national survey of
antimicrobial resistance in animal pathogens conducted in Australia
[44]. Other organisms comprised twenty each of B-haemolytic Strep-
tococcus spp. (BHS), P. aeruginosa and Proteus mirabilis, and twenty-one
Malassezia pachydermatis. Type strains S. aureus ATCC 29213, P. aeru-
ginosa ATCC 27853, Streptococcus pneumoniae ATCC 49619, Candida
albicans ATCC 90028, and Issatchenkia orientalis (Candida krusei) ATCC
6258 were used to determine appropriate monensin testing con-
centrations as well as for internal quality control to monitor the re-
producibility of minimal inhibitory concentrations (MIC) during testing
of clinical isolates.

2.2. Antimicrobial agent

Monensin A sodium salt and/or monensin A crystalline acid, > 98%
purity (BioAustralis, Smithfield, NSW, Australia) were used to de-
termine the MIC for each isolate. The crystalline acid material is solu-
bilised in the presence of sodium, it immediately complexes with so-
dium and becomes the sodium salt. Preliminary experiments were
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performed to compare the in vitro efficacy of both forms and there was
no difference between the results obtained using sodium salt and acid
form (data not shown). Stock solutions of monensin were prepared at
100 times maximum testing concentration (1.6 mg/ml for MSSP,
MDRSP and Streptococcus spp. (BHS); and 6.4 mg/ml for P. aeruginosa,
P. mirabilis, and M. pachydermatis) in dimethyl sulfoxide
(DMSO = 99.9%, Sigma-Aldrich, St. Louis, Mo, USA) and stored at
—80 °C until used.

2.3. Control antimicrobial agents

Ampicillin, 99.4% purity (Sigma-Aldrich, Mo. USA) was used for
both S. aureus and S. pneumoniae ATCC strains. Enrofloxacin, 99.8%
purity (Sigma-Aldrich, Mo. USA) was used for P. aeruginosa ATCC
strain. Amphotericin B, 250 pg/ml (Sigma-Aldrich, Mo. USA) was used
to determine MIC for both C. albicans and I. orientalis ATCC strains. Both
ampicillin and enrofloxacin stock solutions were prepared at 3.2 mg/ml
and 12.8mg/ml, respectively and stored at —80°C wuntil use.
Amphotericin B was stored as its original solution at —20°C and
thawed for use on the day of antifungal susceptibility testing.

2.4. Antimicrobial susceptibility testing

The antimicrobial susceptibility of each isolate was determined
using minimal inhibitory concentration (MIC) microdilution metho-
dology as recommended by CLSI methods with some modifications
[45]. Briefly, antimicrobial challenge plates were prepared by creating
two-fold serial dilutions of monensin stock solution in DMSO and each
dilution was then further diluted 1:100 in cation-adjusted Mueller
Hinton Broth (CAMHB) (Becton Dickinson Pty Ltd, Maryland, USA) in
96-well microtiter plates (Nunclon™ Delta Surface; Thermo Fisher Sci-
entific, Denmark). A bacterial suspension for each isolate was prepared
in phosphate buffered saline (Oxoid™, Hampshire, UK) with a visual
turbidity comparable to 0.5 McFarland turbidity standard. These sus-
pensions were then adjusted using additional saline to give each well a
final bacterial concentration of approximately 5 x 10°> CFU/ml after
inoculation. Monensin concentrations of 0.03-16 ug/ml (MSSP,
MDRSP, and BHS) and 0.125-64 pg/ml (P. aeruginosa and P. mirabilis)
were used for testing. These testing concentrations were determined
based on CLSI guidelines[45] and preliminary experiments (data not
shown). Antimicrobial challenge plates for streptococcal isolates were
prepared using CAMHB supplemented with 5% lysed sheep blood. All
isolates and control strains were tested in duplicate. Negative growth
controls contained only CAMHB and positive growth controls contained
CAMHB and bacterial suspension. Growth was assessed visually after
overnight incubation at 37 °C, with streptococcal isolates being in-
cubated in 5% CO,, and MIC was determined as the lowest con-
centration of monensin that completely inhibited the growth of the
organism. The MIC range (minimum and maximum), MICs, and MICg,
were recorded and calculated for each of the bacterial groups. The
MICso and MICq, were the lowest concentrations of monensin at which
50% and 90% of the isolates were inhibited, respectively.

2.5. Antifungal susceptibility testing

The antifungal susceptibility of M. pachydermatis isolates was per-
formed using a modified CLSI broth microdilution method [46,47].
Briefly, isolates were inoculated onto Sabouraud’s dextrose agar (SDA)
supplemented with 1% Tween 80 (Sigma-Aldrich, Mo., USA) [48,49]
and incubated for 72h at 32 °C. Antifungal challenge plates were pre-
pared by creating two-fold serial dilutions of monensin stock solution in
DMSO and each dilution was then further diluted 1:100 in Sabouraud’s
dextrose broth (SDB) (Oxoid™, Hampshire, UK) supplemented with 1%
Tween 80 in 96-well microtiter plates (Nunclon™ Delta Surface; Thermo
Fisher Scientific, Denmark). Yeast isolates were suspended in SDB
supplemented with 1% Tween 80 to obtain a uniform yeast suspension
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Table 1
MIC range, MICsq, and MICq, for 111 clinical isolates of canine otitis externa
and quality control strains against monensin.

Monensin concentration (ug/ml)

Clinical Isolates n MIC range MICso MICoo

Staphylococcus pseudintermedius 30 2-4

i) MSSP 17 24 2 4

ii) MDRSP 13 24 4 4

B-haemolytic Streptococcus spp. 20 1-2 2 2

Pseudomonas aeruginosa 20 > 64 > 64 > 64

Proteus mirabilis 20 > 64 > 64 > 64

Malassezia pachydermatis 21 16-> 64 > 64 > 64

Quality Control Strains

Staphylococcus aureus ATCC 29213 4 - -

Streptococcus pneumoniae ATCC 1-2 - -
49619

Pseudomonas aeruginosa ATCC 27853 > 64 - -

Candida albicans ATCC 90028 > 64 - -

Issatchenkia orientalis (C. krusei) > 64 - -

ATCC 6258

with an optical density (OD) between 0.2-0.3 at 600 nm wavelength
(Eppendorf BioPhotometer plus, Hamburg, Germany). A 1:100 dilution
was then performed and 50 pl of yeast suspension was added to 150 pl
of monensin solution to create a final inoculum concentration of
4-5 x 10° CFU/ml and monensin concentrations of 0.125-64 ug/ml.
The MIC end-point was determined using a combination of two
methods: visual end-point reading of 50% growth inhibition compared
with the positive growth control and spectrophotometric end-point
reading of ODs7onm less or equal to 50% of the positive growth control.
The MICs were reported as described above for bacterial antimicrobial
susceptibility testing.

3. Results

The MICs for all the otitis externa isolates are shown in Table 1.
Both methicillin-susceptible S. pseudintermedius (MSSP) and multidrug-
resistant S. pseudintermedius (MDRSP) had MICs ranging from 2 to 4 ug/
ml. The monensin MICso and MICq, values for all S. pseudintermedius
isolates were both 4 pg/ml. Streptococcus spp. (BHS) isolates were more
susceptible to monensin compared to S. pseudintermedius with MICs
ranging from 1 to 2 pg/ml, and both MICs, and MICyq values were 2 pg/
ml. At the highest concentrations tested, there was no attainable
monensin MIC for any P. aeruginosa or P. mirabilis isolates. M. pachy-
dermatis isolates had monensin MICs ranging from 16 to > 64 ug/ml,
with both MICs, and MICq, values of > 64 pg/ml. These results were in
alignment with those obtained for the ATCC type strains. Consistent
confluent growth was observed in all the positive growth control wells,
and there was no growth in any of the negative growth control well.
MICs of ATCC type strains against selected control antimicrobials were
within CLSI range (Table 2).

4. Discussion
To the best of our knowledge, this is the first report demonstrating

Table 2
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monensin activity against Gram-positive pathogens isolated from ear
infections in dogs. Monensin was shown to have in vitro antimicrobial
activity against the Gram-positive canine OE pathogens S. pseu-
dintermedius and B-haemolytic Streptococcus spp., with MICs ranging
from 2 to 4 ug/ml. These results were comparable to those obtained
using the type strains of these organisms. Previous clinical studies have
focused on its efficacy against Clostridium perfringens in poultry, with
MICs ranging from 0.03 to 2ug/ml [52-55]. Other studies have re-
vealed the activity of monensin against Gram-positive reference strains
with MICs of 1-2 ug/ml for Staphylococcus spp., 1-16.5 ug/ml for Ba-
cillus spp., 2-4ug/ml for Micrococcus spp., and 12.5ug/ml for En-
terococcus spp. [56-58]. Though monensin is exclusively for veterinary
use, there was an in vitro susceptibility study of clinical Staphylococcus
epidermidis strains conducted in a search of an alternative antimicrobial
therapy for chronic nosocomial infections in human. These twelve S.
epidermidis strains were susceptible to monensin with MICs, and MICgq
of 1 pg/ml and 2 ug/ml, respectively [59].

The thirteen isolates of multidrug-resistant S. pseudintermedius
tested in this study were all susceptible to monensin. These resistant
isolates were also characterised as methicillin-resistant strains based on
the assessment of cefoxitin and/or oxacillin resistance and mecA PCR
by Saputra and co-researcher [44]. This is in agreement with previous
studies that have shown monensin to be effective against hospital-as-
sociated MRSA with MICs, and MICq, values of 2.9 ug/ml and 5.8 ug/
ml, respectively [60], methicillin-resistant S. epidermidis (MIC range
from 1 to 4ug/ml) [61], and clinical MRSA (MIC of 4pg/ml) and
vancomycin-resistant enterococci (MIC of 16 pg/ml) [62]. These studies
suggest that in addition to having excellent activity against Gram-po-
sitive organisms, monensin has potential as a topical treatment for
bacteria that have become resistant to multiple classes of antimicrobial
agents, including the critically important fluoroquinolones.

Monensin had poor antimicrobial activity against yeast isolates and
it was not effective against Gram-negative pathogens. Antifungal ac-
tivity of monensin against M. pachydermatis was only observed in 19%
(4/21) of the isolates with MICs ranging from 16 to 32 pg/ml. Monensin
was inactive against both Candida ATCC strains and this result was si-
milarly observed in a Polish study [57]. Monensin did not demonstrate
any antibacterial activity against the Gram-negative OE pathogens P.
aeruginosa and P. mirabilis, with MICs for both organisms exceeding the
highest tested concentration of 64 ug/ml. Previous studies similarly
reported that monensin and other ionophores are not active against
Gram-negative bacteria [24,56,57]. An alternative antimicrobial agent
or adjuvant could be used in combination with monensin to target
Gram-negative and yeast otitis pathogens.

The mechanism of action of monensin relates to its highly lipophilic
properties, allowing it to insert into bacterial cell membranes. It then
chelates reversibly with Na™ and K* conveying them rapidly across the
cell membrane where they exchange for other monovalent cations such
as hydrogen ions, disrupting the normal ionic and pH gradients [63]. In
Gram-positive bacteria, it is likely that it can penetrate the porous
peptidoglycan cell wall layer and cause an imbalance of intracellular
concentration gradients, disrupting cellular functions and potentially
leading to cell death [21,24,64]. The inherent resistance of Gram-ne-
gative bacteria is most likely due to the two-layered cell wall structure

MIC obtained and CLSI acceptable MIC range for quality control strains using control antimicrobials.

Quality control strains Control antimicrobial agent

CLSI acceptable MIC range (ug/ml) [50,51] MIC obtained (pg/ml)

Staphylococcus aureus ATCC 29213 Ampicillin
Streptococcus pneumoniae ATCC 49619 Ampicillin
Pseudomonas aeruginosa ATCC 27853 Enrofloxacin

Issatchenkia orientalis (C. krusei) ATCC 6258 Amphotericin B

Candida albicans ATCC 90028 Amphotericin B

0.06-2 0.25
0.06-0.25 0.125
1-4 4
0.5-2.0 (Post 24 h) 2.0
1.0-4.0 (Post 48 h) 4.0
0.5-2.0 (Post 24 h) 1.0
0.5-2.0 (Post 48 h) 1.0
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of Gram-negative bacteria preventing monensin from permeating into
the inner cytoplasmic membrane. This would stop the drug from in-
terfering with ionic gradients and bacterial cell functions [21,24].

There have been multiple safety and toxicology studies of monensin
in dogs. Dogs given oral monensin daily at a dose of <2.5mg/kg for
1 year survived without toxicity, but suffered toxicity and death when
given daily doses above 10 mg/kg for 3 months [65]. Over a 3 month
study period in Beagle dogs, the No Observed Effect Level (NOEL) of
monensin was determined to be <5mg/kg [66]. However, further
studies would be required to assess suitable formulations for topical use
in dogs. To date, there is only limited information about the potential of
monensin to cause cutaneous irritation in laboratory animals and hu-
mans. It was concluded that a weak contact sensitiser effect was present
when delayed hypersensitivity was detected in the local lymph node
assay following the application of 50 ug/ml of monensin to the ear
pinnae of mice, and some cutaneous adverse effects such as erythema
have been seen in the clipped and abraded skin of rabbits [66]. In the
feed industry, workers exposed to monensin have been reported with
allergic signs of contact dermatitis, urticaria, face or tongue swelling,
nasal congestion, and local respiratory irritation [66,67]. Other re-
ported adverse reactions following topical monensin exposure in hu-
mans include skin congestion, eye/lids discharges and swelling, prur-
itus and rash [68].

5. Conclusion

The results of this study suggest that monensin would not be sui-
table as a sole antimicrobial agent for the treatment of canine OE due to
lack of activity against Gram-negative isolates and reduced activity
against yeast isolates. However, an adjuvant could be added to disrupt
the external cell wall of these pathogens to allow organisms to become
susceptible to monensin. Further studies are underway to test this hy-
pothesis.

Despite this limitation, monensin was shown to have in vitro efficacy
against Gram-positive organisms, including multidrug-resistant strains.
Therefore, it would be a suitable candidate for a single topical treat-
ment for a dominantly or purely Gram-positive ear infection. It could
also be included as one of the components of a commercial otic pre-
paration for treatment of OE in dogs. This study provides a proof of
concept of drug repurposing of an ionophore in the field of veterinary
otology and would represent a good example of prudent antimicrobial
stewardship if the compound was to be ultimately used clinically.

Conflicts of interest

Stephen W. Page is a director of Luoda Pharma Pty. Ltd. Darren J.
Trott has received research funding from Luoda Pharma, Neoculi,
Zoetis, Bayer, Merial, Virbac, and Elanco.

Sources of funding

This work was supported by ARC Linkage [grant numbers
LP130100736] with Luoda Pharma Pty. Ltd as a partner organisation.

Acknowledgements

Wei Yee Chan is supported by the Ministry of Higher Education of
Malaysia and Universiti Putra Malaysia.

References

[1] J. O'Neill, Tackling Drug-resistant Infections Globally: Final Report and
Recommendations, (2016), pp. 47-52.

[2] J. O'Neill, Securing New Drugs for Future Generations: The Pipeline of Antibiotics,
Wellcome Trust, London, 2015, pp. 38-40.

[3] J.A. DiMasi, H.G. Grabowski, R.W. Hansen, Innovation in the pharmaceutical in-
dustry: new estimates of R&D costs, J. Health Econ. 47 (2016) 20-33.

37

81

[4]

[5]

[6.

[7

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]
[16]
[17]
[18]

[19]

[20]

[21]

[22]
[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Comparative Immunology, Microbiology and Infectious Diseases 57 (2018) 34-38

D.A. Bemis, R.D. Jones, L.A. Frank, S.A. Kania, Evaluation of susceptibility test
breakpoints used to predict mecA-mediated resistance in Staphylococcus pseu-
dintermedius isolated from dogs, J. Vet. Diagn. Invest. 21 (1) (2009) 53-58.

R.D. Jones, S.A. Kania, B.W. Rohrbach, L.A. Frank, D.A. Bemis, Prevalence of ox-
acillin-and multidrug-resistant staphylococci in clinical samples from dogs: 1 772
samples (2001-2005), J. Am. Vet. Med. Assoc. 230 (2) (2007) 221-227.

T. Kawakami, S. Shibata, N. Murayama, M. Nagata, K. Nishifuji, T. Iwasaki,

T. Fukata, Antimicrobial susceptibility and methicillin resistance in Staphylococcus
pseudintermedius and Staphylococcus schleiferi subsp. coagulans isolated from dogs
with pyoderma in Japan, J. Vet. Med. Sci. 72 (12) (2010) 1615-1619.

K.M. Beck, S.E. Waisglass, H.L.N. Dick, J.S. Weese, Prevalence of methicillin-re-
sistant Staphylococcus pseudintermedius (MRSP) from skin and carriage sites of dogs
after treatment of their meticillin-resistant or meticillin-sensitive staphylococcal
pyoderma, Vet. Dermatol. 23 (4) (2012) 369-e67.

J.W. Yoon, K.-J. Lee, S.-Y. Lee, M.-J. Chae, J.-K. Park, J.-H. Yoo, H.-M. Park,
Antibiotic resistance profiles of Staphylococcus pseudintermedius isolates from canine
patients in Korea, J. Microbiol. Biotechnol. 20 (12) (2010) 1764-1768.

J. Martin Barrasa, P. Lupiola Gomez, Z. Gonzalez Lama, M. Tejedor Junco,
Antibacterial susceptibility patterns of Pseudomonas strains isolated from chronic
canine otitis externa, J. Vet. Med. B 47 (3) (2000) 191-196.

S. Meki¢, K. Matanovi¢, B. Seol, Antimicrobial susceptibility of Pseudomonas aeru-
ginosa isolates from dogs with otitis externa, Vet. Rec. 169 (5) (2011) 125.

B. Penna, S. Thomé, R. Martins, G. Martins, W. Lilenbaum, In vitro antimicrobial
resistance of Pseudomonas aeruginosa isolated from canine otitis externa in Rio de
Janeiro, Brazil, Braz. J. Microbiol. 42 (2011) 1434-1436.

S. Tiirkyilmaz, Antibiotic susceptibility patterns of Pseudomonas aeruginosa strains
isolated from dogs with otitis externa, Turk. J. Vet. Anim. Sci. 32 (1) (2008) 37-42.
C. Lozano, A. Rezusta, I. Ferrer, V. Pérez-Laguna, M. Zarazaga, L. Ruiz-Ripa,

M.J. Revillo, C. Torres, Staphylococcus pseudintermedius human infection cases in
Spain: dog-to-human transmission, Vector Borne Zoon. Dis. 17 (4) (2017) 268-270.
R. Somayaji, M. Priyantha, J. Rubin, D. Church, Human infections due to
Staphylococcus pseudintermedius, an emerging zoonosis of canine origin: report of 24
cases, Diagn, Microbiol. Infect. Dis. 85 (4) (2016) 471-476.

J. Scott Weese, S.W. Page, J.F. Prescott, Antimicrobial stewardship in animals,
Antimicrob. Ther. Vet. Med. (2013) 117-132 (5th. Ed.).

L. Guardabassi, J.F. Prescott, Antimicrobial stewardship in small animal veterinary
practice, Vet. Clin. Small Anim. 45 (2) (2015) 361-376.

1.S. Hong, H.J. Ipema, M.P. Gabay, A.E. Lodolce, Medication repurposing: new uses
for old drugs, J. Pharm. Technol. 27 (3) (2011) 132-140.

T.I. Oprea, J. Mestres, Drug repurposing: far beyond new targets for old drugs,
AAPS J. 14 (4) (2012) 759-763.

R. Rajamuthiah, B.B. Fuchs, A.L. Conery, W.S. Kim, E. Jayamani, B.S. Kwon,

F.M. Ausubel, E. Mylonakis, Repurposing salicylanilide anthelmintic drugs to
combat drug resistant Staphylococcus aureus, PLoS One 10 (4) (2015) e0124595.
D.A. Kevin Ii, D.A. Meujo, M.T. Hamann, Polyether ionophores: broad-spectrum and
promising biologically active molecules for the control of drug-resistant bacteria
and parasites, Expert Opin. Drug Discov. 4 (2) (2009) 109-146.

T. Callaway, T. Edrington, J. Rychlik, K. Genovese, T. Poole, Y. Jung, K. Bischoff,
R. Anderson, D.J. Nisbet, Ionophores: their use as ruminant growth promotants and
impact on food safety, Curr. Issues Intest. Microbiol. 4 (2) (2003) 43-51.

C. Dutton, B. Banks, C. Cooper, Polyether ionophores, Nat. Prod. Rep. 12 (2) (1995)
165-181.

M. Subbiah, S.M. Mitchell, D.R. Call, Not all antibiotic use practices in food-animal
agriculture afford the same risk, J. Environ. Qual. 45 (2) (2016) 618-629.

P. Butaye, L.A. Devriese, F. Haesebrouck, Antimicrobial growth promoters used in
animal feed: effects of less well known antibiotics on gram-positive bacteria, Clin.
Microbiol. Rev. 16 (2) (2003) 175-188.

P. Butaye, L.A. Devriese, F. Haesebrouck, Incomplete cross resistance against io-
nophores in Enterococcus faecium and Enterococcus faecalis strains from pigs and
poultry, Microb. Drug Resist. 6 (1) (2000) 59-61.

J.D. Roder, Ionophore toxicity and tolerance, Vet. Clin North Am. Food Anim. Pract.
27 (2) (2011) 305-314.

V. Warnock, Monensin toxicity in dogs, Vet. Rec. 178 (23) (2016) 588.

J. Wilson, Toxic myopathy in a dog associated with the presence of monensin in dry
food, Can. Vet. J. 21 (1) (1980) 30.

D.G. O'Neill, D.B. Church, P.D. McGreevy, P.C. Thomson, D.C. Brodbelt, Prevalence
of disorders recorded in dogs attending primary-care veterinary practices in
England, PLoS One 9 (3) (2014) e90501.

P. Hill, A. Lo, C. Eden, S. Huntley, V. Morey, S. Ramsey, C. Richardson, D. Smith,
C. Sutton, M. Taylor, Survey of the prevalence, diagnosis and treatment of der-
matological conditions in small animals in general practice, Vet. Rec. 158 (16)
(2006) 533-539.

E.M. Lund, P.J. Armstrong, C.A. Kirk, L.M. Kolar, J. Klausnor, Health status and
population characteristics of dogs and cats examined at private veterinary practices
in the United States, J. Am. Vet. Med. Assoc. 214 (1999) 1336-1341.

D. Bugden, Identification and antibiotic susceptibility of bacterial isolates from dogs
with otitis externa in Australia, Aust. Vet. J. 91 (1-2) (2013) 43-46.

V. Petrov, G. Mihaylov, L. Tsachev, G. Zhelev, P. Marutsov, K. Koev, Otitis externa in
dogs: microbiology and antimicrobial susceptibility, Rev. Med. Vet. 164 (1) (2013)
18-22.

G. Fernandez, G. Barboza, A. Villalobos, O. Parra, G. Finol, R. Ramirez, Isolation
and identification of microorganisms present in 53 dogs suffering otitis externa,
Rev. Cient. 16 (1) (2006).

P. Lyskova, M. Vydrzalova, J. Mazurova, Identification and antimicrobial suscept-
ibility of bacteria and yeasts isolated from healthy dogs and dogs with otitis externa,
J. Vet. Med. A 54 (10) (2007) 559-563.



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

. Chan et al.

L. Moraes, J. Pereira, S. Silva, V.d.S. Moreira, A.d.R. Casseb, Microbiological di-
agnosis and bacterial multiresistance in vitro of external otitis of dogs-short com-
munication, Vet. Zootec. 21 (1) (2014) 98-101.

S. Subapriya, N. Senthil, S. Vairamuthu, B. Nagarajan, S. Kavitha, R.S. George, A
study on microbial profile and trend in antimicrobial susceptibility of canine otitis,
Int. J. Livest. Res. 5 (2) (2015).

H.Z. Malayeri, S. Jamshidi, T.Z. Salehi, Identification and antimicrobial suscept-
ibility patterns of bacteria causing otitis externa in dogs, Vet. Res. Commun. 34 (5)
(2010) 435-444.

H. Hariharan, M. Coles, D. Poole, L. Lund, R. Page, Update on antimicrobial sus-
ceptibilities of bacterial isolates from canine and feline otitis externa, Can. Vet. J. 47
(3) (2006) 253-255.

B.E. Wildermuth, C.E. Griffin, W.S. Rosenkrantz, M.J. Boord, Susceptibility of
Pseudomonas isolates from the ears and skin of dogs to enrofloxacin, marbofloxacin,
and ciprofloxacin, J. Am. Anim. Hosp. Assoc. 43 (6) (2007) 337-341.

J.-H. Yoo, J.W. Yoon, S.-Y. Lee, H.-M. Park, High prevalence of fluoroquinolone-and
methicillin-resistant Staphyl P intermedius isolates from canine pyoderma
and otitis externa in veterinary teaching hospital, J. Microbiol. Biotechnol. 20 (4)
(2010) 798-802.

M.A. Tanner, C.L. Everett, D.C. Youvan, Molecular phylogenetic evidence for
noninvasive zoonotic transmission of Staphylococcus intermedius from a canine pet
to a human, J. Clin. Microbiol. 38 (4) (2000) 1628-1631.

E.C. Kuan, A.J. Yoon, T. Vijayan, R.M. Humphries, J.D. Suh, Canine Staphylococcus
pseudintermedius sinonasal infection in human hosts, Int. Forum Allergy Rhinol. 6
(7) (2016) 710-715.

S. Saputra, D. Jordan, K.A. Worthing, J.M. Norris, H.S. Wong, R. Abraham,

D.J. Trott, S. Abraham, Antimicrobial resistance in coagulase-positive staphylococci
isolated from companion animals in Australia: a one year study, PLoS One 12 (4)
(2017) e0176379.

CLSI, Clinical and Laboratory Standards Institute, Performance Standards for Disk
and Dilution Susceptibility Tests for Bacteria Isolated from Animal: Approved
Standard - Third Edition. CLSI Document M31-A3, Clinical and Laboratory
Standards Institute, Wayne, PA, 2008.

C. Cafarchia, R. Iatta, D. Immediato, M.R. Puttilli, D. Otranto, Azole susceptibility of
Malassezia pachydermatis and Malassezia furfur and tentative epidemiological cut-off
values, Med. Mycol. 53 (7) (2015) 743-748.

National Committee for Clinical Laboratory Standards, Reference Methods for Broth
Dilution Antifungal Susceptibility Testing of Yeast: Approved Standards — Second
Edition. NCCLS Document M27-2A, NCCLS, Wayne, PA, 2002.

C. Cafarchia, L.A. Figueredo, V. Favuzzi, M.R. Surico, V. Colao, R. Iatta,

M.T. Montagna, D. Otranto, Assessment of the antifungal susceptibility of
Malassezia pachydermatis in various media using a CLSI protocol, Vet. Microbiol.
159 (3-4) (2012) 536-540.

M.L. Eichenberg, C.E. Appelt, V. Berg, A.C. Muschner, M.D.O. Nobre, D.D. Matta,
S.H. Alves, L. Ferreiro, Susceptibility of Malassezia pachydermatis to azole anti-
fungal agents evaluated by a new broth microdilution method, Acta Sci. Vet. 30 (2)
(2003) 75-80 Porto Alegre, RS, (2003).

CLSI, Performance Standards for Antimicrobial Disk and Dilution Susceptibility
Tests for Bacteria Isolated from Animals. Second Informational Supplement. CLSI
Document VET01-S2, Clinical and Laboratory Standards Institute, Wayne, PA,
2013.

NCCLS, Reference Methods for Broth Dilution Antifungal Susceptibility Testing of

38

82

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]
[64]
[65]

[66]

[67]

[68]

Comparative Immunology, Microbiology and Infectious Diseases 57 (2018) 34-38

Yeast: Approved Standards — Second Edition. NCCLS Document M27-A2, National
Committee for Clinical Laboratory Standards, Wayne, PA, 2002.

A. Johansson, C. Greko, B.E. Engstrém, M. Karlsson, Antimicrobial susceptibility of
Swedish, Norwegian and Danish isolates of Clostridium perfringens from poultry, and
distribution of tetracycline resistance genes, Vet. Microbiol. 99 (3) (2004) 251-257.
K.L. Watkins, T.R. Shryock, R.N. Dearth, Y.M. Saif, In-vitro antimicrobial suscept-
ibility of Clostridium perfringens from commercial turkey and broiler chicken origin,
Vet. Microbiol. 54 (2) (1997) 195-200.

A. Martel, L.A. Devriese, K. Cauwerts, K. De Gussem, A. Decostere, F. Haesebrouck,
Susceptibility of Clostridium perfringens strains from broiler chickens to antibiotics
and anticoccidials, Avian Pathol. 33 (1) (2004) 3-7.

R. Silva, F. Salvarani, R. Assis, N. Martins, P. Pires, F. Lobato, Antimicrobial sus-
ceptibility of Clostridium perfringens strains isolated from broiler chickens, Braz. J.
Microbiol. 40 (2) (2009) 262-264.

D. Lowicki, A. Huczynski, Structure and antimicrobial properties of monensin A and
its derivatives: summary of the achievements, Biomed Res. Int. (2013) 2013.

A. Huczynski, J. Stefariska, P. Przybylski, B. Brzezinski, F. Bartl, Synthesis and
antimicrobial properties of Monensin A esters, Bioorg. Med. Chem. Lett. 18 (8)
(2008) 2585-2589.

P. Dorkov, L.N. Pantcheva, W.S. Sheldrick, H. Mayer-Figge, R. Petrova, M. Mitewa,
Synthesis, structure and antimicrobial activity of manganese(Il) and cobalt(II)
complexes of the polyether ionophore antibiotic Sodium Monensin A, J. Inorg.
Biochem. 102 (1) (2008) 26-32.

J. Stefariska, K. Stepien, A. Huczyniski, S. Tyski, Activity of natural polyether io-
nophores: monensin and salinomycin against clinical staphylococcus epidermidis
strains, Pol. J. Microbiol. 64 (3) (2015) 273-278.

A. Huczyniski, J. Stefariska, M. PiSmienny, B. Brzezinski, Spectroscopic, semi-
empirical studies and antibacterial activity of new urethane derivatives of natural
polyether antibiotic -Monensin A, J. Mol. Struct. 1034 (Supplement C) (2013)
198-206.

D. Lowicki, A. Huczyniski, J. Stefaniska, B. Brzezinski, Structural characterization
and antibacterial activity against clinical isolates of Staphylococcus of N-phenyla-
mide of monensin A and its 1: 1 complexes with monovalent cations, Eur. J. Med.
Chem. 45 (9) (2010) 4050-4057.

J.C. Yoo, J.H. Kim, J.W. Ha, N.S. Park, J.K. Sohng, J.W. Lee, S.C. Park, M.S. Kim,
C.N. Seong, Production and biological activity of laidlomycin, anti-MRSA/VRE
antibiotic from Streptomyces sp CS684, J. Microbiol. 45 (1) (2007) 6-10.

J.B. Russell, H. Strobel, Effect of ionophores on ruminal fermentation, Appl.
Environ. Microbiol. 55 (1) (1989) 1.

B.C. Pressman, Biological applications of ionophores, Annu. Rev. Biochem. 45 (1)
(1976) 501-530.

G. Todd, M. Novilla, L. Howard, Comparative toxicology of monensin sodium in
laboratory animals, J. Anim. Sci. 58 (6) (1984) 1512-1517.

European Food Safety Authority, Opinion of the Scientific Panel on Additives and
Products or Substances Used in Animal Feed on a Request from the Commission on
the Re-evaluation of the Coccidiostat Elancoban in Accordance with Article 9G of
Council Directive 70/524/EEC 42 EFSA, 2004, pp. 1-61.

K. Woodward, Vol, Toxicological effects of veterinary medicinal products in hu-
mans, Royal Society of Chemistry, Croydon, UK, 2013, p. 2.

EMEA, Monensin Summary Report, EMEA/CVMP/185123/2007-Final, European
Medicines Agency, Veterinary Medicines and Inspections, Committee for Medicinal
Products for Veterinary Use, 2007, p. 9.



Chapter 4: In vitro antimicrobial activity of seven adjuvants

against common pathogens associated with canine otitis externa

&3



Statement of Authorship

Title of Paper

In vitro antimicrobial activity of seven adjuvants against common pathogens associated
with canine otitis externa

Publication Status

[+ Published
[ Accepted for Publication

[~ Submitted for Publication

Unpublished and Unsubmitted work written in
manuscript style

Publication Details

Chan, W. Y., Khazandi, M., Hickey, E. E., Page, S. W., Trott, D. J., & Hill, P. B. (2019). In
vitro antimicrobial activity of seven adjuvants against common pathogens associated with
canine otitis externa. Veterinary Dermatology, 30(2), 133-e138. doi:10.1111/vde.12712

Principal Author
Name of Principal Author | Wei Yee, Chan
(Candidate)

Contribution to the Paper

Performed literature search, planned and conducted the experiments, analysis on all
samples, interpreted data, wrote manuscript and acted as corresponding author.

Overall percentage (%)

75%

Certification: This paper reports on original research | conducted during the period of my Higher
Degree by Research candidature and is not subject to any obligations or contractual
agreements with a third party that would constrain its inclusion in this thesis. | am the
primary author of this paper.

Signature Date 01/08/19

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:

i the candidate’s stated contribution to the publication is accurate (as detailed above);

ii. permission is granted for the candidate in include the publication in the thesis; and

iii. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Prof. Gordon S. Howarth on behalf of Manouchehr Khazandi

Contribution to the Paper

Provided input in analysing data, understanding of results and editing of manuscript.

Signature

[oxe | 7clalig

84




Name of Co-Author

Elizabeth E. Hickey

Contribution to the Paper

Signature

Provided guidance and assisted in laboratory work, helped in data interpretation and

editing of manuscript.

Date

09/08/19

Name of Co-Author

Stephen W. Page

Contribution to the Paper

Signature

Provided input to the study design and editing of manuscripts.

Date

11/08/19

Name of Co-Author

Darren J. Trott

Contribution to the Paper

Signature

Provided input to the study design and editing of manuscripts.

Date

08/08/19

Name of Co-Author

Peter B. Hill

Contribution to the Paper

Principal supervisor, supervised development of work, provided guidance on content

and editing of manuscript.

Signature

Date

06/08/19

85




Veterinary Dermatology

Vet Dermatol 2018 DOI: 10.1111/vde. 12712

In vitro antimicrobial activity of seven adjuvants against
common pathogens associated with canine otitis externa

Wei Yee Chan* (), Manouchehr Khazandi*, Elizabeth E. Hickey*, Stephen W. Pagef,
Darren J. Trott* and Peter B. Hill*

*Australian Centre for Antimicrobial Resistance Ecology, School of Animal and Veterinary Sciences, The University of Adelaide, Roseworthy, South
Australia 5371, Australia
tLuoda Pharma Pty. Ltd., Caringbah, NSW 2229, Australia

Correspondence: Wei Yee Chan, Australian Centre for Antimicrobial Resistance Ecology, School of Animal and Veterinary Sciences, The University
of Adelaide, Roseworthy, South Australia 5371, Australia. E-mail: weiyee.chan@adelaide.edu.au

Background - An antibiotic adjuvant is a chemical substance used to modify or augment the effectiveness of
primary antimicrobial agents against drug-resistant micro-organisms. Its use provides an alternative approach to
address the global issue of antimicrobial resistance and enhance antimicrobial stewardship.

Hypothesis/Objectives — To determine the antimicrobial activity of a panel of potential antimicrobial adjuvants
against common pathogens associated with canine otitis externa (OE).

Animals/Isolates — A number of type strains and clinical isolates (n = 110) from canine OE were tested includ-
ing Staphylococcus pseudintermedius, B-haemolytic Streptococcus spp., Pseudomonas aeruginosa, Proteus
mirabilis and Malassezia pachydermatis.

Methods and materials — Antimicrobial activities of monolaurin, monocaprin, N-acetylcysteine (NAC), poly-
myxin B nonapeptide, Tris-EDTA, Tris-HCL and disodium EDTA were tested using microdilution methodology
according to CLSI guidelines.

Results — N-acetylcysteine, Tris-EDTA and disodium EDTA had antimicrobial activity against both type strains
and otic pathogens. The other adjuvants tested had limited to no efficacy. NAC had a minimal inhibitory concen-
tration (MIC) range of 2,500-10,000 ug/mL for the various organisms. Pseudomonas aeruginosa isolates were
eight times more susceptible to disodium EDTA in the presence of Tris-HCL in comparison to disodium EDTA
alone. Malassezia pachydermatis isolates were most susceptible to Tris-EDTA (MICgo = 190/60 pg/mL) and dis-
odium EDTA (MICgp = 120 pg/mL).

Conclusions and clinical relevance - N-acetylcysteine, Tris-EDTA and disodium EDTA have intrinsic antimicro-
bial activity and represent promising adjuvants that could be used to enhance the efficacy of existing antibiotics
against Gram-negative and multidrug-resistant bacterial infections. These agents could be combined with other
antimicrobial agents in a multimodal approach for mixed ear infections in dogs.

Introduction

Otitis externa (OE) is one of the most commonly diag-
nosed dermatological diseases in dogs with a prevalence
of 4.5-13%."% Bacterial and yeast pathogens typically
associated with canine OE are Staphylococcus
pseudintermedius (S. pseudintermedius, formerly S. in-
termedius), PB-haemolytic Streptococcus spp., Pseu-
domonas aeruginosa, Proteus mirabilis and Malassezia
pachydermatis.*® Infections with these organisms are
typically treated with antimicrobial drugs, but there are
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increasing concerns about bacterial resistance and the
requirement for diligent antimicrobial stewardship.’®"!
Meticillin-resistant S. pseudintermedius (MRSP), which
is often multidrug-resistant,’>'* as well as multidrug-
resistant P. aeruginosa strains'®'’ are frequently iso-
lated from canine OE and/or skin infections. Alarmingly,
studies have shown that antimicrobial resistance in the
human population, especially in pet owners and veterinar-
ians, can be associated with organisms of canine ori-
gin."®2" Therefore, public health risks mandate the
prudent use of antimicrobials to safeguard important
drugs for human medicine and the search for alternative
approaches to treat animal infections.?2%3

One way of broadening the spectrum of activity of
antimicrobial agents is to combine them with an adju-
vant.?*?% Antimicrobial adjuvants can function in different
ways including acting as inhibitors of enzymes that inacti-
vate antibiotics, efflux pump inhibitors, bacterial mem-
brane permeabilizers, biofilm dispersers, inhibitors of
antibiotic resistance elements and inhibitors of bacterial
cell physiological pathways.?¢-2”
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This study aimed to determine the in vitro antimicrobial
activity of seven nonantibiotic adjuvant agents against
common clinical isolates associated with canine OE.

Methods and materials

Antibiotic adjuvants and antibiotics

The seven adjuvants used in this study were monolaurin, mono-
caprin, N-acetylcysteine (NAC), polymyxin B nonapeptide (PMBN),
Tris-ethylenediaminetetraacetic acid (Tris-EDTA), tromethamine-
hydrochloride (Tris-HCL) and disodium ethylenediaminetetraacetic
acid (EDTA). Monolaurin (2-Lauroylglycerol), monocaprin (1-Decan-
oyl-rac-glycerol), PMBN and NAC (N-acetyl-L-cysteine) were obtained
from Sigma-Aldrich (St Louis, MO, USA). Tris-HCL and disodium
EDTA were purchased from Promega (Madison, WI, USA).

Monolaurin stock solution was prepared at 25x the highest concen-
tration to be tested in 95% ethanol (VWR International S.A.S.; Fonte-
nay-sous-Bois, France) as described previously.?® In a preliminary
experiment, no inhibitory effect was found on the control bacterial
strains when exposed to <4% ethanol (highest tested concentration in
antimicrobial susceptibility testing) (data not shown). Monocaprin
stock solution was prepared at 50x the highest tested concentration
in chloroform (Sigma-Aldrich). No inhibitory effect was found when
<2% chloroform was tested against control bacterial strains in a pre-
liminary experiment. PMBN stock solution was prepared at 10x the
highest testing concentration in MilliQ water. These three adjuvants
were stored at —80°C until used. On the day of testing, they were
diluted to make working solutions of 2,000 pg/mL (monocaprin and
monolaurin) and 256 pg/mL (PMBN) with the previously mentioned
solvent or diluent. NAC was prepared at 160,000 pg/mL (double the
highest concentration to be tested) in cation-adjusted Mueller Hinton
Broth (CAMHB) (Becton Dickinson Pty Ltd; Cockeysville, MD, USA).
Stock solutions of 1M Tris-HCL and 0.5 M disodium EDTA were pre-
pared in MilliQ water. Tris HCL working solution was prepared in
CAMHB at 100 mM (12,200 pg/mL), the highest concentration to be
used for preliminary screening. Disodium EDTA working solution was
prepared in CAMHB at 20 mM (7,500 pg/mL) for Gram-positive organ-
isms and 80 mM (30,000 pg/mL) for Gram-negative organisms. Tris-
EDTA was made by mixing and diluting 1 M Tris-HCL and 0.5M dis-
odium EDTA in CAMHB and then buffered to pH 8.0 with sodium
hydroxide (AnalaR®, Merks Pty. Ltd; Victoria, Australia). Tris-EDTA
working solution was prepared at a concentration of 100 mM
(12,200 pg/mL) Tris-HCL with 10 mM (3,800 pg/mL) disodium EDTA
for preliminary screening of ATCC type strains and Gram-positive
organisms, and 400 mM (48,500 pg/mL) Tris-HCL with 40 mM
(15,000 pg/mL) disodium EDTA for testing of Gram-negative organ-
isms. NAC, Tris-EDTA, Tris-HCL and disodium EDTA were stored at 2—
8°C and were ready to be used as working solutions on the day of mini-
mal inhibitory concentration (MIC) testing.

Ampicillin, 99.4% purity (Sigma-Aldrich) was used as a control for
Gram-positive organisms. Enrofloxacin, 99.8% purity (Sigma-Aldrich)
was used as a control for Gram-negative organisms. Amphotericin B,
250 pg/mL (Sigma-Aldrich) was used as the control for fungal organ-
isms. Both ampicillin and enrofloxacin stock solutions were prepared
at 3.2 and 12.8 mg/mL, respectively, and stored at —80°C until used.
Amphotericin B was stored as its original solution at —20°C and
thawed for use on the day of antifungal susceptibility testing.

Bacterial and yeast isolates

One hundred and ten clinical isolates from cases of canine OE were
collected from diagnostic laboratories throughout Australia. These
organisms were speciated using biochemical testing and matrix
assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF) mass spectrometry (Bruker; Preston, Victoria, Aus-
tralia). These isolates comprised 17 meticillin-susceptible Staphylo-
coccus pseudintermedius (MSSP) and 13 MRSP obtained from the
first national survey of antimicrobial resistance in animal pathogens
conducted in Australia,?® and 20 each of f-haemolytic Streptococcus
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spp., P. aeruginosa, P. mirabilis and M. pachydermatis. American
Type Culture Collection (ATCC) strains S. aureus (SA) 29213,
P. aeruginosa (PA) 27853 and P. aeruginosa biofilm-producer PA-01
were used to preliminary screen the antimicrobial activities of the
seven adjuvants. Based on these results, three adjuvants were
selected to test against the full range of clinical isolates. ATCC SA
29213, ATCC PA 27853 and Streptococcus pneumoniae ATCC
49619 were used as bacterial internal quality controls to monitor the
MIC reproducibility during testing of clinical isolates. For yeast inter-
nal quality controls, Candida albicans ATCC 90028 and C. krusei
(Issatchenkia orientalis) ATCC 6258 were used as published previ-
ously,®%2" rather than Malassezia spp. as there is no standard MIC
testing for Malassezia spp. in the CLSI guidelines.

Antimicrobial susceptibility testing

The antimicrobial susceptibility of each isolate was determined using
minimal inhibitory concentration (MIC) microdilution methodology as
recommended by the Clinical and Laboratory Standards Institute
(CLSI).%2 Briefly, bacterial isolates were subcultured on 5% Sheep
Blood Columbia Agar (Thermo Fisher Scientific; Victoria, Australia)
and incubated overnight at 37°C, with 5% CO, supplemented for
streptococcal isolates. A bacterial suspension for each isolate was
prepared in phosphate buffered saline Oxoid Limited; Basingstoke,
Hampshire, UK. and adjusted to 0.5 McFarland standard. Two-fold
serial dilution of each adjuvant working solution was performed with
90 pL CAMHB in 96-well microtitre antimicrobial challenge plates
(Nunclon™ Delta Surface, Thermo Fisher Scientific, Roskilde, Den-
mark). Finally, 10 puL of the bacterial inoculum was added to the
90 plL adjuvant solution to achieve a final bacterial concentration of
5 x 10° colony forming units (cfu)/mL. The final tested concentration
ranges of each adjuvant is shown in Table 1. Antimicrobial challenge
plates for streptococcal isolates were prepared using CAMHB sup-
plemented with 5% lysed sheep blood. All isolates and control
strains were tested in duplicate. Negative growth controls contained
only CAMHB and positive growth controls contained CAMHB and
bacterial suspension. Bacterial growth was assessed visually after
overnight incubation at 37°C and MIC was determined as the lowest
concentration of adjuvant that completely inhibited the growth of the
organism. The MIC range (minimum and maximum), MICso and
MICgq were recorded and calculated for each of the clinical bacterial
groups. The MICsq and MICgg values were defined as the lowest con-
centrations of adjuvant at which 50% and 90% of the isolates were
inhibited, respectively.

Antifungal susceptibility testing

The antifungal susceptibility of M. pachydermatis isolates was per-
formed using a modified CLSI broth microdilution method.%%"
Briefly, isolates were inoculated onto Sabouraud’s dextrose agar
(SDA) supplemented with 1% Tween 80 (Sigma-Aldrich)**** and
incubated for 72 h at 35°C. Yeast isolates were suspended in Sabour-
aud's dextrose broth (SDB) (Oxoid™) supplemented with 1% Tween
80 to obtain a uniform yeast suspension with an optical density (OD)
between 0.2 and 0.3 at 600 nm wavelength (Eppendorf BioPhotome-
ter plus; Hamburg, Germany) and further diluted 1:100 in the same
medium. Antifungal challenge plates were prepared by creating two-
fold serial dilutions of the adjuvant working solution in 150 uL SDB
supplemented with 1% Tween 80 in 96-well microtiter plates (Nun-
clon™ Delta Surface; Thermo Fisher Scientific). Thereafter, 50 pL of
yeast suspension was added to 150 pL of the adjuvant solution to
create a final inoculum concentration of 2-2.5 x 10° cfu/mL and
adjuvant (NAC, Tris-EDTA and disodium EDTA) concentrations as
shown in Table 1. The MIC end-point was determined every 24 h (up
to 72 h) using a combination of two methods: visual end-point read-
ing of more than or equal to 50% growth inhibition (prominent
decrease in turbidity) compared with the positive growth control and
spectrophotometric end-point reading of ODsg7¢ o less or equal to
50% of the positive growth control.*° The MICs were reported as
described above for bacterial antimicrobial susceptibility testing.

© 2018 ESVD and ACVD, Veterinary Dermatology



Results

Table 1 shows the preliminary screening of the seven adju-
vants against one Gram-positive and two Gram-negative
ATCC type strains. NAC, Tris-EDTA and disodium EDTA
were effective against both Gram-positive (ATCC SA
29213) and Gram-negative bacteria (ATCC PA 27853 and
ATCC PA-01) with MICs ranging from 2,500 to 5,000 pg/
mL, 1,500/470 to 6,000/1,900 pg/mL and 470 to 3,800 g/
mL, respectively. Monolaurin was found to have antimicro-
bial activity only against Gram-positive ATCC SA 29123.
PMBN was effective only against Gram-negative bacteria
(ATCC PA 27853 and ATCC PA-01) with MICs ranging
from 8 to 16 pg/mL. No MIC was attainable at the highest
tested concentration of monocaprin and Tris-HCL against
both Gram-positive and Gram-negative ATCC type strains.
Precipitation also was observed at concentrations beyond
1,000 pg/mL during MIC testing of monocaprin.

Based on the antimicrobial activities found during the
preliminary screening, three adjuvants (NAC, Tris-EDTA
and disodium EDTA) were chosen for further antimicro-
bial susceptibility testing against the clinical bacterial and
yeast isolates (Table 2) and quality control strains
(Table S1). NAC was effective against all 110 bacterial
and yeast isolates with MICs ranging from 2,500 to
10,000 pg/mL. Both Staphylococcus and Streptococcus
clinical isolates showed similar values in MIC range,
MICso and MICgyq for Tris-EDTA and disodium EDTA at
1,500/470 and 470 pg/mL, respectively. There was no
difference in results between MSSP and MRSP for all
three adjuvants. The Tris-EDTA MIC range was one to
two dilutions lower for Pseudomonas clinical and control
strains compared to the screening results in Table 1. Pro-
teus mirabilis isolates were more susceptible to disodium
EDTA (MICg of 930 pg/mL) than P. aeruginosa (MICgq of
7,500 pg/mL). Compared to both Gram-positive and
Gram-negative clinical isolates, M. pachydermatis yeast
isolates were most susceptible to Tris-EDTA and dis-
odium EDTA with a MIC range of 95/30-190/60 pg/mL
and 30-120 pg/mL, respectively.

Consistent confluent growth was observed in all of the
positive growth control wells and there was no growth in
any of the negative growth control wells. MICs of ATCC
type strains against selected control antimicrobials were
within CLSI ranges (Table S1).

Antimicrobial activity of adjuvants

Discussion

This study has demonstrated the in vitro antimicrobial
activity of NAC, Tris-EDTA and disodium EDTA against
pathogenic Gram-positive (including MRSP), Gram-nega-
tive bacteria and M. pachydermatis isolated from cases
of canine OE. The other adjuvants tested had either a lim-
ited spectrum or no antimicrobial activity.

N-acetylcysteine is a known mucolytic and nonantibi-
otic agent with bactericidal activity.® Its proposed mode
of action is to competitively inhibit the uptake of amino
acids such as cysteine by bacterial cells or to react with
the bacterial cell proteins with its own sulfhydryl group.*®
It is used as a flushing solution to physically remove bio-
film as part of the management of canine OE.*” Studies
related to human respiratory and urinary tract diseases
have described the combination of NAC with other antibi-
otics such as carbenicillin, fosfomycin and ciprofloxacin to
potentiate the antimicrobial activity of these antibiotics,
to increase the inhibitory effect on biofilm formation and
to eradicate mature biofilms.3®4° In this study, NAC had
a comprehensive range of antimicrobial activities against
both Gram-positive and Gram-negative bacteria and yeast
isolates associated with canine OE. In comparison to a
previous study,*’ in which the NAC MIC ranged from
5,000 to 20,000 pg/mL, our MICs were typically one- to
two-fold lower for all of the isolates except B-haemolytic
Streptococcus (2,500-5,000 pg/mL) and 90% of each
clinical isolate cohort was inhibited at 5,000 pug/mL. Con-
versely, an older study*? observed that P. aeruginosa
growth curve and inhibition in the presence of NAC were
both dose- and inoculum size-dependent; consequently,
they were able to detect a NAC MIC of P. aeruginosa at a
lower concentration range (2-20 pg/mL). Another study
used NAC as an adjunctive therapy against fluoro-
quinolone/ciprofloxacin-resistant  P. aeruginosa strains
associated with human chronic otitis media at concentra-
tions >0.5% or 5,000 pg/mL.** Taken together, our
results and those from previous studies suggest that
NAC could potentially be a useful antimicrobial adjuvant
that could be safely incorporated in the treatment and
management of OE in dogs, especially in cases associ-
ated with antimicrobial resistance.

Tris-EDTA is a common ingredient found in ear cleaners
or rinses to remove ear debris, reduce microbial load and

Table 1. Minimal inhibitory concentrations (MICs) of the seven adjuvants against the three ATCC type strains (Staphylococcus aureus ATCC
29213, Pseudomonas aeruginosa ATCC 27853 and P. aeruginosa biofilm-producer ATCC PA-01)

Staphylococcus aureus

Pseudomonas aeruginosa

Pseudomonas aeruginosa

biofilm-producer Tested concentration

Adjuvant ATCC 29213 MIC (pg/mL) ATCC 27853 MIC (ug/mL) ATCC PA-01 MIC (ug/mL) MIC range (ug/mL)
Monolaurin 125 >2,000 >2,000 8-2,000
Monocaprin >2,000* >2,000* >2,000* 8-2,000
N-acetylcysteine 2,500 5,000 2,500 156-80,000
PMBN >128 16 8 0.25-128
Tris-EDTA buffer pH 8.0 1,500 6,000 6,000 Tris: 24-12,200
470 1,900 1,900 EDTA: 7-3,800
Tris-HCL pH 8.0 >12,200 >12,200 >12,200 24-12,200
Disodium EDTA pH 8.0 470 3,800 3,800 15-30,000

EDTA ethylenediaminetetraacetic acid, PMBN Polymyxin B nonapeptide, Tris-HCL tromethamine-hydrochloride.

*Precipitation at concentration from 1,000-2,000 pg/mL.
The right-hand column indicates the range of concentrations tested.
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Table 2. MIC range, MICsp, and MICqq for N-acetylcysteine, Tris-EDTA and disodium EDTA against 110 clinical isolates of canine otitis externa

N-acetylcysteine (ng/mL)

Tris-EDTA in combination (pg/mL)

Disodium EDTA (ng/mL)

MIC range MICso MICgo
Isolates MIC range MICsp  MICgy  Tris EDTA Tris EDTA Tris EDTA MiCrange MICsq MICgq
Staphylococcus 2,5600-5,000 2,500 5,000 1,500 470 1,500 470 1,500 470 470 470 470
pseudintermedius
(n=30)
B-haemolytic 10,000 10,000 10,000 1,500 470 1,500 470 1,500 470 470 470 470
Streptococcus spp.
(n=20)
Pseudomonas 2,500-5,000 5,000 5,000 1,500-3,000 470-930 3,000 930 3,000 930  470-7,500 1,900 7,500
aeruginosa (n=20)
Proteus mirabilis 2,500-10,000 5,000 5,000 1,500-6,000 470-1,900 1,500 470 3,000 930 470-1,900 470 930
(n=20)
Malassezia 2,500-5,000 5,000 5,000 95-190 30-60 190 60 190 60 30-120 60 120
pachydermatis
(n=20)

MIC range (ng/mL)

Tris-EDTA in combination

Quality control strains N-acetylcysteine Tris EDTA Disodium EDTA
Staphylococcus aureus ATCC 29213 2,500-5,000 1,500 470 470
Streptococcus pneumoniae ATCC 49619 10,000 1,500 470 470
Pseudomonas aeruginosa ATCC 27853 2,500-5,000 3,000 930 3,800

Candida albicans ATCC 90028 80,000 380 120 120

Candida krusei ATCC 6258 80,000 380 120 120

Isolates included meticllin-susceptible Staphylococcus pseudintermedius (n = 17), meticillin-resistant Staphylococcus pseudintermedius (n = 13),
B-haemolytic Streptococcus spp. (n = 20), Pseudomonas aeruginosa (n = 20), Proteus mirabilis (n = 20) and Malassezia pachydermatis (n = 20).

Refer to Table 1 for the range of concentrations tested.

increase the susceptibility of otic pathogens to topical
antimicrobial therapy for canine OE.*”#* There is a signifi-
cant literature on Tris-EDTA and disodium EDTA that
describes these bacteriostatic agents as potentiating
other antimicrobial agents*®*” or assesses their antibac-
terial activity as a part of a formulation or poly-pharmaceu-
tical commercial product.*®4°  Tris-buffer enhances
EDTA's ability to chelate and remove divalent cations that
are critically important in maintaining the integrity of the
lipopolysaccharide cell wall. Disruption leads to solubiliza-
tion of the cell wall and increases the permeability of the
outer membrane of resistant Gram-negative organisms to
primary antimicrobial agents.®°-°2 We confirmed in the
present study that the antibacterial activity of Tris-EDTA
against the ATCC type strains was dependent on the
presence of disodium EDTA as no activity was observed
with Tris-HCL alone. Furthermore, for P. aeruginosa,
there was a significant reduction in the MICsq (two times
lower) and MICgq (eight times lower) for disodium EDTA
in the presence of Tris-HCL compared to disodium EDTA
used alone. However, this was not the case for
P. mirabilis isolates, in which disodium EDTA was essen-
tially as effective on its own. Proteus mirabilis clinical iso-
lates also were four to eight times more susceptible to
disodium EDTA than P. aeruginosa clinical isolates. In our
study, the MIC range for Tris-EDTA against canine otic
Pseudomonas isolates was comparatively lower (1,500/
470-3,000/930) than those reported previously,'® with
the range of 2,200/600-8,900/2,400 pg/mL. The
antimicrobial activity of disodium EDTA against both

4
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Gram-positive and Gram-negative ATCC strains in our
study was quite close to the findings in a previous
study.>3

To the best of the authors’ knowledge, this is the first
study to demonstrate in vitro antifungal activity of dis-
odium EDTA and Tris-EDTA against otic Malassezia
pachydermatis from dogs using the MIC methodology.
No previous report was identified which described the
in vitro susceptibility of yeast to EDTA or Tris-EDTA alone.
Previous studies only reported the anti-yeast activity of an
otic cleaner which contained disodium EDTA or Tris-
EDTA as one of a number of other ingredients, with
inhibitory activity recorded in either the effect of growth
reduction (cfu/mL)®* or dilution ratio.*®*® Our results also
provide a clear comparison of the efficacy of disodium
EDTA against yeast compared to Gram-positive and
Gram-negative bacteria. With reference to MICgq,
M. pachydermatis was eight times more susceptible to
P. mirabilis and 62.5x more susceptible than P. aerugi-
nosa, but only four times more susceptible than S. pseud-
intermedius and Streptococcus spp.

The results of this study have shown that NAC, Tris-
EDTA and disodium EDTA demonstrated extensive
in vitro antimicrobial activities against Gram-positive
organisms (including the 13 isolates of MRSP), Gram-
negative and yeast isolates associated with canine OE. If
antimicrobial results are confirmed in vivo, these three
agents could be used as antibiotic adjuvants or potentiat-
ing agents for other antibiotics to treat Gram-negative and
multidrug-resistant bacterial infections. In alignment with
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the principles of antimicrobial stewardship, this might
spare the use of important human medicines and prevent
the ongoing development of antimicrobial resistance.
There also is the potential for adjuvants to be incorpo-
rated with other antimicrobials in an otic formulation as a
multimodal approach to treating mixed ear infections in
dogs. Further studies are underway to test this hypothe-

SIs.

Acknowledgement

Wei Yee Chan was supported by the Ministry of Higher
Education of Malaysia and Universiti Putra Malaysia.

References

1.

Hill PB, Lo A, Eden CA et al. Survey of the prevalence, diagnosis
and treatment of dermatological conditions in small animals in
general practice. Vet Rec 2006; 158: 533-539.

. Lund EM, Armstrong PJ, Kirk CA et al. Health status and popula-

tion characteristics of dogs and cats examined at private veteri-
nary practices in the United States. J Am Vet Med Assoc 1999;
214:1,336-1,341.

. O'Neill DG, Church DB, McGreevy PD et al. Prevalence of disor-

ders recorded in dogs attending primary-care veterinary prac-
tices in England. PLoS ONE 2014; 9: €90501.

. Bugden D. Identification and antibiotic susceptibility of bacterial

isolates from dogs with otitis externa in Australia. Aust Vet J
2013;91: 43-46.

. Petrov V, Mihaylov G, Tsachev | et al. Otitis externa in dogs:

microbiology and antimicrobial susceptibility. Rev Med Vet
2013; 164: 18-22.

. Fernéndez G, Barboza G, Villalobos A et al. Isolation and identifi-

cation of microorganisms present in 53 dogs suffering otitis
externa. Rev Cient 2006; 16: 23-30.

. Lyskova P, Vydrzalova M, Mazurova J. Identification and antimi-

crobial susceptibility of bacteria and yeasts isolated from healthy
dogs and dogs with otitis externa. J Vet Med A 2007; 54: 559—
563.

. Moraes L, Pereira J, Silva S et al. Microbiological diagnosis and

bacterial multiresistance in vitro of external otitis of dogs-short
communication. Vet Zootec 2014; 21: 98-101.

. Subapriya S, Senthil N, Vairamuthu S et al. A study on microbial

profile and trend in antimicrobial susceptibility of canine otitis.
IntJ Livest Res 2015; b: 43-48.

. Rendle DI, Page SW. Antimicrobial resistance in companion ani-

mals. Equine Vet J2018; 50: 147-152.

. O'Neill J. Tackling drug-resistant infections globally: final report

and recommendations: Review on Antimicrobial Resistance,
2016. Available at: https://amr-review.org/sites/default/files/
160525_Final%20paper_with%20cover.pdf. Accessed Nov 13,
2018

. Yoon JW, Lee K-J, Lee S-Y et al. Antibiotic resistance profiles of

Staphylococcus pseudintermedius isolates from canine patients
in Korea. J Microbiol Biotechnol 2010; 20: 1,764-1,768.

. Jones RD, Kania SA, Rohrbach BW et al. Prevalence of oxacillin-

and multidrug-resistant staphylococci in clinical samples from
dogs: 1,772 samples (2001-2005). J Am Vet Med Assoc 2007,
230: 221-227.

. Bemis DA, Jones RD, Frank LA et al.Evaluation of susceptibility

test breakpoints used to predict mecA-mediated resistance in
Staphylococcus Pseudintermedius isolated from dogs. J Vet
Diagn Invest 2009; 21: 53-58.

. Buckley LM, McEwan NA, Nuttall T. Tris—=EDTA significantly

enhances antibiotic efficacy against multidrug-resistant Pseu-
domonas aeruginosa in vitro. Vet Dermatol 2013; 24: 519-
el122.

© 2018 ESVD and ACVD, Veterinary Dermatology

90

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Antimicrobial activity of adjuvants

. Penna B, Thomé S, Martins R et al. In vitro antimicrobial resis-

tance of Pseudomonas aeruginosa isolated from canine otitis
externa in Rio de Janeiro, Brazil. Braz J Microbiol 2011; 42:
1,434-1,436.

. Meki¢ S, Matanovi¢ K, Seol B. Antimicrobial susceptibility of

Pseudomonas aeruginosa isolates from dogs with otitis externa.
Vet Rec2011; 169: 125.

. Paul NC, Moodley A, Ghibaudo G et al. Carriage of Methicillin-

Resistant Staphylococcus pseudintermedius in Small Animal
Veterinarians: Indirect Evidence of Zoonotic Transmission. Zoo-
noses Public Health 2011; 58: 533-539.

. Somayaji R, Priyantha M, Rubin J et al. Human infections due to

Staphylococcus pseudintermedius, an emerging zoonosis of
canine origin: report of 24 cases. Diagn Microbiol Infect Dis
2016; 85: 471-476.

van Duijkeren E, Kamphuis M, van der Mije IC et al. Transmis-
sion of methicillin-resistant Staphylococcus pseudintermedius
between infected dogs and cats and contact pets, humans and
the environment in households and veterinary clinics. Vet Micro-
biol2011; 1560: 338-343.

Pomba C, Rantala M, Greko C et al. Public health risk of antimi-
crobial resistance transfer from companion animals. J Antimi-
crob Chemother 2017; 72: 957-968.

Guardabassi L, Prescott JF. Antimicrobial stewardship in small
animal veterinary practice: from theory to practice. Vet Clin
North Am Small Anim Pract 2015; 45: 361-376.

Page S, Prescott J, Weese S. The 5Rs approach to antimicrobial
stewardship. Vet Rec 2014; 175: 207-208.

Ejim L, Farha MA, Falconer SB et al. Combinations of antibiotics
and nonantibiotic drugs enhance antimicrobial efficacy. Nat
Chem Biol 2011; 7: 348-350.

Kalan L, Wright GD. Antibiotic adjuvants: multicomponent anti-
infective strategies. Expert Rev Mol Med2011; 13: 5.

Bernal P, Molina-Santiago C, Daddaoua A et al. Antibiotic adju-
vants: identification and clinical use. Microb Biotechnol 2013; 6:
445-449.

Domalaon R, Idowu T, Zhanel GG et al. Antibiotic hybrids: the
next generation of agents and adjuvants against gram-negative
pathogens? Clin Microbiol Rev 2018; 31: pii: e00077-17.

Dufour M, Simmonds R, Bremer P. Development of a method to
quantify in vitro the synergistic activity of “natural” antimicro-
bials. Int J Food Microbiol 2003; 85: 249-258.

Saputra S, Jordan D, Worthing KA et al. Antimicrobial resistance
in coagulase-positive staphylococci isolated from companion ani-
mals in Australia: a one year study. PLoS ONE 2017; 12:
e0176379.

Cafarchia C, latta R, Immediato D et al. Azole susceptibility of
Malassezia pachydermatis and Malassezia furfur and tentative
epidemiological cut-off values. Med Mycol 2015; 53: 743-748.
NCCLS. Reference method for broth dilution antifungal suscepti-
bility testing of yeasts: approved standards — 2nd ed. NCCLS
document M27-A2. Wayne, PA: National Committee for Clinical
Laboratory Standards; 2002.

CLSI. Performance standards for antimicrobial disk and dilution
susceptibility tests for bacteria isolated from animals — 5th edn.
CLSI standard VETO1. Wayne, PA: Clinical and Laboratory Stan-
dards Institute; 2018.

Eichenberg ML, Appelt CE, Berg V et al. Susceptibility of Malas-
sezia pachydermatis to azole antifungal agents evaluated by a
new broth microdilution method. Acta Sci Vet 2003; 31: 75-80.
Cafarchia C, Figueredo LA, Favuzzi V et al. Assessment of the
antifungal susceptibility of Malassezia pachydermatis in various
media using a CLSI protocol. Vet Microbiol 2012; 159: 536-540.
Aslam S, Darouiche RO. Role of antibiofilm-antimicrobial agents
in controlling device-related infections. Int J Artif Organs 2011;
34:752-758.

Zhao T, Liu Y. N-acetylcysteine inhibit biofilms produced by
Pseudomonas aeruginosa. BMC Microbiol 2010; 10: 140.

Nuttall T. Successful management of otitis externa. In Pract
2016; 38(Suppl2): 17.



Chan et al.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

El-Feky MA, EI-Rehewy MS, Hassan MA et al. Effect of cipro-
floxacin and N-acetylcysteine on bacterial adherence and biofilm
formation on ureteral stent surfaces. Pol J Microbiol 2009; 58:
261-267.

Marchese A, Bozzolasco M, Gualco L et al. Effect of fosfomycin
alone and in combination with N-acetylcysteine on E. coli bio-
films. Intern J Antimicrob Agent 2003; 22(Suppl2): S95-S100.
Roberts D, Cole P. N-acetylcysteine potentiates the anti-pseudo-
monas activity of carbenicillin in vitro. J Infect 1981; 3: 353-359.
May ER, Conklin KA, Bemis DA. Antibacterial effect of N-acetyl-
cysteine on common canine otitis externa isolates. Vet Dermatol
2016; 27: 188-e147.

Parry MF, Neu HC. Effect of N-acetylcysteine on antibiotic activ-
ity and bacterial growth in vitro. J Clin Microb 1977; 5: 58-61.
Lea J, Conlin AE, Sekirov | et al. In vitro efficacy of N-acetylcys-
teine on bacteria associated with chronic suppurative otitis
media. J Otolaryngol Head Neck Surg2014; 43: 7.

Paterson S. Topical ear treatment-options, indications and limi-
tations of current therapy. J Small Anim Pract 2016; 57: 668
678.

Brown MR, Richards R. Effect of ethylenediamine tetraacetate
on the resistance of Pseudomonas aeruginosa to antibacterial
agents. Nature 1965; 207: 1,391-1,393.

Wooley R, Jones M. Action of EDTA-Tris and antimicrobial agent
combinations on selected pathogenic bacteria. Vet Microbiol
1983; 8: 271-280.

Farca AM, Piromalli G, Maffei F et al. Potentiating effect of
EDTA-Tris on the activity of antibiotics against resistant bacteria
associated with otitis, dermatitis and cystitis. J Small Anim Pract
1997, 38: 243-245.

Résumé

48. Swinney A, Fazakerley J, McEwan N et al. Comparative in vitro
antimicrobial efficacy of commercial ear cleaners. Vet Dermatol
2008; 19: 373-379.

49. Guardabassi L, Ghibaudo G, Damborg P. In vitro antimicrobial
activity of a commercial ear antiseptic containing chlorhexidine
and Tris—EDTA. Vet Dermatol 2010; 21: 282-286.

50. Goldschmidt MC, Wyss O. The role of tris in EDTA toxicity and
lysozyme lysis. Microbiology 1967; 47: 421-431.

51. Gray G, Wilkinson S. The effect of ethylenediaminetetra-acetic
acid on the cell walls of some gram-negative bacteria. Microbiol-
ogy 1965; 39: 385-399.

52. Leive L. Release of lipopolysaccharide by EDTA treatment of
E. coli. Biochem Biophys Res Commun 1965; 21: 290-296.

53. Lambert RJW, Hanlon GW, Denyer SP. The synergistic effect of
EDTA/antimicrobial combinations on Pseudomonas aeruginosa.
J Appl Microbiol 2004; 96: 244-253.

54. Cole LK, Kwochka KW, Kowalski JJ et al. Evaluation of an ear
cleanser for the treatment of infectious otitis externa in dogs.
Vet Ther2002; 4: 12-23.

Supporting Information

Additional Supporting Information may be found in the
online version of this article.

Table S1. MIC obtained and CLSI acceptable MIC range
for quality control strains using control antimicrobials.

Contexte — Un adjuvant antibiotique est une substance chimique utilisée pour modifier ou augmenter
I'efficacité d'agents antimicrobiens primaires contre les micro-organismes résistants; Leur utilisation four-
nit une approche alternative pour gérer les résistances antimicrobiennes et augmenter la gestion antimicro-

bienne.

Hypotheses/Objectifs — Déterminer |'activité antimicrobienne d’un panel d'adjuvants antimicrobien poten-
tiels contre les pathogenes fréquents associés aux otites externes canines (OE).

Sujets/Isolats — Un nombre de souches types et de prélevements cliniques (n = 110) d'OE canines ont
été testés comprenant Staphylococcus pseudintermedius, B-haemolytic Streptococcus spp., Pseudomo-
nas aeruginosa, Proteus mirabilis et Malassezia pachydermatis.

Meéthodes - Les activités antimicrobiennes de monolaurine, monocaprine, N-acetylcystéine (NAC), poly-
myxin B nonapeptide, Tris-EDTA, Tris-HCL et disodium EDTA ont été testées par microdilution selon les

recommandations du CLSI.

Résultats - Les N-acetylcystéine, Tris-EDTA et disodium EDTA avaient une activité antimicrobienne contre
les deux types de souches et les pathogénes auriculaires. Les autres adjuvants testés avaient une effica-
cité limitée a pas d'efficacité. NAC avait une concentration minimale inhibitrice (MIC) qui variait de 2,500 a
10,000 pg/mL pour les différents organismes. Les souches de Pseudomonas aeruginosa étaient huit fois
plus sensibles au disodium EDTA en présence de Tris-HCL en comparaison au disodium EDTA seul. Les
souches de Malasseiza pachydermatis étaient plus sensibles au Tris-EDTA (MICgo = 190/60 pug/mL) et diso-

dium EDTA (MICgo = 120 pg/mL).

Conclusions et importance clinique - N-acetylcystéine, Tris-EDTA et disodium EDTA avaient une activité
antimicrobienne intrinséque et représentaient des adjuvants prometteurs qui pourraient étre utilisés pour
augmenter |'efficacité des antibiotiques existants contre les infections bactériennes gram négatives et
multi-résistantes. Ces agents pourraient étre associés avec d'autres agents antimicrobiens dans une
approche multimodale des infections de I'oreille du chien.

Resumen

Introduccion — un antibidtico adyuvante es una sustancia quimica utilizada para modificar o aumentar la
efectividad de los agentes antimicrobianos primarios contra microorganismos resistentes a los medica-
mentos. Su uso proporciona un enfoque alternativo para abordar el problema global de la resistencia a los
antimicrobianos y mejorar la administracion antimicrobiana.

Hipotesis/Objetivos — determinar la actividad antimicrobiana de un panel de potenciales adyuvantes anti-
microbianos contra patégenos comunes asociados con la otitis externa canina (OE).
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Animales/aislamientos - se analizaron cepas tipo y aislamientos clinicos (n = 110) de OE canina, que
incluian Staphylococcus pseudintermedius, Streptococcus spp. B-hemolitico, Pseudomonas aeruginosa,
Proteus mirabilis y Malassezia pachydermatis.

Meétodos - se analizaron las actividades antimicrobianas de monolaurina, monocaprina, N-acetilcisteina
(NAC), polimixina B nonapéptido, Tris-EDTA, Tris-HCL y EDTA disédico utilizando la metodologia de micro-
dilucién de acuerdo con las pautas CLSI.

Resultados - N-acetilcisteina, Tris-EDTA y EDTA disddico tuvieron actividad antimicrobiana contra cepas
tipo y patdégenos dticos aislados de campo. Los otros adyuvantes probados tuvieron eficacia limitada o no
existente. La NAC tenia un rango de concentracion inhibitoria minima (CIM) de 2,500 a 10,000 pg/ml para
los diversos organismos. Los aislamientos de Pseudomonas aeruginosa fueron ocho veces més suscepti-
bles al EDTA disddico en presencia de Tris-HCL en comparacion con el EDTA disddico solo. Los aislados de
Malassezia pachydermatis fueron mas susceptibles a Tris-EDTA (MIC90 = 190/60 pg/mL) y EDTA disédico
(MIC90 = 120 pg/mL).

Conclusiones y relevancia clinica - la N-acetilcisteina, Tris-EDTA y EDTA disddico tienen actividad antimi-
crobiana intrinseca y representan adyuvantes prometedores que podrian usarse para mejorar la eficacia de
los antibidticos existentes contra las infecciones bacterianas Gram-negativas y resistentes a multiples
farmacos. Estos agentes podrian combinarse con otros agentes antimicrobianos en un enfoque multimodal
para infecciones de oido mixtas en perros.

Zusammenfassung

Hintergrund - Ein antibiotisches Adjuvans ist eine chemische Substanz, die eingesetzt wird, um die Wirk-
samkeit von primar antibiotischen Wirkstoffen gegenlber Medikamenten-resistenten Mikroorganismen zu
modifizieren oder zu verbessern. Seine Verwendung bedeutet eine alternative Herangehensweise, um das
globale Thema der antimikrobiellen Resistenz anzusprechen und Antimikrobielle Stewardship zu verbes-
sern.

Hypothese/Ziele — Die Bestimmung der antimikrobiellen Aktivitat eines Panels von potentiellen antimikro-
biellen Adjuvantien gegen Ubliche Pathogene, die mit einer Otitis externa (OE) des Hundes in Zusammen-
hang gebracht werden.

Tiere/lsolate — Eine Anzahl von Erregerstammen und klinische Isolate (n = 110) von OE von Hunden mit
Staphylococcus pseudintermedius, B-haemolytic Streptococcus spp., Pseudomonas aeruginosa, Proteus
mirabilis und Malassezia pachydermatis.

Ergebnisse - N-Acetylcystein, Tris-ETDA und Disodium EDTA zeigen eine antimikrobielle Aktivitat gegen-
Uber beiden Stammen und Ohr Pathogenen. Die anderen getesteten Adjuvantien zeigten wenig bis keine
Wirksamkeit. NAC hatte eine minimale Hemmkonzentration (MIC) im Bereich von 2,500-10,000 pg/mL fur
die verschiedenen Organismen. Pseudomonas aeruginosa |solate waren achtmal empfanglicher auf Diso-
dium EDTA wenn auch Tris-HCI verwendet wurde im Vergleich zu Disodium EDTA alleine. Malassezia
pachydermatis Isolate waren am empfindlichsten auf Tris-EDTA (MICgq = 190/60 ng/mL) und Disodium
EDTA (MIC90 =120 pg/mL).

Schlussfolgerungen und klinische Bedeutung - N-Acetylcystein, Tris-EDTA und Disodium EDTA haben
eine intrinsische antimikrobielle Aktivitat und reprasentieren vielversprechende Adjuvantien, die verwendet
werden konnten, um die Wirksamkeit von bestehenden Antibiotika gegenliber Gram-negativen und Multi-
drug-resistenten bakteriellen Infektionen zu verbessern. Diese Wirkstoffe konnten mit anderen antimikrobi-
ellen Wirkstoffen in einer multimodalen Herangehensweise fir Mischinfektionen der Ohren von Hunden
kombiniert werden.

i
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Resumo

Contexto — Um adjuvante de antibidtico € uma substancia quimica utilizada para modificar ou aumentar a
eficécia de agentes antimicrobianos primaérios contra microrganismos resistentes. O seu uso propicia uma
alternativa para abordar o problema global da resisténcia a antimicrobianos e enfatizar as diretrizes para uso
racional destes farmacos (antimicrobial stewardship).

Hipotese/Objetivos — Determinar a atividade antimicrobiana de um painel de potenciais adjuvantes de
antimicrobianos contra patégenos comumente associados a otite externa canina (OE).
Animais/IsoladosTestou-se cepas padrao e isolados clinicos (n = 110) de OE canina, incluindo Staphylococ-
cus pseudintermedius, Streptococcus spp. B-haemolitico, Pseudomonas aeruginosa, Proteus mirabilis e
Malassezia pachydermatis.

Meétodos - A atividade antimicrobiana de monolaurina, monocaprina, N-acetilcisteina (NAC), nanopeptideo
polimixina B, Tris-eDTA, Tris-HCL e EDTA dissédico foi testada utilizando o método de microdiluicao de
acordo com as diretrizes do CLSI.

Resultados - N-acetilcisteina, Tris-EDTA e EDTA dissddico apresentaram atividade antimicrobiana tanto
contra as cepas padrao quanto contra os patégenos 6ticos. Os outros adjuvantes apresentaram pouca ou
nenhuma eficdcia. A NAC apresentou um intervalo de concentragao inibitéria minima (MIC) de 2.500—
10.000 pg/mL para os diversos microrganismos. Os isolados de Pseudomonas aeruginosa foram oito vezes
mais suscetiveis ao EDTA dissédico na presenca do Tris-HCL em comparagao ao EDTA dissédico isolada-
mente. Os isolados de Malassezia pachydermatis foram mais suscetiveis ao Tris-EDTA (MICgg = 190/60
ng/mL) e ao EDTA dissddico (MICgg = 120 pg/mL).

Conclusoes e relevancia clinica — N-acetilcisteina, Tris-EDTA e EDTA dissddico apresentam atividade
antimicrobiana intrinseca e sao adjuvantes promissores que podem ser utilizados para potencializar a
eficacia de antibidticos existentes no tratamento de infecgdes por bactérias Gram-negativas e multirresis-
tentes. Estes agentes podem ser utilizados associados a outros agentes antimicrobianos em uma aborda-
gem multimodal pra infecgoes mistas de ouvido de caes.
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Table S1: MIC obtained and CLSI acceptable MIC range®!-> for quality control strains using control antimicrobials.

Quality control strains

Control antimicrobial agent

CLSI acceptable MIC range

MIC obtained (ng/ml)

(Mg/ml) 31,55

Staphylococcus aureus ATCC 29213 Ampicillin 0.06 -2 0.25
Streptococcus pneumoniae ATCC 49619 Ampicillin 0.06 —0.25 0.125
Pseudomonas aeruginosa ATCC 27853 Enrofloxacin 1-4 4
Issatchenkia orientalis (Candida kruser) Amphotericin B 0.5 —2.0 (Post 24 hours) 2.0
ATCC 6258 1.0 — 4.0 (Post 48 hours) 4.0
Candida albicans ATCC 90028 Amphotericin B 0.5 —2.0 (Post 24 hours) 1.0

0.5 — 2.0 (Post 48 hours) 2.0
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Chapter 5: In vitro antimicrobial activity of narasin and monensin
in combination with adjuvants against pathogens associated with

canine otitis externa
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Background - The emergence of antimicrobial resistance represents a serious human and animal health risk.
Good antimicrobial stewardship is essential to prolong the lifespan of existing antibiotics, and new strategies are
required to combat infections in man and animals.

Hypothesis/Objectives — To determine the in vitro interaction of ionophores (narasin or monensin) with antimi-
crobial adjuvants (N-acetylcysteine (NAC), Tris-EDTA or disodium EDTA) against bacterial strains representing
pathogens associated with canine otitis externa (OE).

Animal/lsolates - American Type Culture Collection (ATCC) strains Staphylococcus aureus 29213, Pseu-
domonas aeruginosa 27853 and P. aeruginosa biofilm producer PAO1, and a clinical isolate of Proteus mirabilis
from a case of canine OE were tested.

Methods and materials — A 2D microdilution checkerboard method was used, allowing calculation of fractional
inhibitory concentration index (FICI), dose reduction index (DRI) and plotting of isobolograms.

Results — The combination of narasin with either Tris-EDTA or disodium EDTA produced additive effects
(FICI = 0.75) against P. aeruginosa ATCC 27853 and P. aeruginosa biofilm producer ATCC PAO1. An additive
effect (FICI = 0.53-0.75) was found against S. aureus ATCC 29213 when narasin or monensin were combined
with NAC. The highest DRI (32-fold) was found with monensin/NAC where the MIC of monensin was reduced
from 4 t0 0.125 pg/mL.

Conclusions and clinical importance — The combination of narasin with Tris-EDTA or disodium EDTA is a
promising strategy to inhibit the intrinsic resistance elements of Gram-negative bacteria. These novel combina-

tions potentially could be useful as a multimodal approach to treat mixed infections in canine OE.

Introduction

Otitis externa (OE) is one of the most frequently reported
skin disorders in dogs with a prevalence of <10.2% in the
UK and 13% in the US." Resistant pathogens often
associated with canine OE are meticillin-resistant Staphy-
lococcus pseudintermedius (MRSP), multidrug-resistant
S. pseudintermedius (MDRSP) and MDR Pseudomonas
aeruginosa (MDRPA).*® Pseudomonas otitis has been
reported with organisms demonstrating increasing
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fluoroquinolone resistance and multidrug resistance to at
least three or four antimicrobial classes.®”

The emergence of antimicrobial resistance (AMR) is a
global threat to both human and animal populations.? A
significant public health risk was identified with increasing
reports of AMR transmission between companion ani-
mals and humans.®'® Zoonotic transmission of MRSP
has been reported causing skin and soft tissue infections
in patients with confirmed contact with dogs."” MRSP
also has been isolated from human patients with chronic
rhinosinusitis whose dogs are suffering from an ear infec-
tion."? There is, therefore, a significant responsibility
within the veterinary profession to practice good antibi-
otic stewardship. The key principles of “reduce, refine
and replace” are critically important in order to prolong
the lifespan of existing antibiotics that are essential for
human and animal health."®

A recent trend in the field of antimicrobial stewardship
is the concept of drug repurposing (using old drugs for
new purposes). This may allow existing antibiotics to be
reserved for severe or life-threatening infections and less

1
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severe infections to be treated using less critical drugs.
Furthermore, the concurrent use of nonantibiotic com-
pounds (antimicrobial adjuvants) could help to broaden
the spectrum of activity of these agents. In previous stud-
ies, we reported on the activity of the polyether iono-
phores narasin and monensin against pathogens involved
in canine OE; these drugs are currently used as rumen
modulators, growth promoters and coccidiostats in pro-
duction animals.''® There is little evidence for bacterial
resistance or co-selection for resistance to other antimi-
crobial classes.’®"” We showed that Gram-positive
organisms including MRSP and MDRSP from cases of
canine OE were highly susceptible to narasin and monen-
sin although these agents lacked activity against Gram-
negative bacteria and had weak anti-yeast activity.'®'® In
a study to identify potential adjuvants that might broaden
the spectrum of activity of these agents, we reported that
N-acetylcysteine (NAC), Tris-EDTA and disodium EDTA
had intrinsic antimicrobial activity against otic pathogens,
including Gram-negative organisms.?°

The aim of this study was to determine the in vitro
antimicrobial activity of narasin and monensin in the pres-
ence of an adjuvant (NAC, Tris-EDTA or disodium EDTA)
against bacterial strains representing pathogens associ-
ated with canine OE.

Methods and materials

Test organisms

Due to the technical difficulties of performing multiple checkerboard
assays, American Type Culture Collection (ATCC) strains of Staphylo-
coccus aureus (ATCC SA 29213) and Pseudomonas aeruginosa
(ATCC PA 27853 and P. aeruginosa biofilm producer ATCC PAO1)
were used to assess minimum inhibitory concentrations (MICs). This
was considered appropriate because previous studies demonstrated
that susceptibility to the test compounds was consistent between
the ATCC type strains and a range of clinical isolates from cases of
canine OE (n = 110)."®2° This was the case even with meticillin-sus-
ceptible S. pseudintermedius, MRSP and MDRSP. In this context,
the ATCC type strains were being used as proxies for clinical isolates.
ATCC SA 29213 and ATCC PA 27853 were purchased from Abacus
ALS, Queensland, Australia and ATCC PAO1 was donated by the
University of New South Wales, Sydney. A clinical isolate of Proteus
mirabilis from a case of canine OE was obtained from the archive col-
lection of Australian Centre for Antimicrobial Resistance Ecology
(ACARE), South Australia. Before the day of antimicrobial susceptibil-
ity testing, bacterial isolates were subcultured on 5% sheep blood
Columbia agar (Thermo Fisher Scientific; Melbourne, Victoria, Aus-
tralia) and incubated at 36 4+ 1°C for 24 h. Purity was confirmed by
inspecting the overnight culture on an agar plate.

lonophores and antimicrobial adjuvants

Technical grade narasin (>98% purity) and monensin A sodium salt
(>98% purity) were purchased from BioAustralis (Smithfield, New
South Wales, Australia). Stock solutions of narasin and monensin
were prepared at 100 times the maximum testing concentration in
dimethy! sulfoxide (DMSO > 99.9%, Sigma-Aldrich; St Louis, MO,
USA) and stored at —80°C until used. Stock concentrations for
antimicrobial susceptibility testing were prepared according to the
types of test organisms. For narasin, stock concentrations were
made at 1.6 mg/mL for ATCC SA 29213; and 12.8 mg/mL for ATCC
PA 27853, ATCC PAO1 and P. mirabilis. For monensin, 1.6 mg/mL
stock concentration was prepared for all ATCC strains and clinical iso-
late. In a preliminary experiment with 1% DMSO, the maximum con-
centration used in susceptibility testing, did not show any
antimicrobial activity.

2
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The NAC (from Sigma-Aldrich) was prepared at 40,000 pg/mL
(double the highest concentration to be tested) in cation-adjusted
Mueller-Hinton broth (CAMHB) (Becton Dickinson and Com-
pany; Sparks, MD, USA) for the testing of ATCC strains and clinical
isolate. Tromethamine-hydrochloride (Tris-HCL) and disodium
ethylenediaminetetraacetic acid (EDTA) were purchased from Pro-
mega (Madison, WI, USA); 1 M Tris-HCL and 0.5 M disodium EDTA
stock solutions were prepared in MilliQ water and stored at room
temperature before preparation of Tris-EDTA. Tris-EDTA was then
made by mixing and diluting 1 M Tris-HCL and 0.5 M disodium EDTA
in CAMHB and then buffered to pH 8.0 with sodium hydroxide (Ana-
laR®, Merck Pty Ltd; Bayswater, Victoria, Australia). For the antimi-
crobial testing of ATCC SA 29213 and P. mirabilis, Tris-EDTA was
prepared at a concentration of 100 mM (12,200 pg/mL) Tris-HCL
with 10 mM (3,800 pg/mL) disodium EDTA. For testing of ATCC PA
27853 and ATCC PAO1, 400 mM (48,500 pg/mL) Tris-HCL with
40 mM (15,000 pg/mL) disodium EDTA working solution was pre-
pared. When used alone, disodium EDTA was prepared in CAMHB at
20 mM (7,500 pg/mL) for ATCC SA 29213 and P. mirabilis, and
80 mM (30,000 pg/mL) for Gram-negative ATCC strains. NAC, Tris-
EDTA and disodium EDTA working solutions were prepared fresh on
the day of in vitro antimicrobial synergy testing and stored at 2-8°C.

In vitro antimicrobial synergy testing by
microdilution checkerboard assays

A modified 2D microdilution checkerboard assay was used to eval-
uate the potential synergistic activity between ionophores (narasin or
monensin) and adjuvants (NAC, Tris-EDTA or disodium EDTA) (Fig-
ure 1). Briefly, 89 uL CAMHB was added to each well of a 96 well
microtiter plate (Nunclon™ Delta Surface, Thermo Fisher Scientific;
Roskilde, Denmark) which was used as the checkerboard challenge
plate. Next, a two-fold serial dilution of an adjuvant working solution
was performed along the ordinate from row H to C (e.g. from 20,000
to 625 pg/mL for NAC, from 400/40 to 12.5/1.256 mM for Tris-EDTA
and 10-0.3125 mM for disodium EDTA). In another 96 well plate, each
ionophore was two-fold serially diluted in DMSO from 12.8 to
0.025 mg/mL or 1.6 to 0.003 mg/mL for narasin and 1.6 to 0.003 mg/
mL for monensin. Then, 1 uL of each concentration was dispensed
along the abscissa (column 3-12 only) in the checkerboard challenge
plate. This resulted in a final concentration range for narasin or monen-
sin of 0.26-128 pg/mL or 0.03-16 pg/mL. Each plate was set up to
test a single bacterial isolate. Ten pL of bacterial suspension (prepared
at 1:20 dilution of 0.5 McFarland standard) was added to each well of
the plate to achieve a final bacterial concentration of 5 x 10° cfu/mL.
Following incubation at 36 + 1°C for 24 h, MIC values for ionophore
and adjuvant when tested alone and in combination were assessed
both visually and spectrophotometrically (ODgoo nm). Experiments
were performed in duplicate and repeated twice.

21,22

Fractional inhibitory concentration index (FICI)

The fractional inhibitory concentration index (FICI) was used to
describe the result of the checkerboard assay and it was calculated
using the following formula (1).

A B
FICI = ¥iic, T Mic;

(1
A and B were the MICs of ionophore and adjuvant, respectively,
when in combination. MIC, and MICg were the MICs of ionophore
and adjuvant, respectively, when tested alone. Based on the FICI,
the interaction between two antimicrobial agents was interpreted as
synergistic (FICI < 0.5), additive or partially synergistic (1 > FICI >
0.5), indifference (1 < FICI < 4) or antagonism (FICI > 4).?% Further
analysis was performed by plotting an isobologram for each checker-
board assay. This creates a graphical interpretation of the results and
is achieved by plotting the MIC for drug A (ionophore) on the x-axis
and drug B (adjuvant) on the y-axis. A dotted line is then drawn
between the intercepts of the x- and y-axis to indicate the line of
indifference of activity between the two drug compounds. Curves or

© 2019 ESVD and ACVD, Veterinary Dermatology
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Figure 1. A modified 2D checkerboard assay of ionophore (narasin or monensin) and adjuvants N-acetylcysteine, Tris-EDTA and disodium EDTA.
NC, negative control (broth only); PC, positive control (broth and inoculum only).

MIC values of the combination located below the indifference line
indicate additive or synergistic interactions, whereas curves located
above indicate no interaction or antagonistic interaction.?*?* If a MIC
was not achievable at the maximum concentration that could be
obtained for a compound, the MIC was arbitrarily set at the next the-
oretically higher concentration so that FICI and isobolograms could
be calculated.

Dose reduction index

The dose reduction index (DRI) describes the difference between the
effective dose of a compound in combination in comparison to its
individual dose. DRI was calculated using the following formula (2):

MIC of ionophore or adjuvant alone
MIC of ionophore or adjuvant in combination

DRI = (2)

Evaluation of DRI is important clinically because it can allow the dose
of a drug to be reduced (and hence the risk of toxicity) without chang-
ing the efficacy.?®

Statistical analysis

Paired Student's ttests were used to investigate differences
between the MIC of the drug compound when used alone and when
in combination. If two concentrations of ionophores or adjuvants
resulted in the same MIC, the lowest concentration was chosen for
analysis. Prism v7.02 (GraphPad; San Diego, CA, USA) was used for
all analyses and for plotting of isobolograms. Significance was set at
P < 0.05.

Results

Antimicrobial activity of narasin in the presence of
adjuvants

The interactions between narasin and the three adjuvants
are shown in Table 1 (only the best MIC combinations with

© 2019 ESVD and ACVD, Veterinary Dermatology
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the lowest FICI are presented). When narasin was com-
bined with NAC, the only additive effects were seen
against S. aureus. A combination of narasin and NAC
against ATCC SA 29213 revealed a FICI from 0.63 to 0.75
with a two- to four-fold dose reduction in narasin MIC and
two- to eight-fold dose reduction in NAC MIC (P < 0.01).
An isobologram analysis (Figure 2a) showed a curve of
additive interaction (below the indifference line) with the
corresponding MIC values for both narasin and NAC
against ATCC SA 29213. No additive effects were seen for
narasin and NAC against the Gram-negative organisms.

On the one hand, when narasin was combined with
Tris-EDTA, additive effects were seen against P. aerugi-
nosa but not against S. aureus or P. mirabilis. A FICI of
0.75 was obtained for both ATCC PA 27853 and ATCC
PAO1. A MIC was not attainable for narasin alone against
both Gram-negative ATCC strains, whereas a narasin MIC
of 128 pg/mL was achieved in combination with Tris-
EDTA along with a four-fold reduction in the MIC of Tris-
EDTA from 6,000/1,900 to 1,500/470 pg/mL (P < 0.05).
The additive effects of the narasin/Tris-EDTA combination
against both Gram-negative ATCC strains is clearly shown
in the isobologram (Figure 2c). On the other hand, there
was indifference in the interaction of narasin and Tris-
EDTA against ATCC SA 29213 and the P. mirabilis iso-
late.

When narasin was combined with disodium EDTA,
additive effects were seen against the Gram-negative
ATCC strains with a FICI of 0.75. There was an achievable
MIC for narasin at 128 pg/mL when combined with dis-
odium EDTA against ATCC PA 27853 and ATCC PAO1.
Furthermore, the MIC of disodium EDTA in combination
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Table 1. (a-c) Minimal inhibitory concentration (MIC), fractional inhibitory concentration index (FICI) and dose reduction index (DRI) of the combina-
tion effect of (a) narasin and N-acetylcysteine (NAC), (b) narasin and Tris-EDTA and (c) narasin and disodium EDTA

(a)

MIC individual (ng/ Best MIC

mL) combination (ng/mL) DRI
Isolates Narasin NAC Narasin NAC FICI Interpretation Narasin NAC
ATCC SA 29213 0.125 5,000 0.063 625 0.63 Additive 2 8
ATCC PA 27853 >128 2,500 >128 2,500 2 Indifference 1 1
ATCC PAO1 >128 2,500 >128 2,500 2 Indifference 1 1
Proteus mirabilis >128 5,000 >128 2,500 1.5 Indifference 1 2
(b)

Best MIC combination
MIC individual (ug/mL) (pg/mL) DRI

Isolates Narasin Tris/EDTA Narasin Tris/EDTA FICI Interpretation Narasin Tris-EDTA
ATCC SA 29213 0.25 1,500/470 0.25 1,500/470 2 Indifference 2 1
ATCC PA 27853 >128 6,000/1,900 128 1,5600/470 0.75 Additive 2 4
ATCC PAO1 >128 6,000/1,900 128 1,500/470 0.75 Additive 2 4
Proteus mirabilis >128 3,000/930 >128 3,000/930 2 Indifference 1 1
(c)

MIC individual (ug/ Best MIC

mL) combination (ug/mL) DRI
Isolates Narasin EDTA Narasin EDTA FICI Interpretation Narasin EDTA
ATCC SA 29213 0.25 470 0.25 240 15 Indifference 2 2
ATCC PA 27853 >128 7,500 128 1,900 0.75 Additive 2 4
ATCC PAO1 >128 7,500 128 1,900 0.75 Additive 2 4
Proteus mirabilis >128 930 >128 930 2 Indifference 1 1

For MIC values > 128, the value of 256 was arbitrarily set for the calculation of FICI and DRI.

Testing against ATCC type strains (Staphylococcus aureus ATCC 29213, Pseudomonas aeruginosa ATCC 27853 and P. aeruginosa biofilm pro-
ducer ATCC PAQO1) and a canine otitis externa clinical isolate of Proteus mirabilis. Best MIC combination indicates the combination of narasin and
NAC or Tris-EDTA or disodium EDTA that achieved the lowest FICI. The MICs of Tris-EDTA are represented as Tris/EDTA.

with narasin reduced from 7,500 to 1,900 pug/mL indicat-
ing DRI = 4 (P < 0.05). Additive interaction is further illus-
trated in Figure 2d. No interaction of narasin and
disodium EDTA was found in both ATCC SA 29213 and
P. mirabilis.

The MIC of narasin without the presence of Tris-
EDTA or disodium EDTA was arbitrarily set at 256 pg/
mL (twice the concentration of the highest tested con-
centration) to add clarity in the isobologram analyses
(Figure 2c and d).

Antimicrobial activity of monensin in the presence of
adjuvants
The antimicrobial combination effects of monensin and
the three adjuvants in vitro are shown in Table 2 (only the
best MIC combinations with the lowest FICI are pre-
sented). When monensin was combined with NAC there
was an additive effect against Staphylococcus. The FICI
of ATCC SA 29213 fell between 0.53 and 0.63 with the
highest dose reduction of monensin MIC from 4 to
0.125 pg/mL (DRI =32) and NAC MIC from 5,000 to
625 pg/mL (DRI = 8) (P < 0.05). Figure 2b demonstrates
an additive to synergistic isobologram analysis with the
corresponding MIC values of monensin and NAC against
ATCC SA 29213.

When monensin was combined with disodium EDTA,
there was a weak additive effect against the Gram-posi-
tive organism ATCC SA 29213 with a FICI of 1 and a two-
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fold dose reduction (DRI = 2) in both compounds. More-
over, isobologram analysis did not yield a substantial
curve below the indifference line (data not shown).

The combination of monensin and Tris-EDTA did not
enhance the susceptibility of any of the isolates. No addi-
tive effects were seen with the combination of monensin
with NAC, Tris-EDTA or disodium EDTA against the
Gram-negative organisms.

Discussion

In the present study, the combination of narasin with
either Tris-EDTA or disodium EDTA showed additive
effects against the Gram-negative ATCC strains,
P. aeruginosa 27853 and P. aeruginosa biofilm producer
PAO1. An achievable narasin MIC of 128 ug/mL against
P. aeruginosa in the presence of disodium EDTA or Tris-
EDTA is a very significant finding. This is a crucial discov-
ery if narasin was to be considered as a potential treat-
ment for canine OE. Previous study has shown that
narasin is effective against Gram-positive organisms, but
was not effective against Gram-negative organisms.'® In
order to cover the spectrum of organisms that are typi-
cally involved in canine OE, an adjuvant would be required
that enhanced activity of narasin against Gram-negative
bacteria. Both Tris-EDTA and disodium EDTA appeared to
be suitable adjuvants for this purpose with both reducing
the MIC for the Pseudomonas strains. By contrast,

© 2019 ESVD and ACVD, Veterinary Dermatology
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Figure 2. Isobologram analyses.
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Minimum inhibitory concentrations (MIC) of narasin or monensin are plotted on the x-axis and the MICs of N-acetylcysteine (NAC), Tris-EDTA or
disodium EDTA on the y-axis. The curves below the indifference line (dotted line) represent additive (1 > FICI > 0.5) or synergistic (FICI < 0.5)
whereas the curves above the indifference line indicate no interaction (1 < FICI < 4) or antagonistic (FICI > 4). Additive and synergistic activity
were observed in the combination of narasin + NAC (a) and monensin + NAC (b), respectively, against Staphylococcus aureus ATCC 29213. Addi-
tive interaction was found in the combination of narasin + Tris-EDTA (c) and narasin + disodium EDTA (d) against Pseudomonas aeruginosa ATCC
27853. ATCC PAO1 gave identical results to ATCC 27853 (data not shown).

additive effects against Gram-negative organisms were
not observed when monensin was combined with Tris-
EDTA or disodium EDTA. Likewise, no significant
enhancement in anti-staphylococcal activity was seen
when either narasin or monensin were combined with
Tris-EDTA or disodium EDTA.

Polyether ionophores narasin and monensin are highly
lipophilic enabling them to penetrate the porous peptido-
glycan cell wall layer of a Gram-positive bacteria and
cause an imbalance of transmembrane concentration gra-
dients by chelating reversibly with NA* and K*.2® This
mechanism affects cellular function and leads to bacterial
cell disruption in Gram-positive bacteria.'® However,
Gram-negative bacteria are inherently resistant to iono-
phores due to the double-layered outer cell wall structure
that prevents permeation of ionophores into the inner cell

© 2019 ESVD and ACVD, Veterinary Dermatology
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membrane.'* Therefore, disodium EDTA can be used to
chelate and remove divalent cations, Ca®" and Mg?®'
which disrupts the integrity of the lipopolysaccharide
outer cell wall membrane to allow the penetration of iono-
phores into the inner cell wall of a Gram-negative bacte-
ria.?’ Tris-buffer can further enhance the chelating activity
of disodium EDTA. %

In the narasin/TrissEDTA combination, the MIC of
disodium EDTA against Pseudomonas was 470 pg/mL
in comparison to a MIC of 1,900 pg/mL when the dis-
odium EDTA was combined with narasin alone. This
four-fold reduction in MIC indicates that a lower con-
centration of disodium EDTA was required in the pres-
ence of Tris-buffer. Our findings are in agreement with
various studies demonstrating that Tris-EDTA and dis-
odium EDTA potentiate the activity of other
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Table 2. (a-c) Minimal inhibitory concentration (MIC), fractional inhibitory concentration index (FICI) and dose reduction index (DRI) of the combina-
tion effect of (a) monensin and N-acetylcysteine (NAC), (b) monensin and Tris-EDTA and (c) monensin and disodium EDTA for various bacterial iso-

lates
(@)

Best MIC combination

MIC individual (ug/mL) (ng/mL) DRI

Isolates Monensin NAC Monensin NAC FICI Interpretation Monensin NAC
ATCC SA 29213 4 5,000 0.125 2,500 0.53 Additive 32 2
ATCC PA 27853 >16 2,500 >16 2,500 2 Indifference 1 1
ATCC PAO1 >16 2,500 >16 2,500 2 Indifference 1 1
Proteus mirabilis >16 5,000 >16 5,000 2 Indifference 1 1
(b)

Best MIC combination

MIC individual (ng/mL) (ng/mL) DRI

Isolates Monensin Tris/EDTA Monensin Tris/EDTA FICI Interpretation Monensin Tris/EDTA
ATCC SA 29213 4 1,500/470 2 1,500/470 1.5 Indifference 2 1
ATCC PA 27853 >16 3,000/930 >16 3,000/930 2 Indifference 1 1
ATCC PAO1 >16 3,000/930 >16 3,000/930 2 Indifference 1 1
Proteus mirabilis >16 1,5600/470 >16 1,5600/470 2 Indifference 1 1
(c)

Best MIC combination

MIC individual (ng/mL) (pg/mL) DRI

Isolates Monensin EDTA Monensin EDTA FICI Interpretation Monensin EDTA
ATCC SA 29213 4 470 2 240 1 Additive 2 2
ATCC PA 27853 >16 7,500 >16 7,500 2 Indifference 1 1
ATCC PAO1 >16 7,500 >16 7,500 2 Indifference 1 1
Proteus mirabilis >16 470 >16 470 2 Indifference 1 1

For MIC values > 16, the value of 32 was arbitrarily set for the calculation of FICI and DRI.
ATCC type strains (Staphylococcus aureus ATCC 29213, Pseudomonas aeruginosa ATCC 27853 and P. aeruginosa biofilm producer ATCC PAO1)
and a canine otitis externa clinical isolate of Proteus mirabilis. Best MIC combination indicates the combination of monensin and NAC or Tris-EDTA

or disodium EDTA that achieved the lowest FICI. The MICs of Tris-EDTA are represented as Tris/EDTA.

antimicrobial agents against P. aeruginosa and other
Gram-negative bacteria.?®"

An enhancement in anti-staphylococcal activity was
seen when both narasin and monensin were combined
with NAC. However, this is less important in terms of
antimicrobial activity because both narasin and monensin
have inherent high-level efficacy against Gram-positive
organisms. Despite this, the combination of active agents
with an adjuvant may provide other additional benefits
such as allowing a lower dose of each drug to be used in
a clinical setting. This might be beneficial if any of the
agents proved to be toxic or irritant in canine ears. For
example, NAC was shown to result in conductive hearing
loss when injected into the tympanic bullae of guinea pigs
at concentrations >20,000 pg/mL.%? In the present study,
the MIC of NAC was reduced up to eight-fold (625 pg/
mL) when combined with narasin or monensin; the MIC
of narasin and monensin were reduced up to four-fold
(0.03 pg/mL) and 32-fold (0.125 pg/mL), respectively, in
the presence of NAC.

Further in vivo studies would be required to assess the
safety and efficacy of an ionophore/adjuvant combination
in the treatment of canine OE. However, the data
reported in this study provide a promising starting point
for the development of a new class of otic formulation.
Such a formulation would certainly adhere to the princi-
ples of good antimicrobial stewardship. Many of the cur-
rently available otic preparations for dogs contain critically

6

important antimicrobial agents such as fluoroquinolones
or aminoglycosides. These classes are reserved for seri-
ous or life-threatening infection in human and veterinary
medicine, and should be used sparingly. Pseudomonas
aeruginosa isolated from the canine ear and skin infec-
tions has been reported to be resistant to enrofloxacin
(£72.2%), marbofloxacin (<83.3%) and polymyxin B
(7%).%3%% MRSP strains isolated from otitis/pyoderma
have demonstrated resistance to gentamicin (92.3%)
with simultaneous resistance to four or more different
antimicrobial classes,®” and multidrug resistance to at
least one or more fluoroquinolones (52%).%8

Further studies are warranted to investigate the combi-
nation of narasin with Tris-EDTA or disodium EDTA in ani-
mal models to assess their suitability as a treatment for
canine otitis associated with Gram-positive and Gram-
negative organisms. Monensin would seem less suitable
for this purpose because, even in the presence of adju-
vants, it had no antimicrobial efficacy against Gram-nega-
tive organisms.

The combination of NAC with either narasin or monen-
sin could represent a suitable treatment for staphylococ-
cal infections due to the additive effects observed; NAC
also would have the advantage of providing anti-biofilm
activity. A 1-2% NAC flushing solution has been recom-
mended as part of OE management to remove biofilm
physically before application of topical otic treatment to
aid the therapeutic success of the latter.3%4°
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In conclusion, the in vitro findings of an additive

effect of narasin combined with Tris-EDTA or disodium

EDTA, and additive effects

in narasin or monensin

combined with NAC, provide valuable in vitro data to
support the further investigation of these combinations
as potential pharmaceutical preparations for the treat-
ment of canine OE.
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Résumé

Contexte — L'émergence de résistances aux antimicrobiens représente un risque pour la santé humaine et
animale. Une bonne utilisation des antimicrobiens est essentielle pour prolonger la durée de vie des antibio-
tiques actuels et de nouvelles stratégies sont nécessaires pour combattre les infections chez I'nomme et
I"animal.

Hypotheses/Objectifs — Déterminer les interactions in vitro des ionophores (narasine ou monensine) et
des adjuvants antimicrobiens (NAC N-acetylcystéine, Tris-EDTA ou disodium EDTA) contre les souches
bactériennes pathogenes associées aux otites canines externes (OE).

Sujets/Isolats - Les souches de I'ATCC (American Type Culture Collection) Staphylococcus aureus
29213, Pseudomonas aeruginosa 27853 et P. aeruginosa productrice de biofilm PAO1, et une souche clini-
que de Proteus mirabilis issue d'un cas d'OE canine ont été testées.

Matériels et méthodes — Une méthode de microdilution 2D en damier a été utilisée, permettant un calcul
de FICI (fractional inhibitory concentration index), de I'index de réduction de dose (DRI) et des marqueurs
d’isobologrammes.

Résultats - L'association de narasine, soit avec Tris-EDTA soit avec disodium EDTA, a produit des effets
additifs (FICI = 0.75) contre P. aeruginosa ATCC 27853 et P. aeruginosa producteur de biofilm ATCC PAO1.
Un effet additif (FICI = 0.53-0.75) a été trouvé contre S. aureus ATCC 29213 lorsque la narasine ou la
monensine étaient combinés avec NAC. Le plus haut DRI (32 fois) a été trouvé avec monensine/NAC la ou
le MIC était diminué de 4 a 0.125 pg/mL.

Conclusions et importance clinique — L'association de la narasine avec le Tris-EDTA ou le disodium
EDTA est une stratégie prometteuse pour inhiber les éléments de résistance des bactéries Gram-néga-
tives. Ces nouvelles associations peuvent potentiellement étre utiles dans une approche multimodale pour
le traitement des infections mixtes des OE canines.

Resumen

Introduccion - la aparicion de resistencia a los antimicrobianos representa un grave riesgo para la salud
humana y animal. Una razonable administracién de antimicrobianos es esencial para prolongar la vida Gtil
de los antibidticos existentes, y se requieren nuevas estrategias para combatir las infecciones en seres
hunanos y animales.

Hipotesis/Objetivos - determinar la interaccién in vitro de los ionéforos (narasina o monensina) con adyu-
vantes antimicrobianos (N-acetilcisteina (NAC), Tris-EDTA o EDTA disddico) contra cepas bacterianas que
representan patdégenos asociados con la otitis externa canina (OE).

Animales/aislados - cepas de la American Type Culture Collection (ATCC) Staphylococcus aureus 29213,
Pseudomonas aeruginosa 27853 y P. aeruginosa productor de biopeliculas PAO1, y un aislado clinico de
Proteus mirabilis de un caso de OE canina.

Métodos y materiales - se usd un método de tablero de cuadriculas de microdilucién 2D, que permite cal-
cular el indice de concentracion inhibitoria fraccional (FICI), el indice de reduccion de dosis (DRI) y el trazado
de isobologramas.

Resultados - la combinacion de narasina con Tris-EDTA o EDTA disédico produjo efectos aditivos (FICI =
0,75) frente a P. aeruginosa ATCC 27853 y P. aeruginosa productor de biopeliculas ATCC PAO1. Se
encontrd un efecto aditivo (FICI = 0,563-0,75) frente a S. aureus ATCC 29213 cuando se combinaron nara-
sina o monensina con NAC. EI DRI mas alto (32 veces) se encontré con monensina/NAC donde la MIC se
redujo de 4 a 0,125 pg/ml.

Conclusiones e importancia clinica — la combinacion de narasina con Tris-EDTA o EDTA disddico es una
estrategia prometedora para inhibir los elementos de resistencia intrinseca de las bacterias Gram-negati-
vas. Estas nuevas combinaciones podrian ser Utiles como un enfoque multimodal para tratar infecciones
mixtas en la OE canina.

Zusammenfassung

Hintergrund - Das Auftreten von antimikrobieller Resistenz bedeutet ein schwerwiegendes Gesundheits-
risiko fir Mensch und Tier. Eine gute antimikrobielle Stewardship ist essentiell, um die Lebensdauer exis-
tierender Antibiotika zu verlangern, auerdem sind neue Strategien notig, um Infektionen bei Mensch und
Tier zu bekampfen.

Hypothese/Ziele — Die Bestimmung der in vitro Interaktion von lonophoren (Narasin oder Monensin) mit
antimikrobiellen Adjuvantien (N-Acetylcystein (NAC), Tris-EDTA oder Disodium EDTA) gegenuber Bakteri-
enstammen, die Pathogene darstellen, die bei einer Otitis externa (OE) des Hundes gerne auftreten.
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Tier/Isolate - Es wurden Stamme aus der American Type Culture Collection (ATCC) von Staphylococcus
aureus 29213, Pseudomonas aeruginosa 27853 and P. aeruginosa Biofilm Produzent PAO1, sowie ein klini-
sches Isolat von Proteus mirabilis von einem Hund mit OE getestet.

Methoden und Materialien — Es wurde eine 2D Mikrodilutionsschachbrettmethode verwendet, welche
die Kalkulation des fraktionellen Hemmstoffkonzentrationsindex (FICI), des Dosisreduktionsindex (DRI)
und ein Plotting des Isobologramms erlaubte.

Ergebnisse — Die Kombination von Narasin mit entweder Tris-EDTA oder Disodium EDTA zeigte additive
Wirkung (FICI = 0,75) gegen P. aeruginosa ATCC 27853 und P. aeruginosa Biofilm Produzent ATCC PAO1.
Eine additive Wirkung (FICI = 0,53-0,75) wurde gegen S. aureus ATCC 29213 gefunden, wenn Narasin oder
Monensin mit NAC kombiniert worden waren. Die hochste DRI (32-fach) wurde mit Monensin/NAC gefun-
den, wodurch die MIC von 4 auf 0,125 pg/mL reduziert wurde.

Schlussfolgerungen und klinische Bedeutung — Die Kombination von Narasin mit Tris-EDTA oder Diso-
dium EDTA ist eine vielversprechende Strategie, um die Elemente der intrinsischen Resistenz von Gram-
negativen Bakterien zu inhibieren. Diese neuen Kombinationen konnten maoglicherweise als multimodale
Herangehensweise niitzlich sein, um Mischinfektionen bei der OE des Hundes zu behandeln.
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Resumo

Contexto — O surgimento de resisténcia antimicrobiana representa um sério risco a salide humana e ani-
mal. Boas préaticas de administragao de antimicrobianos sao essenciais para prolongar a vida Util dos
antibidticos existentes, e novas estratégias sao necessérias para combater infecgoes no homem e nos ani-
mais.

Hipotese/Objetivos — Determinar a interagao in vitro de ionéforos (narasina ou monensina) com adjuvan-
tes antimicrobianos (N-acetilcisteina (NAC), Tris-EDTA ou EDTA dissédico) contra cepas bacterianas associ-
ados a otite externa canina (OE).

Animal/isolados - As cepas padrao registradas na American Type Culture Collection (ATCC) de Staphylo-
coccus aureus 29213, Pseudomonas aeruginosa 27853, P. aeruginosa PAO1 produtora de biofilme, e um
isolado clinico de Proteus mirabilis oriundo de um caso de OE canino foram testados.
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Meétodos e materiais — Utilizou-se 0 método de checkerboard em microdiluicao 2D, permitindo o célculo
do indice de concentragao inibitéria fracionaria (FICI), indice de redugao da dose (DRI) e plotagem de isobo-
logramas.

Resultados - A combinagao de narasina com Tris-EDTA ou EDTA dissédico prossuiu efeitos aditivos (FICI
=0,75) contra P. aeruginosa ATCC 27853 e P. aeruginosa ATCC PAO1 produtora de biofilme. Um efeito adi-
tivo (FICI = 0,53-0,75) foi encontrado contra S. aureus ATCC 29213 quando narasina ou monensina foram
combinadas com NAC. O maior DRI (32 vezes) foi encontrado com monensina / NAC, onde a CIM foi redu-
zida de 4 para 0,125 pg/ mL.

Conclusoes e importancia clinica — A combinagao de narasina com Tris-EDTA ou EDTA dissédico é uma
estratégia promissora para inibir os elementos intrinsecos de resisténcia de bactérias Gram-negativas.
Essas novas combinagoes poderiam ser potencialmente Uteis como uma abordagem multimodal no trata-
mento de infecgoes mistas nas OEs caninas.
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Abstract

Otitis externa (OE) is a frequently reported disorder in dogs associated with second-
ary infections by Staphylococcus, Pseudomonas and yeast pathogens. The presence
of biofilms may play an important role in the resistance of otic pathogens to anti-
microbial agents. Biofilm production of twenty Staphylococcus pseudintermedius and
twenty Pseudomonas aeruginosa canine otic isolates was determined quantitatively
using a microtiter plate assay, and each isolate was classified as a strong, moderate,
weak or nonbiofilm producer. Minimum biofilm eradication concentration (MBEC) of
two ionophores (narasin and monensin) and three adjuvants (N-acetylcysteine (NAC),
Tris-EDTA and disodium EDTA) were investigated spectrophotometrically (OD, . )
and quantitatively (CFU/ml) against selected Staphylococcus and Pseudomonas bio-
film cultures. Concurrently, minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of planktonic cultures were assessed. 16/20 of the
S. pseudintermedius clinical isolates were weak biofilm producers. 19/20 P. aerugi-
nosa clinical isolates produced biofilms and were distributed almost equally as weak,
moderate and strong biofilm producers. While significant antibiofilm activity was ob-
served, no MBEC was achieved with narasin or monensin. The MBEC for NAC ranged
from 5,000-10,000 pg/ml and from 20,000-80,000 pg/ml against S. pseudinterme-
dius and P. aeruginosa, respectively. Tris-EDTA eradicated P. aeruginosa biofilms at
concentrations ranging from 6,000/1,900 to 12,000/3,800 pg/ml. The MBEC was
up to 16-fold and eightfold higher than the MIC/MBC of NAC and Tris-EDTA, re-
spectively. Disodium EDTA reduced biofilm growth of both strains at concentrations
of 470 ug/ml and higher. It can be concluded that biofilm production is common in
pathogens associated with canine OE. NAC and Tris-EDTA are effective antibiofilm
agents in vitro that could be considered for the treatment of biofilm-associated OE

in dogs.
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1 | INTRODUCTION

Otitis externa (OE) is one of the most common disorders in dogs, ac-
counting for 4.5% to 16% of dogs presented to veterinary practices
as a primary complaint or as a secondary condition that was unno-
ticed by the owner (Grono, 1969; Hill et al., 2006). The treatment
and management of OE in dogs can be frustrating and unpredictable
due to the multifactorial aetiology of the disease. Predisposing and
primary causes (i.e. ear conformation, otic parasites, allergies and
endocrinopathies) and secondary bacterial and yeast infections can
lead to perpetuating factors (i.e. pathologic changes in ear canals)
that result in chronic and relapsing OE (August, 1988; Rosser, 2004,
Saridomichelakis, Farmaki, Leontides, & Koutinas, 2007). In recent
years, the presence of antibiotic-resistant bacteria (Dégi et al., 2013;
Penna, Thomé, Martins, Martins, & Lilenbaum, 2011) and bacterial
biofilms have been recognized as possible causes of unresolved OE
(Griffin & Aniya, 2017; Nuttall, 2016; Pye, Yu, & Weese, 2013).

Biofilm formation by Staphylococcus and Pseudomonas otic patho-
gens may play an important role in bacterial persistence and resis-
tance. Biofilms are initially formed when monolayers of planktonic
bacteria attach irreversibly to a living or nonliving surface, followed
by production of a three-dimensional extracellular matrix consist-
ing mainly of exopolysaccharides (EPS). Maturation of the biofilm
is followed by dispersion of bacteria, allowing further spread of in-
fection (Jamal et al., 2018; Kostakioti, Hadjifrangiskou, & Hultgren,
2013). Biofilm forming ability is, therefore, considered as a virulence
factor contributing to antibiotic resistance and the spread of noso-
comial infections (Osland, Vestby, Fanuelsen, Slettemeds, & Sunde,
2012). Biofilm formation by pathogens such as Staphylococcus au-
reus, Staphylococcus pseudintermedius, Pseudomonas aeruginosa
and Escherichia coli can complicate infections in situations such as
wounds, otitis media, cystic fibrosis and surgical implant placement,
resulting in prolonged treatment and recovery (Costerton, Stewart,
& Greenberg, 1999; Hgiby, Bjarnsholt, Givskov, Molin, & Ciofu,
2010; Pompilio et al., 2015). Bacterial biofilms are ten to a thousand
times more resistant to antibiotics compared with the planktonic
state of the same bacterial strain (Mah & O'Toole, 2001; Olson,
Ceri, Morck, Buret, & Read, 2002). Possible resistant mechanisms
include impaired penetration of drugs by extracellular polymeric
substances (EPS), reduced growth rate, expression of multidrug
resistance pumps and presence of persister cells (Mah & O'Toole,
2001; Romling & Balsalobre, 2012; Spoering & Lewis, 2001; Stewart,
2002).

We have previously reported the in vitro efficacy of repur-
posed ionophores and antimicrobial adjuvants on pathogens asso-
ciated with canine OE (Chan et al., 2018a; Chan et al., 2018b; Chan,
Khazandi, Hickey, Page, Trott, et al., 2018). The ionophores narasin
and monensin, both anticoccidial agents widely used in production
animals, were shown to be effective against Gram-positive canine
otic pathogens including methicillin-resistant S. pseudintermedius
(MRSP), but were not effective against Gram-negative bacteria
such as P. aeruginosa (Chan et al., 2018a, 2018). Further studies of
the antimicrobial adjuvants N-acetylcysteine (NAC), Tris-EDTA and
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disodium EDTA revealed activity against both Gram-positive and
Gram-negative bacteria (Chan, Khazandi, Hickey, Page, Trott, et al.,
2018). A synergistic effect was seen against P. aeruginosa when nara-
sin was combined with either Tris-EDTA or disodium EDTA (Chan et
al., 2019, submitted). As chronic OE in dogs can be complicated by
the presence of biofilms, this study aimed to determine the ability of
S. pseudintermedius and P. aeruginosa isolates from cases of canine
OE to form biofilm, and to explore the antibiofilm activity of iono-

phores and adjuvants against these pathogens.

2 | MATERIALS AND METHODS

2.1 | Bacterial strains and growth conditions

Twenty S. pseudintermedius isolates (16 methicillin-susceptible
S. pseudintermedius (MSSP) and 4 MRSP); and 20 P. aeruginosa iso-
lates from cases of canine OE were collected from diagnostic labora-
tories throughout Australia. These organisms were speciated using
biochemical testing and MALDI-TOF mass spectrometry (Bruker).
American Type Culture Collection (ATCC) strains S. aureus 29213
and P. aeruginosa 27853 were used as internal quality control strains
in the evaluation of biofilm formation of clinical isolates. P. aerugi-
nosa strain PAO1 (biofilm-producing reference strain) was a positive
control for biofilm formation assessment and was also used in the
preliminary studies of the minimum biofilm eradication concentra-
tion (MBEC) assay. Isolates were subcultured on 5% Sheep Blood
Columbia Agar (Thermo Fisher Scientific) and incubated at 36 + 1°C
for 24 hr. Purity was confirmed by inspecting the overnight culture
on an agar plate.

2.2 | Phenotypic characterization of
biofilm production

Biofilm production was determined quantitatively using a mi-
crotiter plate assay as previously described by Stepanovic et al.
(2007), with some modification. Briefly, each isolate was sus-
pended in 3 ml of tryptic soy broth (TSB) (Becton Dickson Pty
Ltd) supplemented with 1% glucose. After incubation at 36 + 1°C
for 24 hr, turbidity of each isolate was adjusted to 0.5 McFarland
standard (approximately 1.5 x 108 CFU/ml) and diluted 1:100 in
TSB + 1% glucose. Then, 200 ul of bacterial suspension was in-
oculated into flat-bottomed 96-well microtiter plates (Nunclon™
Delta Surface; Thermo Fisher Scientific) in quadruplicate and in-
cubated without shaking, overnight at 36 + 1°C. After incubation,
the content in each well was gently discarded and washed three
times with 300 ul phosphate-buffered saline (PBS, Oxoid™), fol-
lowed by heat fixing at 60°C for 1 hr. Next, the adherent biofilm
layer was stained with 150 ul of 0.5% crystal violet (Oxoid™) for
15 min at room temperature. Excess crystal violet solution was
then removed, and the plate was washed three times with 300 ul
of PBS and resolubilised with 150 pl of 95% ethanol for 30 min
at room temperature. The optical density (OD) of any adherent
biofilm stained with crystal violet was measured at 570 nm using a
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microtiter spectrophotometer (xMark”, Bio-Rad Laboratories Inc.,
TYO). All isolates were tested three times in quadruplicate. The
TSB + 1% glucose was used as a negative control (eight replicates
in each test), and P. aeruginosa strain PAO1 was used as the posi-
tive control. Isolates were classified as zero, weak, moderate or
strong biofilm producers based on the calculation of the average
value of OD,,, of isolates and OD cut off value (ODc) of nega-
tive controls with the following interpretation (Stepanovic et al.,
2007):

e ODc = average OD., of negative control + (3 x standard devia-
tion of negative control);

o No (zero) biofilm producer = OD,, (isolate) < ODc;

o Weak biofilm producer = ODc < OD,_ (isolate) < 2 x ODc;

e Moderate biofilm producer = 2 x ODc < OD,,, (isolate) < 4 x ODc;

o Strong biofilm producer = OD., (isolate) > 4 x ODc.

Based on the results of this testing, two isolates of S. pseudintermedius
that were moderate biofilm producers, and two isolates of P. aerugi-
nosa that were strong biofilm producers were selected for in vitro bio-
film antimicrobial susceptibility testing.

2.3 | Antimicrobial agents

2.3.1 | lonophores

Technical grade narasin (>98% purity) and monensin A sodium
salt (>98% purity) were purchased from BioAustralis, Smithfield.
Stock solutions of narasin, and monensin were prepared at 100
times the maximum testing concentration in dimethyl sulfoxide
(DMSO = 99.9%, Sigma-Aldrich) and stored at -80°C until used. For
in vitro biofilm antimicrobial susceptibility testing of S. pseudinterme-
dius clinical isolates, narasin and monensin stock was prepared at the
concentration of 1.6 mg/ml. For testing of P. aeruginosa biofilm-pro-
ducing reference strain and clinical isolates, narasin and monensin

stock were prepared at 12.8 mg/ml and 6.4 mg/ml, respectively.

2.3.2 | Adjuvants

N-acetylcysteine (NAC) was purchased from Sigma-Aldrich. Tris-HCL
(tromethamine-hydrochloride) and disodium EDTA (ethylenediami-
netetraacetic acid) were purchased from Promega. These adjuvant
working solutions were prepared fresh on the day of the in vitro
biofilm antimicrobial susceptibility testing of S. pseudintermedius and
P. aeruginosa clinical isolates. NAC was prepared at 80,000 pg/ml in
cation-adjusted Mueller Hinton Broth (CAMHB) (Becton Dickinson
Pty Ltd). Prior to the preparation of Tris-EDTA working solution, 1 m
Tris-HCL and 0.5 m disodium EDTA stock solutions were prepared in
MilliQ water and stored at room temperature. Tris-EDTA was then
prepared at a concentration of 400 mm (48,500 pg/ml) Tris-HCL with
40 mm (15,000 pg/ml) disodium EDTA by mixing and diluting 1 m
Tris-HCL and 0.5 m disodium EDTA in CAMHB and then buffered to
pH 8.0 with sodium hydroxide (AnalaR®, Merks Pty. Ltd). Disodium
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EDTA alone was prepared in CAMHB at 80 mm (30,000 pg/ml). All
working solutions were stored at 2-8°C.

2.3.3 | Control antimicrobial agent

Enrofloxacin, 99.8% purity (Sigma-Aldrich), was used as a control
antimicrobial agent for biofilm antimicrobial susceptibility testing.
Enrofloxacin stock was prepared at 1.6 mg/ml and 6.4 mg/ml for the
testing of S. pseudintermedius and P. aeruginosa clinical isolates, re-

spectively. Stock solution was stored at -80°C until use.

2.4 | Biofilm antimicrobial susceptibility testing

The biofilm antimicrobial susceptibility testing was performed using
methods previously described with some modification (Ceri et al.,
1999; Harrison et al., 2010) to determine minimum biofilm eradication
concentration (MBEC). Biofilm-producing reference strain PAO1 was
tested for susceptibility to narasin and monensin during the prelimi-
nary studies. Two moderate biofilm producer isolates of S. pseudinter-
medius, and two strong biofilm producer isolates of P. aeruginosa were
selected postevaluation of biofilm production as described earlier.
These clinical isolates were used to determine the susceptibility of
the bacterial biofilms to narasin, monensin, NAC, Tris-EDTA and diso-
dium EDTA. The MBEC™ biofilm inoculator (MBEC™ Physiology &
Genetics Assay; Innovotech), a device consisting of a sterile 96-peg lid
on a 96-well microtiter plate, was used in this study. Briefly, bacterial
inocula were suspended in TSB, adjusted to 1.0 McFarland standard,
diluted 1:30 and 150 ul was dispensed into each well of the MBEC™
inoculator. Biofilms were formed on the pegs after 24 hr incubation
(36 £ 1°C) in an orbital mixer incubator (OM11, Ratek Instruments Pty.
Ltd.) at 100 rpm. The bacterial biofilms (peg lid) were then challenged
with the antimicrobial agents that had been prepared in CAMHB and
incubated for 24 hr at 36 + 1°C. The antimicrobial agents were two
fold serially diluted from the stock or working solutions, for example.
80,000-157 pg/ml for NAC. Following the antimicrobial challenge,
the peg lid was rinsed twice in PBS and exposed biofilms were then
disrupted into TSB recovery medium by 10 min sonication (160TD,
Soniclean Pty. Ltd.). Negative growth controls containing only TSB,
and positive controls containing TSB and bacterial biofilms were in-
cluded in each test. All isolates were tested in duplicate.

2.5 | Determination of minimum biofilm eradication
concentrations (MBEC) and biofilm growth (CFU/ml)

According to Ceri et al. (1999), MBEC is the lowest concentration of
an antimicrobial agent that prevents visible growth from occurring in
the recovery medium after overnight incubation. In this study, MBEC
was assessed both spectrophotometrically and quantitatively. After
biofilms were sonicated into TSB recovery medium, 100 pl was re-
moved from each well and a tenfold serial dilution was performed in
PBS. Each dilution was then spot plated (10 pl) in triplicate on SBA
plates. The remaining recovery medium and SBA spot plates were
then incubated overnight at 36 + 1°C. MBEC of the biofilms in the
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TABLE 1 Classification of biofilm production of Staphylococcus pseudintermedius and Pseudomonas aeruginosa clinical isolates of canine

otitis externa and reference strains

Clinical isolates

Reference strains

S. pseudintermedius (n = 20)

Biofilm production MSSP (n = 16) MRSP (n = 4) Z;Ze;m
No biofilm 0 0 1
Weak 12 4 6
Moderate 4 0 7
Strong 0 0 6

S. aureus
ATCC 29213 (n = 1)

P. aeruginosa ATCC
27853 (n=1)

P. aeruginosa biofilm
producer PAO1 (n = 1)

1

Note: MSSP = methicillin-susceptible S. pseudintermedius; MRSP = methicillin-resistance S. pseudintermedius; ODc = average OD, of negative
control + (3 x standard deviation of negative control); no biofilm producer = OD (isolate) < ODc; weak biofilm producer = ODc < OD,, (iso-
late) < 2 x ODc; moderate biofilm producer = 2x ODc < ODy;, (isolate) < 4 x ODc and strong biofilm producer = OD,, (isolate) > 4 x ODc.

recovery plate was determined spectrophotometrically with an opti-
cal density at 650 nm (OD650nm) <0.10rODq . S Negative control.
The number of colonies on SBA spot plates was counted to deter-
mine CFU/ml. Quantitatively, MBEC was the lowest concentration of
antimicrobial agent required to eradicate the biofilm growth (CFU/
ml = 0). A graph was plotted showing the antimicrobial concentra-
tions and Log,, CFU/ml for each isolate using GraphPad Prism v7.0.

2.6 | Determination of planktonic minimum
inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC)

Planktonic cells were shed from the surface of the peg biofilms during
the antimicrobial challenge. Thus, minimum inhibitory concentration
(MIC) of the planktonic bacterial growth was assessed spectrophoto-
metrically at OD 5, after 24 hr of antimicrobial challenge. MIC was
determined as the lowest concentration of an antimicrobial agent with
ODys0nm < 0.1 or OD,, < Negative control. Thereafter, 20 ul ali-
quot of planktonic culture from each well was transferred into 180 ul
of CAMHB in a fresh 96-well microtiter plate, incubated overnight at
36 + 1°C. MBC of the planktonic bacterial growth was then deter-
mined spectrophotometrically as the lowest concentration of an an-
timicrobial agent with OD, - < 0.1 or OD,4, . < negative control.

2.7 | Statistical analysis

GraphPad Prism v7.0 was used to perform Kruskal-Wallis (nonpara-
metric) tests with Dunn's multiple comparisons to compare the dif-
ferences in growth of biofilm (Log,, CFU/ml) exposed to different
concentrations of an antimicrobial agent in each isolate. Significance
was set at p < .05.

3 | RESULTS

3.1 | Biofilm production

The production of biofilm by S. pseudintermedius and P. aerugi-
nosa clinical otitis externa isolates is shown in Table 1. The major-
ity (16/20) of the S. pseudintermedius clinical isolates, including all

MRSP, were weak biofilm producers. Biofilm production by P. aer-
uginosa was seen in 19/20 clinical isolates, but it was more variable
and ranged from weak to strong. P. aeruginosa strain PAO1 was a
consistently strong biofilm producer and both S. aureus ATCC 29213
and P. aeruginosa ATCC 27853 were weak producers.

3.2 | Susceptibility of biofilms to
antimicrobial agents

Table 2 summarizes MBEC results of narasin, monensin, Tris-EDTA,
disodium EDTA and enrofloxacin against biofilms of S. pseudinterme-
dius and P. aeruginosa clinical isolates.

3.2.1 | Susceptibility of biofilms to
narasin and monensin

No MBEC was achieved with the highest tested concentrations
of narasin and monensin (128 and 64 pg/ml, respectively) against
either the Pseudomonas reference strain (Figure 1a,b) or the clini-
cal isolates (Figure 3a,b). However, in comparison to the untreated
PAO1 biofilms, 0.25-8 pg/ml of monensin caused a significant re-
duction (p < .05-p < .001) in biofilm growth (Figure 1b). Also, one of
the P. aeruginosa clinical isolates had biofilm growth reduced in the
presence of 2-4 pg/ml of monensin (p <.01-p < .001) (Figure 3b). At
the highest concentrations of 16 pg/ml, narasin and monensin were
unable to achieve a MBEC against the staphylococcal clinical isolates
(Figure 2a and b), but 4-16 pug/ml of narasin showed a significant
reduction (p <.01-p <.001) in both S. pseudintermedius biofilms com-
pared with the untreated group (Figure 2a).

3.2.2 | Susceptibility of biofilms to N-acetylcysteine
(NAC)

NAC was an effective antibiofilm agent against both staphylococcal
and Pseudomonas isolates in this study. The MBEC of NAC ranged
from 5,000 to 10,000 pg/ml against biofilms of S. pseudintermedius
(Figure 2c) and 20,000 to 80,000 pg/ml against biofilms of P. aerugi-
nosa clinical isolates (Figure 3c). Furthermore, a significant decrease
in the growth of S. pseudintermedius and P. aeruginosa biofilms were
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TABLE 2 Summary of minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), and minimal biofilm eradication concentration (MBEC) of narasin, monensin,

N-acetylcysteine (NAC), Tris-EDTA, disodium EDTA and enrofloxacin against planktonic and biofilm growth of two moderate biofilm producer Staphylococcus pseudintermedius and two strong

biofilm producer Pseudomonas aeruginosa clinical isolates of canine otitis externa

2)
(ng/ml; mm concentrations in parentheses)

P. aeruginosa (n

=2)

S. pseudintermedius (n

(ng/ml; mm concentrations in parentheses)

MBEC

MBCP? MBEC Mmic? MBC?

mic?

Antimicrobial agents

>128
>64

>128

>64

>128
>64

>16
>16

0.125

Narasin

>16

Monensin
NAC

20,000-80,000
6,000/1,900-

5,000 5,000

5,000-10,000

5,000

2,500-5,000

6,000/1,900-

1,500/470 (12.5/1.25)

1,500/470 (12.5/1.25) 12,000/3,800 (100/10) >48,500/15,000 (>400/4)

Tris-EDTA

12,000/3,800

12,000/3,800

(50/5-100/10)
> 30,000 (>80)

> 64

(50/5-100/10)
30,000 (80)

32

3,800 (10) >30,000 (>80) 470 (1.25)

470 (1.25)
0.25

Disodium EDTA

Enrofloxacin

CHAN ET AL.

MIC or MBC indicated in planktonic growth.

Note: MIC? or MBC?
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observed in the presence of lower NAC concentrations at 2,500 pg/ml,
in comparison to the growth control without NAC treatment (p < .05).

3.2.3 | Susceptibility of biofilms to Tris-EDTA and
disodium EDTA

Biofilms of P. aeruginosa clinical isolates were highly susceptible to
Tris-EDTA with MBEC ranging from 6,000/1,900-12,000/3,800 ug/
ml (50/5 to 100/10 mwm) (Figure 3d). No MBEC was achieved against
biofilms of S. pseudintermedius isolates (Figure 2d), but there was a
significant reduction in biofilm growth (approximately 4 Log,, CFU/
ml) at concentrations of 1,500/470 pg/ml (12.5/1.25 mm) and above
in comparison with the control, which was not exposed to Tris-EDTA
(p < .05-p <.0001) (Figure 2d). For disodium EDTA, no MBEC was
obtained for either staphylococcal or Pseudomonas clinical isolate
biofilms (Figures 2e and 3e). However, the biofilm growth reduced
significantly when challenged with disodium EDTA at concentrations
of 470 pg/ml (1.25 mm) or above (p < .01-p < .0001).

3.2.4 | Susceptibility of biofilms to enrofloxacin

The MBEC of enrofloxacin was 4 pg/ml against S. pseudintermedius
biofilms (Figure 2f). Biofilms of P. aeruginosa clinical isolates were
reduced significantly by concentrations of enrofloxacin ranging from
16 to 64 pg/ml (p < .01-p < .0001), but not eradicated (Figure 3f).

3.3 | Susceptibility of planktonic cultures to
antimicrobial agents

MICs and MBCs for narasin, monensin, NAC, Tris-EDTA, disodium
EDTA and enrofloxacin against planktonic bacterial cultures are
shown in table 2. Narasin and monensin showed antibacterial ef-
fects against S. pseudintermedius with MIC at 0.125 pg/ml and 2 pg/
ml, respectively but were not effective against P. aeruginosa. NAC
was bactericidal at 5,000 pg/ml for both S. pseudintermedius and
P. aeruginosa planktonic cells. The growth of both Gram-positive and
Gram-negative planktonic cultures were inhibited in the presence
of 1,500/470 pg/ml of Tris-EDTA but, up to an eightfold increase in
concentration (12,000/3,800 pg/ml) was needed to achieve MBC.
The MIC of disodium EDTA against S. pseudintermedius and P. aerugi-
nosa planktonic cultures was both 470 pg/ml but, the MBC of diso-
dium EDTA against P. aeruginosa (30,000 pg/ml) was approximately
eight times higher than S. pseudintermedius. However, bactericidal
activity was not indicated in both Tris-EDTA and disodium EDTA as
the MBC to MIC ratio was >4. Enrofloxacin MICs and MBCs were
within the expected range according to CLSI guidelines (CLSI, 2018).

4 | DISCUSSION

In this study, all S. pseudintermedius clinical OE isolates produced bio-
film, but 80% of these isolates (MSSP = 12, MRSP = 4) were weak
biofilm producers regardless of their resistance profile. In contrast,
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FIGURE 1 The antibiofilm activity of
ionophores narasin (a) and monensin (b)
against Pseudomonas aeruginosa biofilm
producer PAO1. All data shown are the
growth of biofilms in Log,, CFU/ml + SEM.
Data points that are statistically different
from the untreated control (O pug/ml on
the x-axis) are denoted with an asterisk (*).
The reduction in efficacy seen at > 32 pg/
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a previous study found that only 39.3% of S. pseudintermedius (pre-
viously identified as S. intermedius) isolated from canine OE were
biofilm producers, but no further classification of biofilm forma-
tion was undertaken (Moreira et al., 2012). Another study revealed
that 98% (n = 140) of S. pseudintermedius isolated from dogs with
skin, wound and surgical infections were biofilm producers with
the majority (61%) being strong biofilm producers (Singh, Walker,
Rousseau, & Weese, 2013). Our study agrees with that of Singh
et al. (2013) in that there was no difference in the ability to pro-
duce biofilm between MSSP and MRSP. For P. aeruginosa canine OE
isolates (n = 20) in our study, 95% were biofilm producers, evenly
distributed between weak (30%), moderate (35%) and strong (30%)
biofilm production. This contrasts with a similar study by Pye et al.
(2013) in which only 40% (33/83) of P. aeruginosa canine otic isolates
produced biofilms (8.4% (7/83) weak, 18.1% (15/83) moderate and
13.3% (11/83) strong). In humans, the majority (77.5%) of P. aerugi-
nosa isolates formed weak (42.5%), moderate (27.5%) or strong (5%)
biofilms (Lima et al., 2018). In a study of P. aeruginosa isolates from
cases of cystic fibrosis, 68% (n = 74) formed biofilms with the ma-
jority (64.9%) being weak biofilm producers (Perez, Costa, Freitas,
& Barth, 2011). Collectively, our data, along with that from other
literature, clearly indicate that S. pseudintermedius and P. aeruginosa
produce biofilms that could complicate the pathogenesis of OE and
its treatment and management.

In our study, N-acetylcysteine (NAC) was an effective agent
against S. pseudintermedius and P. aeruginosa biofilms. We demon-
strated that NAC has the ability to inhibit planktonic bacterial
growth and further eradicate biofilms formed by both Gram-posi-
tive and Gram-negative canine otic isolates. The NAC MIC ranged
from 2,500 to 5,000 pg/ml and only a twofold increase in the con-
centration (MBEC = 5,000-10,000 pg/ml) was needed to eradicate
S. pseudintermedius biofilms. A much higher concentration of NAC
ranging from 20,000 to 80,000 ug/ml (MBEC) was required against
P. aeruginosa biofilms, a 4- to 16-fold higher concentration than the
NAC MIC or MBC. However, it is important to note that >20,000 pg/
ml of NAC may cause conductive hearing loss in guinea pigs when it
is injected directly to fill the middle ear via the tympanic membrane
(Saliba, El Fata, Ouelette, & Robitaille, 2010). In agreement with a
study by May, Conklin, and Bemis (2016), canine Staphylococcus and
Pseudomonas otic isolates were susceptible to NAC with MICs rang-
ing from 5,000-20,000 pg/ml. Recently, the use of 1 to 2% (10,000

Log;  biofilm growth (CFU/ml) 3

A
n

SN Y% % B 00 >Ad V22> N Y XD 0>
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- 20,000 pg/ml) NAC flushing solution has been recommended
for the removal of biofilm physically with or without an ear cleaner
prior to application of topical otic treatment (Griffin & Aniya, 2017;
Nuttall, 2016). As 20,000 pg/ml of NAC eradicated biofilms of all
S. pseudintermedius and some P. aeruginosa isolates in our study, this
seems to be a reasonable recommendation.

NAC is a known nonantibiotic, mucolytic agent with antimi-
crobial properties. A number of studies have shown that NAC
decreases biofilm formation by inhibiting bacterial adherence, re-
ducing production of EPS, promoting disruption of mature biofilm
and reducing the sessile cell viability (EI-Feky et al., 2009; Marchese
et al., 2003; Olofsson, Hermansson, & Elwing, 2003). A systemic
review by Dinicola, De Grazia, Carlomagno, and Pintucci (2014)
analysed NAC as an effective and safe agent to increase the per-
meability of antibiotics and eradicate preformed mature bacterial
biofilms in Helicobacter pylori infection, vascular catheter- and ure-
teral stent-related infections. In a study by Eroshenko, Polyudova,
and Korobov (2017), the growth and biofilm formation of Gram-pos-
itive skin pathogens including S. aureus were completely inhibited
at 25,000 pg/ml of NAC. In a study using confocal laser scanning
microscopy with an insertion of fluorescing GFP plasmid, P. aerugi-
nosa PAO1 biofilm was shown to be disrupted and inhibited by NAC
at 10,000 pg/ml (Zhao & Liu, 2010).

This study demonstrated that Tris-EDTA has antibiofilm activity
against P. aeruginosa otic isolates where biofilms were eradicated
at 6,000/1,900-12,000/3,800 pg/ml. The MBEC concentrations
were four to eightfold higher than the Tris-EDTA MIC to inhibit the
planktonic cultures. However, Tris-EDTA did not eradicate biofilms
of S. pseudintermedius but significantly reduced the biofilm growth
at concentrations of 1,500/470 pg/ml and above. Similar obser-
vations were found for both S. pseudintermedius and P. aeruginosa
biofilms when treated with disodium EDTA alone. Biofilms were not
eradicated but reduced significantly in the presence of 470 ug/ml
of EDTA. A previous study found that 1 mm (380 pg/ml) of EDTA
disrupted the growth of 24 hr preformed biofilms in comparison to
growth control of Gram-positive and Gram-negative otic isolates
(Khazandi et al., 2019). In fact, Tris can enhance the metal chelating
activity of disodium EDTA to permeabilise the outer membrane and
further dispersed EPS in biofilms in Gram-negative bacteria (Liu et
al., 2017; Vaara, 1992). Liu et al. (2017) also reported that 30 mg/
ml (30,000 pg/ml) EDTA significantly reduced EPS formation and

116



CHAN ET AL.

688 W JOURNAL oF
ILEY Veterinary Pharmacology and Therapeutics

FIGURE 2 The antibiofilm activity of
two ionophores narasin (a) and monensin
(b); three antimicrobial adjuvants,
N-acetylcysteine (c), Tris-EDTA (d)

and disodium EDTA (e) and a control,
enrofloxacin (f) against two moderate
biofilm producers Staphylococcus
pseudintermedius clinical otitis isolates. All
data shown are the growth of biofilms in
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viable bacterial cells in biofilms as well as decreasing the thickness,
average dispersal distance and textural entropy of Pseudomonas bio-
films. Another study demonstrated that 50 mm (18,600 pg/ml) of
EDTA reduced P. aeruginosa PAO1 biofilms from approximately 10®
to 10 CFU and further reduction to 10? CFU in the presence of Tris
(Tris-EDTA) (Banin, Brady, & Greenberg, 2006). Additionally, Banin
etal. (2006) found that EDTA induced dispersal detachment and lysis
of PAO1 biofilms in vitro. Furthermore, previous studies showed that
EDTA or Tris-EDTA was an effective adjuvant that enhances the an-
tibiofilm activity of primary antimicrobial agents. Antibiofilm activ-
ities of commercial antiseptics such as Octenillin®, Prontosan® and
Betadine® against S. aureus and P. aeruginosa biofilms increased by
20,000-fold, 4000-fold and 200-fold, respectively in the presence
of EDTA (Lefebvre, Vighetto, Di Martino, Garde, & Seyer, 2016). Pye,
Singh, and Weese (2014) demonstrated that Triz-EDTA® aqueous
flush increased the susceptibility of P. aeruginosa biofilms (MIC,) to

RN

Enrofloxacin (ng/ml)

gentamicin by 16-fold and neomycin by twofold in cases of canine
OE. Hence, further study is warranted to test the combination of
Tris-EDTA or disodium EDTA with other antimicrobial agents for the
presence of synergistic antibiofilm activity.

Even though narasin and monensin were not able to eradicate
biofilms, we found that these ionophores capable of reducing biofilm
growth and formation. S. pseudintermedius biofilms decreased in the
presence of 4-16 pg/ml narasin while P. aeruginosa biofilms were re-
duced by 2-4 pg/ml of monensin. Our findings agree with previous
studies on the ability of ionophores to reduce biofilm formation in
different pathogens. Hickey et al. (2018) demonstrated that nara-
sin (0.5-16 pg/ml) and monensin (2-32 pg/ml) reduced preformed
ATCC 29213 S. aureus biofilms. In another study, biofilm produced
by S. epidermidis was reduced up to 90% in the presence of monen-
sin at 4 pg/ml (Stefanska, Stepien, Huczynski, & Tyski, 2015). In a
study of Clostridium perfringens biofilms tolerance to narasin at 1 pug/
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FIGURE 3 The antibiofilm activity of
two ionophores narasin (a) and monensin
(b); three antimicrobial adjuvants,
N-acetylcysteine (c), Tris-EDTA (d)

and disodium EDTA (e) and a control,
enrofloxacin (f) against two strong biofilm
producers Pseudomonas aeruginosa clinical
otitis isolates. All data shown are the
growth of biofilms in Log,, CFU/ml + SEM.
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ml and monensin at 4 pg/ml, biofilms were more efficiently reduced
by ionophores with prolonged exposure at 24 hr compared with 6 hr
(Charlebois, Jacques, & Archambault, 2014). lonophores are highly li-
pophilic ion carriers that readily penetrate the porous peptidoglycan
cell wall of Gram-positive bacteria, but not the two-layered cell wall
of Gram-negative bacteria (Callaway et al., 2003). They interfere with
the ion transport systems of bacteria by catalysing an electroneutral
cation-proton exchange across the cell barrier and abolishing the
ionic gradient of the bacterial cell membrane (Butaye, Devriese, &
Haesebrouck, 2003; Pressman, 1976). However, their precise mode
of action in relation to biofilm disruption remains to be determined.
As the susceptibility of biofilm to ionophores varies among bacterial
strains, ionophores, in common with other antimicrobial agents, do
not represent a universally effective antibiofilm agent.

Topical therapy is the most common treatment modality used
to treat canine otitis externa. Topical therapy can deliver a high

Log; biofilm growth (CFU/ml) =
(=

DDV ALE D
SN

B SR
Enrofloxacin (ug/ml)
—— Pseudomonas aeruginosa 1

-~ Pseudomonas aeruginosa 2

concentration of antimicrobial in the mg/ml concentration range, and
this can overcome apparent in vitro resistance to concentrations in
the pug/ml range (Nuttall, 2013). In a recent study, the concentrations
of a polyvalent topical agent were 100 to 1,000 fold higher than
the MIC90s for S. pseudintermedius and M. pachydermatis (Nuttall &
Forster, 2015). Thus, it is possible to apply a high concentration of an
antimicrobial agent in an otic formulation to achieve therapeutic ef-
ficacy against biofilms. The data from our study show that S. pseud-
intermedius and P. aeruginosa biofilms can be eradicated in vitro with
fourfold higher concentration of MIC or MBC of NAC (20,000 pg/ml
or 20 mg/ml) and up to eightfold higher concentration of Tris-EDTA
MIC or MBC (12,000/3,800 pg/ml or 1.2/0.38 mg/ml) to disrupt
P. aeruginosa biofilms.

Previous studies have demonstrated that combining NAC with
various antibiotics such as fluoroquinolones, aminoglycosides (e.g.
neomycin, streptomycin, kanamycin, spectinomycin, gentamicin
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and tobramycin), erythromycin and imipenem can lead to antag-
onism against various bacterial strains, including P. aeruginosa
(Goswami & Jawali, 2010; Parry & Neu, 1977; Rodriguez-Beltran
et al., 2015; Saggers & Lawson, 1966). Likewise, when Tris-EDTA
combined with enrofloxacin against P. aeruginosa canine otic iso-
lates (n = 31), there was a reduction in antibacterial efficacy with
fourfold or higher MIC in 39% of the isolates (Pye et al., 2014).
However, we have shown in a previous study (in press) that such
antagonism does not occur when NAC or Tris-EDTA is combined

with ionophores (Chan et al., in press).

5 | CONCLUSION

This study has demonstrated that the majority of the S. pseudinter-
medius and P. aeruginosa canine otic isolates used in these experi-
ments were biofilm producers. The ability to form biofilms by otic
pathogens needs to be taken into consideration in the treatment and
management of OE. We have also shown that NAC and Tris-EDTA
are two effective antibiofilm agents in vitro. These agents could be
either used individually prior to the application of ear treatment or
could be incorporated into a polypharmaceutical broad-spectrum
topical ear preparation. However, further in vivo study is warranted
to ensure safety and efficacy at the high concentrations of these
agents that are needed to overcome biofilm resistance.
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Chapter 7: General discussion and Conclusion
7.1 Major findings

The emergence of antimicrobial resistance (AMR) due to resistant superbugs is one of the
biggest threats to human and animal health today (O’Neill, 2016). Misuse and overuse of
antimicrobials in human and animal medicine accelerate the emergence and spread of AMR.
New antimicrobial therapies are needed to combat AMR. However, the development of new
antibiotics is not able to keep pace with the emergence of AMR. Major pharmaceutical
companies have exited the field of antibiotic research and development due to a poor return on
investment and lack of incentives (Blaskovich, 2019). Since 1980, only a few new classes of
antibiotics with narrow-spectrum activity against Gram-positive bacteria (lipopeptides) and
Mycobacterium tuberculosis (diarylquinolines) have been discovered and approved for use.
Therefore, prudent use of antimicrobials is essential to reduce resistance selection and to

preserve the efficacy of existing antimicrobials.

Otitis externa (OE) is one of the most commonly diagnosed dermatological diseases in
dogs with a prevalence of up to 20% (Miller et al., 2013). In recent years, increasing reports of
zoonotic transmission of pathogens of canine origin, including resistant pathogens have raised
a serious public health concern (Pomba et al., 2017). Resistant pathogens typically associated
with canine OE are methicillin-resistant Staphylococcus pseudintermedius (MRSP), multidrug-
resistant Staphylococcus pseudintermedius (MDRSP) and multidrug-resistant Pseudomonas
aeruginosa (MDRPA). Moreover, biofilm formation by S. pseudintermedius and P. aeruginosa
may play a vital role in bacterial persistence and resistance. Infections with these organisms
are typically treated with critically important antimicrobial classes for human medicine such as
fluoroquinolones (e.g. marbofloxacin and marbofloxacin), aminoglycosides (e.g. gentamicin)

and polymyxins (e.g. polymyxin B), which may not represent good antimicrobial stewardship.

Repurposing of existing drug compounds with known pharmacological and

toxicological profiles (e.g. polyether ionophores) for new purposes is one strategy that has been
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developed to address the global issue of the diminished antimicrobial pipeline and address the
challenges in AMR and antimicrobial stewardship (Strittmatter, 2014). Furthermore,
antimicrobial adjuvants can be used to enhance the spectrum of activity of existing
antimicrobial agents to further combat Gram-negative and drug-resistant bacterial infections
(Domalaon et al., 2018; Wright, 2016). Antimicrobial-adjuvant combination therapy has an
added advantage in reducing the onset and development of resistance in comparison to a
monotherapy (Worthington & Melander, 2013). Therefore the work in this thesis has addressed
current concerns in AMR and explored a number of options for drug repurposing and
antimicrobial-adjuvant combination therapy for the treatment of bacterial and yeast otitis
externa in dogs. Detailed discussions have been included in the relevant papers in chapters 2

to 6, and only the main findings are summarised here.

In this research, two polyether ionophores, narasin and monensin were investigated as
potential treatments for bacterial and yeast infections in canine otitis externa. Their efficacy
was evaluated in vitro against pathogens associated with canine OE (Chapters 2 and 3). These
drugs are only licensed for animal use, and they are conventionally used as rumen modulators
and anticoccidial agents in production animals (Butaye et al., 2003; Callaway et al., 2003).
Also, polyether ionophores are listed by the World Health Organisation as one of the
antimicrobial classes currently not used in humans (WHO, 2019). To date, there is little
evidence for the development of bacterial resistance or co-selection for resistance to other
classes of antimicrobials by the ionophores (Butaye et al., 2000; Callaway et al., 2003; Subbiah
et al,, 2016). All the above features of ionophores make them potential candidates for

repurposing and addressing the challenges in AMR and antimicrobial stewardship.

Narasin and monensin had antimicrobial activity against Gram-positive otic pathogens
including MDRSP but lacked activity against Gram-negative pathogens (Chapters 2 and 3). In
these studies, methicillin-susceptible S. pseudintermedius (n=17), MDRSP (n=13) and -
haemolytic Streptococcus spp. (n=20) were more susceptible to narasin, with MICso and MICoo
of 0.125 pg/ml, 32-fold lower than the MICso and MICoo of monensin (4 ng/ml). Furthermore,
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narasin demonstrated anti-yeast activity against some Malassezia pachydermatis isolates at a
higher concentration of 128 pg/ml, which was not achieved by monensin. As expected, both
Gram-negative otic isolates, Pseudomonas aeruginosa and Proteus mirabilis were not
susceptible to narasin or monensin. Gram-negative bacteria have inherent resistance to
hydrophobic molecules with a molecular weight of > 600 such as narasin and monensin and
thus, prevent their penetration through the two-layered cell wall structure of Gram-negative
bacteria (Butaye et al., 2003). On the other hand, ionophores (being lipophilic ion carriers) can
easily permeate into the porous peptidoglycan layer of Gram-positive bacteria and disrupt the
normal intracellular ionic and pH gradients (Callaway et al., 2003). These findings support the
possibility that narasin and monensin could be developed as topical agents to treat
staphylococcal ear infections in dogs, including those associated with methicillin resistance.
However, the lack of Gram-negative activity in both ionophores would prevent their use in

Gram-negative infections.

In chapter 4, we explored various potential adjuvants to enhance the antimicrobial
activity of ionophores against Gram-negative bacteria. One non-antibiotic mucolytic agent, N-
acetylcysteine (NAC), and two metal chelating agents, Tris-EDTA and disodium EDTA,
demonstrated intrinsic antimicrobial activities against Gram-positive bacteria including MRSP,
Gram-negative bacteria and yeast otic isolates. Tris-HCL did not show any antimicrobial
activity against P. aeruginosa otic isolates, but it was proven to potentiate the chelating activity
of disodium EDTA in which the MIC range for disodium EDTA in the presence of Tris-HCL
(Tris-EDTA) was two to eight times lower than when disodium EDTA was used alone. On the
other hand, monoglycerides (monolaurin and monocaprin) had limited to no antimicrobial
activity, and thus, these drugs were not chosen for further susceptibility testing against otic
pathogens. Additionally, polymyxin B nonapeptide (PMBN), a derivative of polymyxin B was
not expected to have activity against the Gram-negative pathogens. As PMBN demonstrated
intrinsic antibacterial activity against Gram-negative pathogens in our study, the high

likelihood for selective resistance against polymyxin in the future negates its acceptability.

124



Therefore, NAC, Tris-EDTA and disodium EDTA could represent promising adjuvants to
potentiate the efficacy of ionophores against Gram-negative and multidrug-resistant bacterial

infections.

In chapter 5, the drug interactions between narasin or monensin and NAC, Tris-EDTA
or disodium EDTA were tested in combination against Gram-positive and Gram-negative
ATCC reference strains using a checkerboard assay (see appendix 2). We showed in chapters
2 to 4 that the susceptibility of the reference strains to the test compounds was consistent with
the clinical isolates and therefore these strains were used as proxies for canine OE isolates in
this interaction study. An additive effect was shown with the combination of narasin and Tris-
EDTA or disodium EDTA against P. aeruginosa strains. P. aeruginosa strains were not
susceptible to narasin alone, but in the presence of Tris-EDTA or disodium EDTA, there was
an achievable narasin MIC of 128 pug/ml. Hence, Tris-EDTA and disodium EDTA could be
regarded as “resistance breakers” by potentiating the antimicrobial activity of narasin against
P. aeruginosa strains. These two chelating agents interfere with the lipopolysaccharide content
and enhance the permeability of the outer membrane of P. aeruginosa to allow the uptake of
narasin (Gray & Wilkinson, 1965). Another additive effect was found with the combinations
of monensin or narasin with NAC against the Staphylococcus aureus strain. The combination
of monensin and NAC against S. pseudintermedius clinical isolates produced an additive effect
as well (see appendix 3). In the presence of NAC, the monensin MIC was significantly reduced
16- to 32-fold against S. aureus and S. pseudintermedius isolates. The enhancement of anti-
staphylococcal activity of ionophores in the presence of NAC may provide additional benefits
by allowing the dose of each agent to be reduced if they were used in a clinical setting. This
would be important if any toxic or irritant effects were seen if they were applied to canine ears.
Other combinations did not produce any positive interactions or antagonism. Hence, a
combination of narasin with Tris-EDTA or disodium EDTA may represent a promising

strategy to inhibit the intrinsic resistance elements of Gram-negative bacteria. These novel
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combinations could be potentially useful as a multimodal approach to treat mixed infections in

canine OE.

In the final chapter, the ability of S. pseudintermedius and P. aeruginosa canine OE
isolates to produce biofilms was investigated (see additional data in appendix 4). The majority
(16/20) of S. pseudintermedius isolates including four MRSP were weak biofilm producers,
and the remaining were moderate biofilm producers. On the other hand, 19 out of 20 P.
aeruginosa isolates were biofilm producers, evenly distributed among weak (30%), moderate
(35%) and strong (30%) biofilm production. In contrast to our findings, in two previous studies,
only 39.3% (11/27) and 40% (33/83) of S. pseudintermedius and P. aeruginosa otic isolates,
respectively, were reported to produce biofilms (Moreira et al., 2012; Pye et al., 2013). These
differences are likely to represent methodological and technical differences in experimentation.
However, our findings add to the existing evidence that biofilm production is common in
pathogens associated with canine OE. The presence of bacterial biofilms is a common cause of

persistent infections and development of AMR (Costerton et al., 1999).

Therefore, ionophores and adjuvants were further examined for their potential to
eradicate pre-formed S. pseudintermedius and P. aeruginosa biofilms (Chapter 6). NAC is
already known to be an effective antibiofilm agent against both Gram-positive and Gram-
negative otic isolates. In our study, S. pseudintermedius and P. aeruginosa biofilms were
eradicated by NAC at a concentration of 5,000 pg/ml and 20,000 pg/ml, respectively. Tris-
EDTA eradicated P. aeruginosa biofilms at concentrations between 6,000/1,900 and
12,000/3,800 pg/ml, but only reduced S. pseudintermedius biofilms. The presence of 470 pg/ml
disodium EDTA had the effect of reducing biofilms but not eradication of biofilms. Once again,
the presence of Tris was proven to enhance the chelating activity of disodium EDTA to
permeabilise the outer membrane and disperse the exopolysaccharides in biofilms of Gram-
negative bacteria (Vaara, 1992). Therefore, NAC and Tris-EDTA are two antibiofilm agents in

vitro that could be considered for the treatment of biofilm-associated canine OE.

126



Both narasin and monensin were shown to have high-level efficacy against Gram-
positive pathogens in chapters 2 and 3. Conversely, when S. pseudintermedius isolates formed
biofilms, they became non-susceptible to the ionophores (Chapter 7). Furthermore, we
observed that both S. pseudintermedius and P. aeruginosa otic isolates were >16 times more
resistant to enrofloxacin when tested in preformed biofilms compared to their planktonic states.
These findings agree with previous studies that bacteria in biofilm cells can become 10 to 1000
times more resistant to antimicrobial agents (Mah & O'Toole, 2001; Olson et al., 2002). Thus,
a combination therapy including an antibiofilm agent would need to be considered if

ionophores were taken forward as potential treatments for infections in cases of canine OE.

7.2 Future directions

In this research, the in vitro studies in antimicrobial and antibiofilm susceptibility testing, and
drug interaction studies between ionophores (narasin and monensin) and adjuvants (NAC, Tris-
EDTA and disodium EDTA) serve as a fundamental basis for the further development of novel
otic formulations. If these drugs were to be used as topical agents, further evaluation of their
safety would be required. In vitro cytotoxicity assessment is not necessarily predictive of the
safety of a topical agents in vivo, but our research group has previously investigated the in vitro
cytotoxicity profiles of narasin and monensin against mammalian hepatic, fibroblast and
kidney cell lines (Hickey et al., 2018). Likewise, the cytotoxicity profiles of disodium EDTA
has been examined by Khazandi et al. (2019). However, the cytotoxic effects of these agents
when used in combination may need to be evaluated if evidence is provided that systemic
absorption from the ear canal could occur (for example, in the case of ulceration). Furthermore,
the assessment of dermal toxicity and irritation by these agents in the healthy canine ear canal

1s warranted.
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Future studies aim to develop a novel otic formulation containing an ionophore and an
antimicrobial adjuvant (chelating or antibiofilm agent) for bacterial, yeast and biofilm-
associated otitis externa in dogs. Following on from this work, the following studies and further

development are planned:

1. Combinations of the active agents will be compounded into various vehicles and
formulations suitable for application to an ear canal.

2. The otic formulations will be tested for chemical stability using high-performance liquid
chromatography (HPLC).

3. Stable formulations will be further tested in vitro to ensure susceptibility of the otic
pathogens is consistent with that seen when the drugs are used in solution.

4. Subsequently, the safety of the formulations will be tested in normal ear canals of dogs.
Video otoscopy will be performed and a measurement scale such as 0-3 otitis index score
will be used to assess erythema, swelling, ulceration and exudate of the ear canal following
application of the formulations in healthy dogs (Nuttall & Bensignor, 2014). Other
conditions of the ear canal including pain, pruritus, wax production, desquamation, and
tympanic membrane integrity will be monitored as well.

5. Following the safety assessment in healthy dogs, the efficacy of the new otic preparation

will be evaluated in a pilot trial involving spontaneous clinical cases of canine otitis externa.

7.3 Conclusions

This thesis contains novel work that has contributed significant new findings to the literature.
The concept of drug repurposing is relatively new to veterinary medicine and the studies
contained herein provide an example of how this could be applied to an important area of
clinical medicine. The work is also important, because it addresses one of the biggest health
problems facing the human population — antimicrobial resistance. Antibiotic stewardship is
pivotal to preserving the longevity of existing antibiotics, and studies such as these pave the

way for possible development of new therapeutics that do not endanger the value of critically
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important drugs. Commercial development of the agents described in these studies would
represent a high impact outcome for these in vitro findings. Our hope is that in the future,
canine OE could be treated effectively with agents that are not critically important for human

health applications, thus prolonging the value of antibiotics for generations to come.

This thesis also generated some key outcomes that have direct relevance to current
veterinary clinical practice. The findings of biofilm-forming potential of staphylococci and
Pseudomonas spp. associated with canine OE could have a significant impact on the
effectiveness of antimicrobial therapy. NAC and Tris-EDTA were found to be promising
antimicrobial adjuvants with intrinsic broad-spectrum antimicrobial and antibiofilm activities

in vitro against Gram-positive and Gram-negative biofilm-producers in canine OE.
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Appendix 1: Common pathogens associated with canine otitis externa

a) Staphylococcus pseudintermedius

b) Pseudomonas aeruginosa

c) Proteus mirabilis

d) Malassezia pachydermatis

| Images courtesy of P.B. Hill.



Appendix 2: Examples of checkerboard assay in which narasin or monensin
tested in combination with N-acetylcysteine, Tris-EDTA or disodium against
Staphylococcus aureus ATCC 29213, Pseudomonas aeruginosa ATCC 27853
and Pseudomonas aeruginosa PAO1. The yellow boxes outline the wells when
no visible growth can be seen. See page 100 for further illustration.
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b) Monensin and N-acetylcysteine against Staphylococcus aureus ATCC 29213
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Appendix 3: Additional data of minimum inhibitory concentration (MIC),
fractional inhibitory concentration index (FICI) and dose reduction index (DRI)
of the combination effect of monensin (MO) and N-acetylcysteine (NAC). The
susceptibility to the test compounds was consistent between the ATCC reference
strains and clinical isolates from cases of canine otitis externa.

Isolates MIC MIC FICI | Interpretation | DRI
Individual Combination
(ng/ml) (ng/ml)
MO | NAC | MO NAC MO | NAC
Gram- SA 4 5,000 | 2 625 | 0.625 | Additive 2 8
positive | ATCC 1 1,250 | 0.53 4 4
reference | 29213 0.125 | 2,500 | 0.53 32 |2
strain
Clinical | SP 1 2 2,500 |1 625 | 0.75 | Additive 2 4
otic 0.5 1,250 | 0.75 4 2
isolates | SP 2 2 5,000 | 0.5 1,250 | 0.75 | Additive 4 4
0.125 | 2,500 | 0.56 16 2
Gram- PA >16 | 2,500 | >16 2,500 | 2 Indifference | 1 1
negative | ATCC
reference | 27853
strains ATCC >16 | 2,500 | >16 2,500 | 2 Indifference | 1 1
PAO1
Clinical | PA S >64 | 2,500 | >64 2,500 | 2 Indifference | 1 1
otic PA 7 >64 | 2,500 | >64 2,500 | 2 Indifference | 1 1
isolates | PM 8 >16 | 5,000 |>16 | 5,000 |2 Indifference | 1 1
PM 15 >64 | 5,000 | >64 5,000 | 2 Indifference | 1 1
Notes:

For MIC values >16, and > 64, value of 32, 128 and were respectively assumed for calculation
of FICI and DRI.

ATCC= American Type Culture Collection

SA= Staphylococcus aureus

SP = Staphylococcus pseudintermedius

PA = Pseudomonas aeruginosa

PAO1 = Biofilm producer reference strain

PM = Proteus mirabilis
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Appendix 4: Summary results of three studies of biofilm growth evaluation of
Staphylococcus pseudintermedius and Pseudomonas aeruginosa canine otitis

externa isolates.

1. Staphylococcus pseudintermedius

# | Isolates Study 1: Study 2: Study 3: Summary Cat. | Isolates
04/11/16 09/11/16 11/11/16 #

N | Negative Negative Negative Negative Negative 0 Negative
control control control control control control

P | Positive +++, Strong +++, Strong +++, Strong Positive 3 Positive
control control control

C | ATCCSA 0, No biofilm ++, Moderate +, Weak 0 to ++ 1 ATCC SA
29213 29213

1 N13/1/568* 0, No biofilm +, Weak +, Weak 0to+ 1 N13/1/568*

2 N13/1/570 +, Weak ++, Moderate ++, Moderate +to ++ 2 N13/1/570

3 N13/1/614 +, Weak +, Weak +, Weak + 1 N13/1/614

4 N13/1/652 +, Weak ++, Moderate ++, Moderate +to ++ 2 N13/1/652

5 N13/1/752 +, Weak ++, Moderate ++, Moderate +to ++ 2 N13/1/752

6 S13/1/55 +, Weak +, Weak +, Weak + 1 S13/1/55

7 S13/1/73 +, Weak +, Weak +, Weak + 1 S13/1/73

8 S13/1/77 0, No biofilm +, Weak +, Weak 0to+ 1 S13/1/77

9 S13/1/78 0, No biofilm +, Weak +, Weak 0to+ 1 S13/1/78

10 | S13/1/79 +, Weak +, Weak +, Weak + 1 S13/1/79

11 | Q13/1/44 ++, Moderate ++, Moderate +, Weak + to ++ 2 Q13/1/44

12 | Q13/1/56 +, Weak +, Weak +, Weak + 1 Q13/1/56

13 | Q13/1/57 0, No biofilm +, Weak +, Weak 0 to ++ 1 Q13/1/57

14 | Q13/1/24* +, Weak +, Weak ++, Moderate +to ++ 1 Q13/1/24*

15 | V13/2/172 0, No biofilm +, Weak +, Weak 0to+ 1 V13/2/172

16 | V13/2/173* 0, No biofilm +, Weak +, Weak 0to+ 1 V13/2/173*

17 | V13/2/347 0, No biofilm +, Weak +, Weak 0to+ 1 V13/2/347

18 | V13/2/422 +, Weak +, Weak +, Weak + 1 V13/2/422

19 | V13/2/456 +, Weak +, Weak +, Weak + 1 V13/2/456

20 | W13/1/11%* 0, No biofilm +, Weak +, Weak 0to+ 1 W13/1/11*

No biofilm 0 None

Weak 1 All above except these four isolates below

Moderate 2 N13/1/570, N13/1/652, N13/1/752, Q13/1/44

Strong 3 None

Notes:

Categorisation of biofilm production was based on ODs70nm values in which the interpretation
has been explained in chapter 6 and the following classifications (Stepanovic, Vukovic, &
Hola, 2007) are used for clearer presentation in this table:
0 (no biofilm producer),

+ or 1 (weak biofilm producer),
++ or 2 (moderate biofilm producer),

+++ or 3 (strong biofilm producer).
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2. Pseudomonas aeruginosa

# | Isolates Study 1: Study 2: Study 3: Summary Cat. | Isolates
04/11/16 09/11/16 11/11/16 #
N | Negative Negative control | Negative Negative Negative 0 Negative
control control control control control
P | Positive ++, Moderate +++, Strong +++, Strong Positive 3 Positive
control control Control
C | ATCCPA +, Weak 0, No biofilm | +, Weak 0to+ 1 ATCC PA
27853 27853
1 PA 002 ++, Moderate +, Weak +++, Strong +to +++ 2 PA 002
2 PA 003 +, Weak +, Weak +, Weak + 1 PA 003
3 PA 004 ++, Moderate ++, Moderate ++, Moderate ++ 2 PA 004
4 PA 005 +++, Strong ++, Moderate +++, Strong ++ to +++ 3 PA 005
5 PA 006 +++, Strong +++, Strong ++, Moderate ++ to +++ 3 PA 006
6 PA 007 +, Weak +, Weak +, Weak + 1 PA 007
7 PA 008 +, Weak +, Weak ++, Moderate +to ++ 1 PA 008
8 PA 009 ++, Moderate +, Weak +, Weak +to ++ 1 PA 009
9 PA 010 +++, Strong ++, Moderate +++, Strong ++ to +++ 3 PA 010
10 | PAO12 ++, Moderate +++, Strong +++, Strong ++ to +++ 3 PA 012
11 | PAO13 ++, Moderate ++, Moderate +, Weak +to ++ 2 PA 013
12 | PAO14 ++, Moderate +, Weak +++, Strong ++ to +++ 2 PA 014
13 | PAO15 0, No biofilm 0, No biofilm | +, Weak 0to+ 0 PA 015
14 | PAO16 ++, Moderate +, Weak 0, No biofilm | 0to ++ 1 PA 016
15 | PAO17 ++, Moderate +, Weak ++, Moderate +to ++ 2 PA 017
16 | PAO18 ++, Moderate ++, Moderate ++, Moderate ++ 2 PA 018
17 | PA 020 +++, Strong +++, Strong +++, Strong +++ 3 PA 020
18 | PA 022 +, Weak +, Weak +, Weak + 1 PA 022
19 | PA 023 ++, Moderate ++, Moderate ++, Moderate ++ 2 PA 023
20 | PA 024 +++, Strong +++, Strong +++, Strong +++ 3 PA 024
No biofilm 0 PAOI5
Weak 1 ATCC PA 27853, PA 003, PA 007, PA 008, PA 009, PA 016, PA 022
Moderate 2 PA 002, PA 004, PA 013, PA 014, PA 017, PA 018, PA 023
Strong 3 PA 005, PA 006, PA 010, PA 012, PA 020, PA 024
Notes:

Categorisation of biofilm production was based on ODs70nm values in which the interpretation
has been explained in chapter 6 and the following classifications (Stepanovic et al., 2007) are
used for clearer presentation in this table:

0 (no biofilm producer),
+ or 1 (weak biofilm producer),
++ or 2 (moderate biofilm producer),

+++ or 3 (strong biofilm producer).
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Appendix 5: An example of biofilms formed on the pegs of MBEC™ Inoculator
(Calgary Biofilm Device)
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Appendix 6: Supporting papers

These publications were not a specific focus of my PhD studies, but they were undertaken

during my period of candidature and they provide evidence of further collaboration and

supervision.
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Background - Stains that are used regularly for patient-side diagnosis to rapidly identify bacterial and fungal
infections could become contaminated by common pathogens, such as Staphylococcus pseudintermedius, dur-
ing slide immersion.

Hypothesis/Objectives — To determine whether the inoculation of S. pseudintermedius into modified Roma-
nowsky type stains (Quick Dip®) results in viable bacterial contamination and whether this is influenced by the
addition of organic debris (canine hair and skin).

Methods - A clinical isolate of S. pseudintermedius was inoculated into clean and organically contaminated
Quick Dip® solutions (methanol fixative, eosin, methylene blue), and positive (broth) and negative (bleach) con-
trols. Each solution was tested for the presence of viable bacteria by counting the number of colony forming units
(CFU/mL) at various time points. Solutions also were examined under high power microscopy to count the num-
ber of visible bacteria at each time point.

Results - Staphylococcus pseudintermedius was able to survive in the clean and contaminated Quick Dip®
stains for at least one hour, but by 24 h no viable bacteria remained. Survival of the bacteria was not supported in
the fixative at any time point. Staphylococcus pseudintermedius remained visible under high power microscopy
for up to 2 weeks in all organically contaminated solutions of the Quick Dip® set.

Conclusions and clinical importance - Staphylococcus pseudintermedius only remains viable in eosin and
methylene blue for short periods of time, but the prolonged visibility of dead organisms could theoretically lead to

the misdiagnosis of cytology samples.

Introduction

One of the most commonly used staining procedures in
clinical cytology is the sequential application of methanol
fixative, eosin and methylene blue (a modification of the
Romanowsky-Giemsa stain, commonly referred to as
DiffQuik® or Quick Dip®). These stains are used to rapidly
identify bacterial and fungal infections for patient-side
diagnosis. The recommended staining procedure for
these stains involves dipping glass slides into the staining
solutions, rather than adding stains to the slides. There-
fore, during staining of specimens for cutaneous cytologi-
cal examination it is theoretically possible that bacteria or
fungi on slides could be transferred to the staining solu-
tions, leading to contamination. This would become
increasingly likely if staining solutions were used fre-
quently and not often replaced. If the stain contaminants
were able to survive for a prolonged period, samples sub-
sequently stained may be misdiagnosed. Therefore, it is
advisable to determine whether or not common bacteria
are able to survive in such stains as viable contaminants.
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Some stains are known to have bactericidal properties
whereas others have no disinfectant action and allow
growth of bacteria."? Previous studies have shown that
Pseudomonas aeruginosa can survive for variable periods
of time in eosin and methylene blue stains of the Quick
Dip® set,’ and that Merck's methylene blue has minimal
disinfectant action.? However, both gentian and crystal
violet stains have significant disinfectant action against
Gram-positive bacteria, including the Staphylococcus
genus.? In several circumstances, contamination of stains
has led to false positive results. For example, fungal con-
tamination of Grocott light-green counterstain solution led
to the misdiagnosis of yeast infections in two separate
cases.® Gram-stained clinical samples of cerebrospinal
fluid resulted in false positive diagnosis of Gram-negative
bacilli due to bacterial contamination of the piped deion-
ized water that was used to make the Gram stain solu-
tions.* Previous studies also have highlighted
misdiagnosis and unnecessary therapy following contami-
nation of other media, including Gram-negative bacilli in
Amies transport medium used for the transport of
swabs,® and fungal contaminants in Hanks' solution.®

Staphylococcus pseudintermedius is the most com-
mon cutaneous pathogen in the dog, regularly isolated
from cases of pyoderma and otitis externa.”® This patho-
gen is commonly stained using Romanowsky-type stains.
There have been no previously published data on whether
or not this common pathogen is able to survive in and
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contaminate staining solutions. Staphylococcus pseudin-
termedius is a common contaminant of the environment,
contaminating clothing in veterinary hospitals,® and
household areas commonly used by pets.'® Although it is
unknown if stains are bactericidal to S. pseudinter-
medius, previous research indicates that bleach is bacteri-
cidal, even in low concentrations,® and that oils derived
from natural products can inhibit growth.”

The aim of this study was to determine whether the
inoculation of S. pseudintermedius into eosin and methy-
lene blue stains could result in viable bacterial contamina-
tion and whether this is influenced by the addition of
organic debris (canine hair and skin).

Materials and methods

Bacteria and inoculum size

A methicillin-sensitive isolate of S. pseudintermedius originating
from a dog with otitis externa was used for this study (isolate num-
ber V13/2/347). The isolate was stored in brain heart infusion broth
(Becton Dickinson Pty Ltd; Sydney, NSW, Australia) with 20% glyc-
erol (Ajax Finechem; Cheltenham, Victoria, Australia) at —80°C.
Fresh cultures were grown on 5% Columbia sheep blood agar
(Thermo Fisher Scientific; Melbourne, Victoria, Australia) and incu-
bated at 37°C for 18 h. Fresh pure colonies were suspended in
7 mL of phosphate buffered saline (PBS) pH 7.3 (Thermo Fisher Sci-
entific) to generate a 0.5 McFarland standard with a corresponding
optical density at 600 nm of 0.1 (0.08-0.13) as determined by a
spectrophotometer (BioPhotometer plus, Eppendorf; Macquarie
Park, Australia). Preliminary studies found that this suspension con-
tained approximately 1.5 x 108 colony forming units (CFU)/mL. An
inoculation volume was calculated by determining the concentration
of solution required to be able to visualize and count bacteria under
1000 x oil-immersion magnification. It was concluded that a solution
with 7 x 10° CFU/mL allowed sufficient visualization of bacteria
after 1 h of incubation at room temperature in Mueller-Hinton
broth. This concentration was achieved for each experiment by
inoculating 2.86 mL of solution (controls, fixative, eosin, methylene
blue) with a 140 pL aliquot of a 0.5 McFarland standard suspension
to make up a 3 mL solution.

Staining and control solutions

The positive control for this experiment was cation-adjusted Mueller—
Hinton broth (Becton Dickinson Pty Ltd). The negative control was
sodium hypochlorite (White King bleach, 42 g/L, Pental Products;
Shepparton, Victoria, Australia). The staining system used was Quick
Dip® (Point of Care Diagnostics Scientific; Artarmon, New South
Wales, Australia). The staining set comprised methanol (>99% w/v)
as a fixative, Quick Dip® 1 stain (eosin Y <0.5% wy/v, disodium phos-
phate <5.0% w/v, monosodium phosphate <5.0% w/v and preserva-
tives) and Quick Dip® 2 stain (methylene blue <1.0% w/v, methylene
azures <0.1% w/v, disodium phosphate <5.0% w/v, monosodium
phosphate <5.0% w/v and preservatives).

Quick Dip® solutions were used both in a clean state (fresh out of
the bottle) and after contamination with organic debris as might occur
following repeated cutaneous sampling. The organic debris was
sourced from a fresh frozen canine cadaver. The skin (epidermis and
dermis) and hair were cleaned with 70% ethanol and rinsed with PBS
to eliminate any surface bacteria. In the organically contaminated
experiments, each solution was contaminated with 0.01 g of hair and
0.03 g of skin.

Experimental design

Each of the solutions (controls, fixative, eosin and methylene blue)
were inoculated in triplicate with the S. pseudintermedius isolate and
tested for the presence of viable or visible bacteria at 5 min, 1 h and
24 h. Solutions were left at room temperature, out of direct sunlight,
and covered but not tightly sealed. The organically contaminated
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solutions were left for an additional 2 weeks to determine if organic
debris aided survival of the bacteria over an extended duration.

Viability and visibility of bacteria

In order to determine the viability of S. pseudintermedius at each
time point, 100 pL of each solution was removed and serially diluted
10-fold up to ten times, with sterile PBS. Preliminary experiments
were performed to determine the dilution end-points for each solu-
tion. Ten microlitres of the original solution and each dilution was
then spot-plated in triplicate, as described previously, onto Mueller—
Hinton agar (Thermo Fisher Scientific) and incubated at 37°C for
20 h."" The viability was then determined by counting the number of
CFUs in each spot.

In order to determine whether the bacteria present were microscopi-
cally visible at each time point, 100 pL of each solution was air-fixed
onto a microscope slide. Glass slides were then stained using Quick
Dip® stains according to the manufacturer's recommendations. To
quantify the number of visible bacteria, three representative high power
fields (HPF) were examined under 1000x oil-immersion magnification
and each individual coccus was counted. To verify the integrity of the
peptidoglycan cell wall a Gram stain also was performed. A 100 plL sam-
ple from the fixative solution at 2 weeks was air-dried on a glass slide,
Gram-stained and examined under 1000 oil-immersion magnification.

Statistical analysis

Because the data were not normally distributed, nonparametric analy-
sis was used. The Kruskal-Wallis test was used to compare the bacte-
rial count across different solutions and time points. Where significant
differences were observed, post hoc comparisons between multiple
solutions and different time points were performed using Dunn’s
multiple comparisons test. All statistical analysis was completed
using GraphPad Prism software (GraphPad Prism for Mac v6.00,
GraphPad Software; San Diego, CA, USA; www.graphpad.com).

Results

Viability of bacteria

The survival of S. pseudintermedius in clean and organi-
cally contaminated staining solutions is shown in Support-
ing Information Figures S1 and S2, respectively. In both
clean and organically contaminated solutions, the broth
(positive control) supported growth of the bacteria at all
time points. whereas the bleach (negative control) and fix-
ative showed no growth at any time point (Supporting
Information S1 and S2, respectively). The number of bac-
teria in the clean broth at 1 h and 24 h was significantly
higher than at 5 min (P < 0.05), and the number of bacte-
ria in the organically contaminated broth at 24 h and
2 weeks was significantly higher than at 5 min and 1 h
(P < 0.05), indicating growth of S. pseudintermedius. In
both the clean and organically contaminated solutions, the
eosin and methylene blue stains supported survival of
S. pseudintermedius at 5 min and 1 h, but by 24 h there
were no viable bacteria remaining. In both clean and con-
taminated solutions, bacterial survival in methylene blue at
5 min was significantly higher than in eosin (P < 0.05), but
not significantly different to the broth (P> 0.05). Bacterial
survival in methylene blue at 5 min and 1 h was signifi-
cantly higher than the eosin at 5 min and 1 h (P < 0.05) in
both clean and contaminated solutions.

Visibility of bacteria

The number of bacteria visible per HPF under high power
microscopy for the clean and organically contaminated
staining solutions is shown in Supporting Information Fig-
ures S3 and S4, respectively. Photomicrographs of the
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visible bacteria are shown in Supporting Information Fig-
ure Sb. In both the clean and contaminated solutions, bac-
teria were visible at each time point in broth, fixative,
eosin and methylene blue (Figures S3, S4 and S5),
whereas no bacteria were visible in the bleach at any time
point. In the organically contaminated broth solutions, the
number of bacteria per HPF was too numerous to count
at both 24 h and 2 weeks, so an estimate of 1000 was
used for analysis. There also was no significant difference
in the number of bacteria visible at 24 h across the fixa-
tive, eosin and methylene blue (P> 0.05) in the clean
solutions. Bacteria that were visible at 2 weeks remained
Gram-positive.

Discussion

This study demonstrated that S. pseudintermedius can
survive for variable periods of time in Quick Dip®
stains. Staphylococcus pseudintermedius survived for
1T h in both the clean and organically contaminated
eosin and methylene blue stains. After inoculation, the
number of bacteria in the eosin and methylene blue
stains decreased over time, until 24 h, when no viable
bacteria remained. Although the bacteria were not
viable at 24 h, they remained visible for an extended
duration in the eosin, methylene blue and methanol fix-
ative. Although the results suggest that S. pseudinter-
medius are unable to grow in the Quick Dip® set, it is
theoretically possible that dead, ‘preserved’ bacteria
could accumulate in the stains and fixative, which could
then lead to misdiagnosis. This would only occur if
dead bacteria were able to adhere to the cellular sub-
strate on the glass slides during immersion and rinsing.
It is not known to what extent this might occur in a
clinical setting. It is possible that the dead bacteria
would be rinsed off the slide during the staining pro-
cess, but further studies would be needed to document
if complete removal is achieved.

In a previous study," it was determined that P. aerugi-
nosa was not visible at any time point when placed in the
methanol fixative. The results of the present study dif-
fered, because S. pseudintermedius was visible at all
time points in the clean and organically contaminated fixa-
tive (as well as in the other solutions). This result might
be explained by the different cell wall structure of Gram-
positive and Gram-negative bacteria. In Gram-positive
bacteria, the cell wall has a thick peptidoglycan layer. Dur-
ing Gram-staining, the alcohol decolourization step
causes only minor damage to cell wall integrity.'? This
provides a possible explanation as to why S. pseudinter-
medius remained visible for 2 weeks in the methanol fixa-
tive. In Gram-negative bacteria, the outer membrane lipid
bilayer is particularly sensitive to disruption caused by
ethanol and other organic solvents,’® and hence, it is
severely damaged by alcohol decolourization. This may
explain why P. aeruginosa was no longer visible after
inoculation in methanol. In this experiment, Gram staining
of the visible bacteria seen at 2 weeks revealed retention
of the purple, crystal violet-iodine complex, and hence
that the peptidoglycan layer was still intact after 2 weeks
inoculation in methanol. The difference in visibility of
S. pseudintermedius and P. aeruginosa in the methanol
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fixative was mirrored in the eosin and methylene blue
stains. Staphylococcus pseudintermedius remained visi-
ble in the eosin and methylene blue stains for a prolonged
period of time after bacteria were dead, compared to the
previous study in which P. aeruginosa was not visible in
the same staining solutions after bacteria were dead.
Additionally, S. pseudintermedius survived significantly
better in methylene blue than eosin, whereas P. aerugi-
nosa survived significantly better in eosin than methylene
blue. It is possible that these differing results are also due
to the fundamental differences in cell wall structure
between the two genera.

Staphylococcus pseudintermedius was visible in
methanol at all time points, despite methanol’s bacterici-
dal properties. Methanol is classified as a denaturing fixa-
tive as it removes water from cells and alters the tertiary
structure of proteins while preserving their secondary
structure.’ Methanol exposure can damage cells by
making cell membranes more permeable, disrupting the
cytoskeleton,'® affecting bacterial cell morphology and
detaching  surface ultrastructures, proteins  and
lipopolysaccharides.® All of these factors may provide an
explanation for why bacteria were preserved after inocu-
lation in methanol, but unable to grow at any time point.
The results indicate that the methanol fixative is as bacte-
ricidal as household bleach, which is known to be bacteri-
cidal to S. pseudintermedius. Bleach contains sodium
hypochlorite, which is rapidly bactericidal due to the dam-
age it inflicts simultaneously on many cellular compo-
nents. This includes causing a loss of ATP, a reduction in
DNA replication and protein transport across membranes,
and damage to essential proteins.’” Radicals derived from
sodium hypochlorite cause lipid peroxidation, leading to
destruction of bacterial cells.’® This is a likely explanation
for why bacteria were no longer viable or visible after
inoculation in bleach.

Organic contamination did not aid the survival of bac-
terial organisms. In both the clean and organically con-
taminated eosin and methylene blue stains, the
bacteria were no longer viable at 24 h. It is unknown
whether organic contamination of stains prolonged the
visibility of bacteria, because a 2 week comparison can-
not be made with the clean experiment, as it was not
performed. It was hypothesized that contamination of
stains with organic debris would prolong survival of
bacteria, due to the expected formation of a biofilm'®
and the presence of cell wall-associated proteins on the
surface of S. pseudintermedius. These proteins aid
adherence to fibrinogen, fibronectin and the organic
extracellular matrix proteins.’® It is possible that the
stains proved too bactericidal, and hence, formation of
a biofilm was not possible. It is important to note that
the level of organic contamination used in this experi-
ment would not occur in a clinical setting. The amount
of canine hair and skin in each of the solutions was sig-
nificantly greater than the amount that could be trans-
ferred into staining solutions during immersion of
samples. This large quantity was used to maximize the
chance for bacterial survival. However, it should also be
noted that in real clinical samples, the organic material
likely would already be contaminated with S. pseudin-
termedius which might alter its ability to survive.
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If the Quick Dip® procedure is followed correctly and
the fixative is used, it is unlikely that any bacteria would
remain viable in the methanol to then contaminate the
eosin and methylene blue stains. However, slides are
only placed in each of the Quick Dip® solutions for 10 s
and it is unknown whether the fixative is bactericidal over
this short period of time. However, a short duration in the
methanol fixative would still significantly reduce the con-
centration of viable bacteria on the slide. If bacteria were
still viable after immersion in the fixative it is possible that
they may contaminate the eosin and methylene blue
stains for at least 1 h. The likelihood of this happening in
sufficiently high concentrations to lead to misdiagnosis is
remote. To determine the likelihood of stains becoming
contaminated with bacteria in a concentration similar to
this experiment, it is important to consider the inoculum
size. This experiment was designed to allow sufficient
CFU/mL to enable the visualization of bacteria under high-
power microscopy. The staining solutions had a concen-
tration of 7 x 10° CFU/mL at the time of inoculation.
Based on the typical number of organisms on clinical
samples taken from sites of infection, the chance of bac-
teria accumulating to this concentration in a clinical set-
ting is extremely unlikely. The likelihood of contamination
can be further reduced by frequently replacing Quick Dip®
solutions.

In summary, this study has shown that S. pseudinter-
medius can remain viable in methylene blue and eosin for
short periods of time, but the prolonged visibility of dead
organisms could theoretically lead to the misdiagnosis of
cytology samples. The extent to which this might occur in
a clinical setting is unknown.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article.

Figure S1. Survival of Staphylococcus pseudintermedius
in positive and negative control solutions and clean Quick
Dip® stains at different incubation times.

Figure S2. Survival of Staphylococcus pseudintermedius
in positive and negative control solutions and Quick Dip®
stains contaminated with organic debris (hair and skin).
Figure S3. Visibility of Staphylococcus pseudintermedius
in positive and negative control solutions and clean Quick
Dip® stains at different incubation times.

Figure S4. Visibility of Staphylococcus pseudintermedius
in positive and negative control solutions and Quick Dip®
stains contaminated with organic debris (hair and skin).
Figure S5. Staphylococcus pseudintermedius stained
with Quick Dip® stains, visible under high power micro-
scopy (1000x) oil immersion at 5 min (left) and 24 h
(right) in contaminated solutions.

Contexte — Les colorations qui sont utilisées pour le diagnostic au chevet du patient pour I'identification
rapide d'infections bactériennes et fongiques pourraient étre contaminées par des pathogenes tels que
Staphylococcus pseudintermedius au cours de I'immersion des lames.
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Hypotheses/objectifs — Déterminer si I'inoculation de S. pseudintermedius dans des colorants de type
Romanovsky modifié (Quick Dip®) résulte en une contamination bactérienne viable et si celle-ci est influ-
encée par |'addition de débris organiques (poils et peau de chien).

Méthodes - Une souche clinique de S. pseudintermedius a été inoculée dans des solutions de Quick Dip®
(méthanol, éosine et bleu de méthyléne) saines et contaminées par des débris organiques, et des solutions
de controle positives (diluant) et négatives (eau de javel). Chaque solution était testée pour la présence de
bactérie viable par comptage du nombre de CFU (colony forming unit/mL) a différents temps. Les solutions
étaient également examinées sous microscope a haute résolution pour déterminer le nombre de bactérie
visible a chaque temps.

Résultats — Staphylococcus pseudintermedius était capable de survivre dans les colorants de Quick Dip®
propres et contaminés pendant 24 heures mais apres 24h aucune bactérie viable ne persistait. La survie
des bactéries n’était pas possible dans le fixateur quelque-soit I'instant. Staphylococcus pseudintermedius
restait visible a fort grossissement microscopique jusqu'a 2 semaines dans toutes les solutions conta-
minées du kit.

Conclusions et importance clinique — Staphylococcus pseudintermedius reste visible seulement dans
I'éosine et le bleu de méthylene sur de courtes périodes mais la visualisation prolongée d'organismes
morts pourraient théoriquement entrainer des erreurs de diagnostic des échantillons de cytologie.

Resumen

Introduccion - Las tinciones que se utilizan con regularidad para el diagndstico répido e identificacion en
pacientes de infecciones bacterianas vy flingicas pueden contaminarse con patégenos comunes, como Sta-
phylococcus pseudintermedius, durante la inmersién de preparaciones.

Hipotesis/Objetivos — Determinar si la inoculacion de S. pseudintermedius en tinciones de tipo Romano-
wsky modificadas (Quick Dip®) puede dar lugar a contaminacion bacteriana viable y si esto puede estar
influido por la adicién de restos orgénicos (pelo y piel caninos).

Métodos - Un aislado clinico de S. pseudintermedius se inoculd en soluciones limpias y contaminadas
organicamente de Quick Dip (fijador de metanol, eosina, azul de metileno) y en controles positivos (caldo de
cultivo) y negativos (lejia). Cada solucion fue probada para detectar la presencia de bacterias viables con-
tando el nimero de unidades formadoras de colonias (UFC/ml) a varios tiempos. Las soluciones también se
examinaron con microscopia de alta resolucién para contar el nimero de bacterias visibles en cada tiempo.
Resultados - Staphylococcus pseudintermedius fue capaz de sobrevivir en soluciones de tinciéon Quick
Dip® limpias y contaminadas durante al menos una hora, pero a las 24 h no quedaron bacterias viables. No
hubo supervivencia de bacterias en el fijador en ningiin momento. Staphylococcus pseudintermedius per-
manecieron visibles con microscopia de alta resolucion hasta 2 semanas en todas las soluciones orgénica-
mente contaminadas de la bateria Quick Dip®.

Conclusiones y importancia clinica — Staphylococcus pseudintermedius solo permanece viable en eosina
y azul de metileno por periodos cortos de tiempo, pero la visibilidad prolongada de los organismos muertos
podria tedricamente crear un diagndstico erréneo de las muestras citoldgicas.

Zusammenfassung

Hintergrund - Farbelosungen, die regelmaRig zur Diagnose am Patienten Verwendung finden, um bakteri-
elle und Pilzinfektionen rasch zu identifizieren, kénnen wahrend der Objekttrager eingelegt wird mit
gewohnlichen pathogenen Keimen verunreinigt werden, wie z.B. mit Staphylococcus pseudintermedius.
Hypothese/Ziele — Eine Bestimmung, ob die Inokulation mit S. pseudintermedius in modifizierten Roma-
nowsky Farbungen (Quick Dip®) in einer unterschiedlichen bakteriellen Kontamination resultiert und ob
diese durch die Zugabe von organischem Material (Haar und Haut von Hunden) verstarkt wird.

Methoden - Ein klinisches Isolate eines S. pseudintermedius wurde in saubere und organisch kontami-
nierte Quick Dip Losungen (Methanolfixierung, Eosin, Methylenblau) inokuliert, sowie in eine Positivkon-
trolle (Briihe) und eine Negativkontrolle (Bleiche). Jede Losung wurde auf das Vorkommen verschiedener
Bakterien getestet, indem die Anzahl der Kolonie-bildenden Einheiten (CFU/mL) zu verschiedenen Zeit-
punkten gezahlt wurden. Die Farblosungen wurden im Hochleistungsmikroskop betrachtet, um die Anzahl
der sichtbaren Bakterien zum jeweiligen Zeitpunkt zu bestimmen.

Ergebnisse - Staphylococcus pseudintermedius konnte mindestens eine Stunde in einer sauberen und
verunreinigten Quick Dip® Farbung Uberleben, aber nach 24h gab es keine Uberlebensfahigen Bakterien
mehr. Das Uberleben der Bakterien wurde in der Fixierldsung zu keinem Zeitpunkt ermdglicht. Staphylo-
coccus pseudintermedius blieb im Hochleistungsmikroskop bis zu 2 Wochen lang in allen Quick Dip®
Losungen, die mit organischem Material kontaminiert waren, sichtbar.

Schlussfolgerungen und klinische Bedeutung - Staphylococcus pseudintermedius bleibt nur in Eosin
und Methylenblauldsungen fiir kurze Zeit Giberlebensfahig, aber die langfristige Sichtbarkeit der toten Orga-
nismen konnte theoretisch zur falschen Interpretation der zytologischen Proben flihren.
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Resumo

Contexto — Os corantes rotineiramente utilizados para identificagao rapida e ambulatorial de infecgoes
fdngicas e bacterianas podem se tornar contaminados por patégenos comuns, tais como o Staphylococcus
pseudintermedius, durante a imersao da lamina.

Hipotese/Objetivos — Determinar se a inoculagao de Staphylococcus pseudintermedius em corantes do
tipo Romanowsky modificadas (Quick Dip®) resulta em contaminagao por bactérias vidveis e se isto pode
ser influenciado pela adigao de debris organicos (pele e pelos de caes).

Meétodos - Um isolado clinico de S. pseudintermedius foi inoculado em solugoes de Quick Dip® (fixador
de metanol, eosina, azul de metileno) limpas e contaminadas por matéria organica, e em controles positi-
vos (meio de cultura) e negativos (hipoclorito de sddio). Cada solugao foi testada para a presenga de
bactérias vidveis a partir da contagem do niimero de unidades formadoras de colonias (UFC/MI) em varios
tempos. As solugoes foram também examinadas em microscopios de alta magnificagao para a contagem
do nimero de bactérias visiveis em cada tempo.

Resultados - Staphylococcus pseudintermedius foi capaz de sobreviver nos corantes de Quick Dip® lim-
pos e contaminados por matéria organica por ao menos uma hora, mas em aproximadamente 24 horas, as
bactérias nao se mantiveram viaveis. Nao foi possivel a sobrevivéncia das bactérias na solugao fixadora em
nenhum tempo avaliado. S. pseudintermedius permaneceu visivel ao microscopio de alta magnificagao por
até duas semanas em todas as solugoes contaminadas do kit Quick Dip®.

Conclusoes e importancia clinica — Staphylococcus pseudintermedius somente se mantém vidvel em
eosina e azul de metileno por curtos periodos de tempo, mas a visibilidade prolongada de microrganismos
mortos poderia, teoricamente, levar ao diagndstico erroneo de amostras de citologia.

e71 © 2017 ESVD and ACVD, Veterinary Dermatology, 28, 333-e71.
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Abstract

There are very few articles in the literature describing continuous models of bacterial infec-
tions that mimic disease pathogenesis in humans and animals without using separate
cohorts of animals at each stage of disease. In this work, we developed bioluminescent
mouse models of partial-thickness scald wound infection and sepsis that mimic disease
pathogenesis in humans and animals using a recombinant luciferase-expressing Staphylo-
coccus aureus strain (Xen29). Two days post-scald wound infection, mice were treated
twice daily with a 2% topical mupirocin ointment for 7 days. For sepsis experiments, mice
were treated intraperitoneally with 6 mg/kg daptomycin 2 h and 6 h post-infection and time
to moribund monitored for 72 h. Consistent bacterial burden data were obtained from indi-
vidual mice by regular photon intensity quantification on a Xenogen IVIS Lumina XRMS
Series |ll biophotonic imaging system, with concomitant significant reduction in photon
intensities in drug-treated mice. Post-mortem histopathological examination of wounds and
bacterial counts in blood correlated closely with disease severity and total flux obtained from
Xen29. The bioluminescent murine models provide a refinement to existing techniques of
multiple bacterial enumeration during disease pathogenesis and promote animal usage
reduction. The models also provide an efficient and information-rich platform for preclinical
efficacy evaluation of new drug classes for treating acute and chronic human and animal
bacterial infections.
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Introduction

Infection of skin wounds and sepsis caused by pathogenic bacteria that are resistant to multiple
classes of antimicrobials account for massive morbidity and mortality in humans and animals
worldwide [1-3], with coagulase-positive Staphylococcus spp. a leading cause [4-7]. The
increasing global prevalence and spread of clinically-relevant antibiotic-resistant bacterial
pathogens, particularly methicillin-resistant S. aureus (MRSA) in hospitals, among hospital
workers, veterinarians and within the community is of major public health concern and poses
significant impact on health-care costs in many countries [2, 8-11]. Therefore, new drug clas-
ses are urgently needed to address this problem. However, animal models for detailed investi-
gation of disease progression in a scenario that mimic bacterial infections in animals and
humans often involve using separate cohorts of animals at each stage of the disease process.
These assays are laborious, time consuming and involve costly microbiology techniques and
materials required for harvesting, plating and enumeration of bacteria derived from infected
mice, which are sometimes inconsistent from one day to another.

The development of reproducible and reliable animal infection models that will lead to
reduction and refinement of animal usage as well as having the potential to reduce labour and
material costs is a significant advance, allowing efficient preclinical evaluation of the efficacy of
new drug classes for treating acute and chronic bacterial infections in humans and animals.
Bioluminescence is a powerful technique that has been used widely as a reporter system in var-
ious in vitro and in vivo studies, including evaluation of acute and chronic bacterial infections
and investigation of antibacterial activities of antibiotics and detection of bacterial resistance
to antimicrobials [12-17]. As part of our novel antimicrobial discovery program, reliable and
consistent animal infection models to assess preclinical efficacy of drugs designed to treat
acute sepsis and/or chronic skin wounds, are of paramount importance. Accordingly, we have
developed and optimised bioluminescent models of partial-thickness scald wounds and sepsis
in mice by infection with a recombinant luciferase-expressing Staphylococcus aureus strain
(Xen29) [18].

Materials and methods
Bacterial strain and growth conditions

For this study, a bioluminescent derivative of S. aureus ATCC12600 carrying a modified lux
operon from Photorhabdus luminescens (Xen29) [18], purchased from PerkinElmer, was used.
The strain was routinely cultured on Horse Blood Agar (HBA) plate supplemented with

200 pg/ml kanamycin and incubated at 37°C for 18 h before being subcultured into Luria Ber-
taini (LB) broth supplemented with 200 pg/ml kanamycin and grown to Agy = 0.5 (equivalent
to approx. 1.5 x 10° colony-forming units (CFU)/ml). Bacteria at this density were centrifuged,
washed twice in phosphate-buffered saline (PBS) and resuspended to the appropriate density
for scald wound infections or sepsis experiments.

Ethics statements

For partial-thickness scald injury experiments, 6- to 8-week-old male BALB/c mice, weighing
between 20 g to 22 g, were used. For sepsis experiments, outbred 5 to 6-week-old male CD1
(Swiss) mice (weighing between 25 g to 32 g), were used. Mice had access to food and water ad
libitum throughout the experiments. All mice were obtained from the Laboratory Animal Ser-
vices breeding facility of the University of Adelaide. The Animal Ethics Committee of The
University of Adelaide (approval numbers S-2015-150 and S-2015-151) reviewed and ap-
proved all animal experiments. The study was conducted in compliance with the Australian
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Code of Practice for the Care and Use of Animals for Scientific Purposes (8" Edition 2013)
and the South Australian Animal Welfare Act 1985.

Partial-thickness scald injury and infection experiments

A 69 mm?, second-degree, partial thickness burn was created on the dorsal skin of mice as
described previously [19] and by a modification of the procedure of Bjorn et al. [12], as follows:
Mice were anaesthetised by intraperitoneal (IP) administration of xylazine (10 pg/g; Ilium),
ketamine (100 pg/g; Ilium) and buprenorphine (0.05 pg/g; Reckitt Benckiser; for pain relief) in
500 ul of 0.9% saline. The dorsum of each mouse was shaved and then placed into a water tight
container with the exposed dorsal skin sealed against an aperture using a rubber grommet to
prevent leakage and then partially submerged (with breathing holes above the water) into a
65°C water bath for 45 seconds. This was followed by partially submerging the mouse in a cold
running water bath (15°C) for 45 seconds to stop the burning process. This procedure creates
a highly reproducible, partial thickness burn characterised by the appearance of a blister,
oedema and the absence of tissue damage to the underlying fascia and muscle tissues. To mini-
mise pain and discomfort post-procedure, buprenorphine was administered 12 h and 24 h
post-procedure. In addition, 500 pl of 0.9% saline was administered IP to mice that showed
weight loss at 24 h post-infection. Digital images of wounds were taken daily for macroscopic
analysis of burns using optimized protocols [19].

Mice were placed in individually ventilated cages as 3 treatment groups comprising 6 mice
per group, as follows: (i) wounded but not infected; (ii) wounded and infected at day 2 post-
wounding with bioluminescent S. aureus Xen29 (1 x 10” CFU in 10 ul PBS) but not treated, or
(iii) wounded and infected at day 2 post-wounding with Xen29 (1 x 107 CFU in 10 ul PBS) and
then treated from 24 h post-infection, as described below). All mice were imaged immediately
after infection on a Xenogen IVIS Lumina XRMS Series III live animal biophotonic imaging
system (Caliper Life Sciences). Signals were collected from a defined region of interest (ROI)
using the contour ROI tool and total flux intensities (photons/s) analyzed using Living Image
Software 4.5. Starting from 24 h post-infection, one group of infected mice were treated twice
daily with a total of 200 pl of a 2% mupirocin (as Bactroban®)) ointment (equivalent to 4 ug of
mupirocin) for 7 days and all mice subjected to bioluminescence imaging daily to quantify
bacterial burden. Digital photographs of infected wounds were taken daily and analyzed for
macroscopic healing of wounds using the ImageProPlus program (Media Cybernetics Inc.,
Bethesda, MD, U.S.A.). Power analysis was performed targeting 20% reduction in bacterial
luminescence and wound area which would be considered biologically significant and clini-
cally relevant; a sample size of 6 executes this protocol with 95% power using the statistics
package G Power 3.1.7.

At the conclusion of the experiment (8 days after commencement of mupirocin treatment),
100 pl blood was withdrawn from each mouse by submandibular bleeding, mice were
humanely killed and wounds were collected. Half of each wound was resuspended in 200 pl
PBS, vortexed rigorously 3 times over 10 minutes and serially diluted in PBS to assess bacterial
load by plating on LB+kanamycin agar. The remaining half was formalin fixed and processed
using routine protocols for use in histological assessment of bacterial load and wound healing
using Haematoxylin and Eosin stain. Microscopic wound length was determined following
standardized methods of manually measuring the distance between wound margins by draw-
ing below the epidermis or clot between the burn wound margins. Microscopic dermal wound
gape was determined by measuring between the dermal wound margins. The percentage of the
burn wound that had re-epithelialized was determined by measuring the portions of the
wound that were covered with epidermis as a percentage of the entire wound. Blinded
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measurements of histological slides by two independent assessors were performed. Gram stain
of the histological section at end point of the experiment also confirmed presence of S. aureus
in infected healing burn wounds following established protocols.

Sepsis experiments

In order to obtain the optimal challenge dose for S. aureus sepsis, four groups of Swiss mice

(n = 3 per group were initially challenged IP with approx. 5 x 10° CFU, 1 x 10’ CFU, 2.5 x 107
CFU, or 5 x 10" CFU of S. aureus Xen29 in 200 ul PBS containing 3% porcine gastric mucin
type III (Sigma Aldrich; Cat No M1778) over a 12 h period. The mice that received 2.5 x 107
CFU of Xen29 produced consistent and reliable infection over the 12 h period; infection of
mice with the lower doses were inconsistent, while mice that received the 5 x 10" CFU dose
succumbed to infection rapidly and became moribund within 6 h (data not shown). Therefore,
the 2.5 x 107 CFU dose was chosen as the optimal dose for subsequent experiments.

For the sepsis challenge and drug treatment experiments, two groups of Swiss mice (n = 6
mice per group) were challenged IP with approx. 2.5 x 10” CFU of Xen29. At 2 h post-infec-
tion, approx. 50 pl of blood was withdrawn from the submandibular plexus of all mice for bac-
terial enumeration after which they were subjected to bioluminescence imaging in both
ventral and dorsal positions on the IVIS Lumina XRMS Series III system. Immediately thereaf-
ter, group 1 mice received only the drug vehicle (20% (v/v) DMSO in PEG400) IP, while group
2 received daptomycin (as cubicin) at 6 mg/kg IP prepared in drug vehicle. The clinical condi-
tions of all mice were closely monitored, and at 4 h and 6 h post-infection, approx. 50 pl blood
was again withdrawn, followed by bioluminescent imaging. After imaging at 6 h post-infec-
tion, a second dose of drug vehicle or daptomycin was administered. Mice were further moni-
tored frequently for signs of distress and those that had become moribund or showed any
evidence of distress were humanely euthanized by cervical dislocation. At 10 and 16 h post-
infection, living mice were further subjected to bioluminescent imaging. In all experiments,
signals were collected from a defined ROI using the contour ROI tool and total flux intensities
(photons/s) analyzed using Living Image Software 4.5. Correlation of bioluminescence with
bacterial CFU in blood at 2 h, 4 h and 6 h post-infection was assessed by the Spearman rank
test using Prism GraphPad 7.0c software. Differences in median survival times (time to mori-
bund) for mice between groups were analyzed by the log-rank (Mantel-Cox) tests. Differences
in luminescence signals between groups were compared by multiple ¢-tests.

Results

For both partial-thickness scald injury and sepsis experiments, consistent and reproducible
bacterial burden data were obtained from individual mice by regular quantification of photon
intensity on a Xenogen IVIS Lumina XRMS Series III live animal biophotonic imaging system.
The bacterial burden data were also consistent with bacterial viable counts. A timeline repre-
sentative of the scald injury experiments is shown in Fig 1A.

For the scald injury experiment, significant reduction in photon intensities in mupirocin-
treated mice became apparent 2 days post-treatment (day 4) and reduced to background levels
from 4 days post treatment (day 6), which remained until conclusion of the experiment (Fig
1B and 1C). Post-mortem analyses showed the bacterial burden in wounds correlated strongly
with total flux obtained from bioluminescent signals of Xen29 (Fig 1D). Representative digital
images of healing wounds are shown in Fig 2A, illustrating reproducible wounds at day 0 of
the experiment. As a result of scalding the circular wounds developed a white eschar with a
surrounding hyperemic zone. Surface wound area was measured in all groups using planimet-
ric analysis of digital images (Fig 2A). As expected, the appearance of non-infected burn
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Fig 1. Biophotonic imaging of burn wounds. (A) Timeline of scald injury experiments. (B) Dorsal images of representative BALB/c mice
challenged with approx. 1 x 10" CFU of bioluminescent S. aureus ATCC 12600 (Xen29). Mice were subjected to bioluminescent imaging on IVIS
Lumina XRMS Series III system at the indicated times. (C), Quantification of photon intensities of bacterial burden showing significant reduction
in photon intensities in mupirocin-treated mice. Total flux (means+SEM photons/s; n = 6 mice). *p<0.05; **p<0.01; multiple ¢-tests). (D), Total
bacterial counts from tissues of control, infected but not treated, and infected + mupirocin-treated mice at the conclusion of the experiment,
showing strong correlation with total photon intensities obtained from each treatment group.----- denotes limit of detection; —— denotes
geometric mean counts.

https://doi.org/10.1371/journal.pone.0200195.9001
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Fig 2. Analysis of wound healing in non-infected, infected but not treated, and infected + mupirocin-treated scald
burn wounds. (A), Representative images and graphical analysis of scald wounds over a time-course of 10 days
illustrating macroscopic differences in rate of healing between non-infected, infected but not treated, and infected

+ mupirocin-treated mouse scald wounds. (B), Representative haematoxylin and eosin-stained sections of partial-
thickness scald wounds in mice with non-infected, infected but not treated, and infected + mupirocin-treated wounds.
Microscopic analysis of scald wounds at day 10 post-wounding suggests that mupirocin treatment of scald wounds is
effective in treating S. aureus infected wounds leading to significantly decreased wound length, dermal gape and
significantly increased wound re-epithelisation compared to infected wounds. Arrows indicate dermal wound gape
distance. Magnification x4 stitched image. Scale bar = 100 um. Results represent means and SEM, n = 6 wounds per
mice group with a single time-point.

https://doi.org/10.1371/journal.pone.0200195.g002
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wounds was clinically superior with decreased inflammation and quicker wound re-epitheli-
zation of wounds from day 6 of the experiment. Infection of burn wounds with S. aureus slo-
wed down the rate of wound healing, as illustrated by larger macroscopic wound area at day 6
of the experiment and presence of the scab at day 8 macroscopically, however no statistical sig-
nificance was observed in wound length between infected and non-infected burn wounds on
microscopic assessment of histological sections (Fig 2A and 2B). The main indicators of
delayed wound healing in infected burn wounds were significantly increased dermal wound
gape and significantly reduced wound re-epithelization compared to both non-infected and
infected and mupirocin treated wounds at day 8 of the experiment (Fig 2A and 2B). Infected
and mupirocin treated wounds appeared paler however more raised at later time-points of
the experiment. Macroscopic assessment of mupirocin treated wounds showed significant
improvement in healing with smaller wound area macroscopically at both day 6 and 8 of the
experiment (Fig 2A). In agreement with these findings, histological assessment of these
wounds revealed significantly smaller wound length and dermal gape and higher rate of
wound re-epithelization compared to infected burn wounds, and appeared similar to the heal-
ing profile of non-infected control mice (Fig 2B). These findings suggest mupirocin treatment
is effective in improving the healing of S. aureus infected partial thickness scald wounds.

The robustness of the bioluminescent model to measure the therapeutic potential of sys-
temically-administered drugs was assessed in an IP sepsis model using S. aureus Xen29 chal-
lenge and subsequent daptomycin treatment, as described in Methods. In these experiments,
treatment of mice with 6 mg/kg daptomycin at 2 and 6 h post-Xen29 challenge significantly
reduced bacterial burden (Fig 3) and total flux (Fig 4A). The loss of photon counts correlated
with 100% survival of mice (Fig 4B) and complete bacterial clearance from blood (Fig 4C).
Strong correlation of bacterial counts with total photon intensities was obtained at 4 h
(p<0.05) and 6 h (p<0.01) from each treatment group (S1 Fig).

Discussion and conclusions

Bioluminescent models have been used widely to evaluate the efficacy of antimicrobials in treating
acute and chronic bacterial infections and to assess bacterial resistance to antimicrobials [13-15,
18, 20-22]. In this study, we have successfully used a well-described S. aureus strain ATCC12600
carrying a re-engineered lux operon from P. luminescens [18] to establish reliable working mouse
models of bacterial scald wound infection and sepsis as robust in vivo assays to accurately mimic
disease pathogenesis in animals and humans. The two models provide a platform for evaluating
the efficacy of new drugs or immunotherapeutic agents against serious bacterial pathogens.

We previously developed the second-degree, partial thickness burn model described here
[19]. This model results in approximately 7% of total body surface area burn, and closely repre-
sents human second-degree burns in clinical and pathologic aspects as healing is reliant on
wound re-epithelization rather than contracture often seen with 3™ degree burn wounds in
rodents [12, 23]. To our knowledge, this is the first in vivo report of real-time monitoring of S.
aureus infection and treatment after a second-degree, partial thickness burn. The burn model
can be reliably applied to evaluate efficacy of therapeutic agents in the healing evolution of
deep second-degree burns (in which the dermis remains intact) without the risk associated
with a full thickness skin defect.

The use of bioluminescent models to assess pathogenesis of S. aureus in deeper host tissues
and for drug efficacy evaluation is also well documented. These include bioluminescent thigh
[13, 24], intravenous [25] and IP [26] models. In this study, we have successfully optimised a
similar working model of S. aureus IP sepsis and kidney infection for efficacy evaluation of
new antibiotics in the pipeline of our novel antimicrobial program.
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Fig 3. Biophotonic ventral and dorsal images of 2 representative CD1 male mice challenged IP with approx. 2.5 x 10’ CFU
of bioluminescent S. aureus ATCC 12600 (Xen29) and then administered the drug vehicle only or daptomycin IP at 2 and 6
h post-infection. Mice were subjected to bioluminescent imaging on IVIS Lumina XRMS Series III system at the indicated times.
https://doi.org/10.1371/journal.pone.0200195.9003

The bioluminescent models described here have several additional advantages over conven-
tional methods, satisfying many aspects of humane animal experimentation. The models pro-
mote significant reduction in the number of mice required for long-term studies involving
multiple sampling, thereby reducing labour, time and costs associated with harvesting, plating
and bacterial enumeration for pathogenesis assessments. Bacterial photon emission from indi-
vidually-infected mice are consistent and reproducible, and total flux correlates very strongly
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Fig 4. Luminescence signal comparison between groups of CD1 mice challenged IP with S. aureus ATCC 12600
(Xen29). (A), Quantification of photon intensities on a Xenogen IVIS Lumina XRMS Series III live animal
biophotonic imaging system, showing significant reduction in photon intensities in daptomycin-treated mice. Total
flux (means+SEM photons/s; n = 6 mice). **p<0.01; multiple ¢-tests). (B), Survival times for CD1 male mice (n = 6)
challenged IP with approx. 2.5 x 10” CFU of bioluminescent S. aureus Xen29 and administered the drug vehicle only
or daptomycin (6 mg/kg) IP at 2 and 6 h post-infection. Differences in median survival times (time to moribund) for
mice between groups were analyzed by the log-rank (Mantel-Cox) tests. ***, P<0.001. (C), Total bacterial counts from
blood of control and infected + daptomycin-treated mice at 2, 4 and 6 h post-infection.----- denotes limit of detection;
— denotes geometric mean counts.

https://doi.org/10.1371/journal.pone.0200195.g004

with total bacterial burden. The fact that a single animal can be sequentially observed for the
entire duration of an experiment is an important refinement to existing techniques by elimi-
nating the inherent day-to-day variability in bacterial viable counts associated with random
selection and sacrifice of mice. Therefore, the model described here allows for standardization
and systematization of techniques and data collection necessary to underpin reliable and
reproducible analysis.

There is a potential limitation to using bioluminescence to monitor chronic bacterial infec-
tions. Bioluminescence is a product of metabolic activity, as such bacteria that are in stationary
phase, such as those in late stage biofilms may not emit sufficient light to establish a correlation
with total colony-forming units. In this scenario, a combination of biophotonic imaging and
bacterial enumeration at termination of experiments is likely to improve data interpretation.

In conclusion, bioluminescent models of bacterial sepsis and wound infection have been
shown to be valuable research tools that can provide a more accurate representation of stages of
infection and biofilm formation, thereby promoting better scientific understanding of disease
pathogenesis. The models also support preclinical assessment of potential new wound therapies
or novel antibacterial agents, and have reduced welfare implications for laboratory animals.

Supporting information

S1 Fig. S. aureus burden in blood of mice correlates with photon intensity. Correlation of
bioluminescence with bacterial CFU counts in blood at 2 h, 4 h and 6 h post-infection was
assessed by the Spearman rank test using Prism GraphPad 7.0c software. Positive correlation
(r) and statistical significance were obtained at 4 h (p<0.05) and 6 h (p<0.01) post-infection.
(TIFF)
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Antimicrobial resistance at the infected site is a serious medical issue that increases patient morbidity
and mortality. Silver has antibacterial activity associated with some dose-dependent toxicity. Silver
nanoparticles, due to larger surface area, have antibacterial properties, which make them useful in the
treatment of infections. Chitosan-stabilized silver nanoparticles (CH-AgNP) were formulated and eval-
uated for minimal inhibitory concentration and minimal bactericidal concentration testing against
Staphylococcus aureus ATCC 29213, S aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853, Escher-
ichia coli ATCC 25922, and 20 methicillin-resistant S aureus isolates. Minimum biofilm eradication
concentration study was used to evaluate the biofilm reduction, and in vitro antimicrobial checkerboard
assays were performed. The effective optimum ratio of AgNP:chitosan solution was 1:4. Minimal
inhibitory concentration and minimal bactericidal concentration ranges of CH-AgNP were 4 to 14 times
lower compared to AgNP alone against methicillin-resistant S aureus isolates. Minimum biofilm eradi-
cation concentration values of CH-AgNP for ATCC PA-01, P aeruginosa isolate 1, and P aeruginosa isolate 2
were found to be >84.59 pug/mL, 42.29 pg/mL, and 21.15 pg/mL, respectively. Thus, CH-AgNP is a potential
formulation for wound treatment and management of infected sites associated with antimicrobial

resistance.

© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

Globally, the emergence of bacterial resistance has highlighted
an urgent need to combat the challenge of bacterial infection at
wound sites. Antimicrobial resistance at the infected site is iden-
tified as a serious medical issue that increases morbidity as well as
mortality. Moreover, it prolongs the period of hospitalization and
has incurred much financial loss to the global economy. For
example, methicillin-resistant Staphylococcus aureus (MRSA)
infection accounts for delayed wound healing in human infections.!
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It is more prevalent in hospitals and nursing homes where people
with open wounds and weak immune systems are more susceptible
to the risk of hospital-acquired infection. Furthermore, bacterial
biofilms, producing extracellular polymeric substance matrix,
which adds to the challenge for wound healing as biofilms are
100 times more tolerant to antimicrobial agents compared to bac-
teria in planktonic form.>

Antimicrobial agents arrest the growth or kill microorganisms
on a surface or in an infected site. Usually, these compounds are
used for different applications at a specific concentration, which
retards microbial growth and directly kills bacterial cells.* Anti-
microbial potency is possessed by both organic as well as inorganic
chemical agents. Commonly used organic chemical agents include
quaternary ammonium salts and chlorinated phenols. The inor-
ganic antimicrobial agents involve the use of silver and copper ions.
Before the introduction of antibiotics, silver-based preparations
were majorly used for the prevention of skin infections during the
early 20th century.>® Advancement in nanotechnology plays an

0022-3549/© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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important role in treating these infections due to bacterial resis-
tance. Nanoscale metal particles such as silver nanoparticles (AgNP)
have emerged as novel therapeutic candidates because of their
advantage in having larger surface area and exclusive antibacterial
properties.”

Silver being a metal possesses a high melting point, making it
suitable for high thermal processes over organic compounds.®
Silver-based products with low concentrations of silver ions are
readily available in the market.” Some of the examples of marketed
preparations include creams, gels, wound dressings, catheters,
dental material, medical devices, and implants.'® Nanoparticles of
silver possess excellent properties including surface-enhanced
plasmon resonance effect, good chemical stability, and antimicro-
bial properties. The antibacterial properties of silver nanoparticles
are dependent on their size and distribution.!" Nanoparticles of
silver can be prepared by the chemical reduction process'? using
agents such as citrate, glucose, ethylene glycol, or sodium borohy-
dride. The antimicrobial effectiveness of nanoparticles is governed
by parameters such as particle number, size, zeta potential, poly-
dispersity index. Particle size and the surface chemistry play a
significant role with respect to the type of biological response."
However, the mechanism of AgNP is not fully understood. Silver
mainly interacts with the components of the bacterial cell wall,
cytoplasm, and the r-DNA.'4'6 Stabilizing agents play a pivotal role
in preventing the growth and accumulation of generated silver
nanoparticles.”” Different stabilizing agents such as polyvinyl
alcohol, citrate, and chitosan at different concentration affects the
size and shape of silver nanoparticles required for targeted drug
delivery.'® When chitosan interacts with silver nanoparticles, it can
modify the surface chemistry of silver nanoparticles in terms of
their charge, stage of agglomeration, and antimicrobial poten-
tial.'>?° Formulation of silver-based nanoparticles linked with
chitosan can provide higher therapeutic potential in the develop-
ment of a wound healing formulation.

Chitosan, a naturally occurring polysaccharide is obtained from
animal sources such as the exoskeleton of invertebrates including
crustaceans, insects,”! lobsters, krill and crabs, as well as scales of
fish.?? Chitosan is also biocompatible, biodegradable, haemostatic,
anti-infective and acts as a wound healing accelerator.”> Structurally,
chitosan is a zwitterion with 1 amino group and 2 hydroxyl groups in
the repeating glucosides residue.”* Chitosan has a carbohydrate
backbone resembling cellulose, involving (-1, 4-linked p-glucos-
amine moieties with variable degree of acetylation. Chemically,
chitosan can be defined as a linear copolymer of -(1—4) linked 2-
acetamido-2-deoxy-B-p-glucopyranose and 2-amino-2-deoxy-p-p-
glycopyranose, obtained after deacetylation of its parent polymer
chitin.”® The primary amino groups on the chitosan molecule offer
high affinity sites for bonding in the presence of favourable condi-
tions.”® Chitosan due to its antifungal properties has potential in
other industries such as the food industry.?” Use of submicron chi-
tosan dispersion maintains shelf life and quality during storage.?®
Chitosan in nano emulsion form shows better antifungal effects
compared to its conventional form?? and can be used as bio-
fungicide.>® Submicron chitosan dispersion acts as plant growth
enhancer.’! It enhances the production of plant defense related en-
zymes.*?>> Moreover, it has been effectively used in extending the
postharvest shelf life of fruits,*

Chitosan provides ample opportunities for research in the
development of wound healing products.>® Several researchers
have worked on the antimicrobial potential of chitosan and proved
that it inhibits growth of bacterial colonies. Silver also shows
antibacterial activity associated with some dose dependent toxicity.
Therefore, to compensate for the toxicity of silver nanoparticles, a
combination of chitosan with silver nanoparticles was proposed in
this study and antibacterial assays were undertaken against ATCC

reference bacterial strains and 20 MRSA isolates. Antimicrobial
assays of chitosan and silver have been undertaken independently,
however, the combination of these 2 agents has not been explored.
There is need for optimisation of chitosan and AgNP concentrations
into a single formulation using in vitro antimicrobial checkerboard
assays. Optimisation of chitosan stabilised silver nanoparticles (CH-
AgNP) may also minimise side effects of silver and add the bene-
ficial effects of chitosan. The aim of the present investigation was to
formulate and optimise chitosan stabilised silver nanoparticles and
to evaluate its antibacterial potential against ATCC strains, MRSA
isolates and a biofilm producing strain of Pseudomonas aeruginosa
(ATCC PA-01).

Materials and Methods
Materials

Silver nitrate (AgNOs) (purity 99.7%) was purchased from Merck
Specialities Pvt Ltd. (Mumbai, India). Sodium borohydride (NaBH4)
(purity >98%) was purchased from Sigma-Aldrich (Castle Hill, NSW,
Australia). Chitosan (high molecular weight) (degree of deacetyla-
tion >90%) was purchased from Sisco Research Laboratories Pvt Ltd.
(Mumbai, India). Other chemicals including cation adjusted Muel-
ler Hinton broth (CAMHB) and Tryptic soy broth (TSB) were pur-
chased from Becton Dickinson Pty Ltd. (Cockeysville, MD).
Phosphate buffer saline (PBS) was procured from Oxoid™
(Basingstoke, UK). Sheep blood agar (SBA) plates were purchased
from Thermo Fischer Scientific (Melbourne, Victoria, Australia).
Ninety-six well microtiter plates were purchased from Nunclon™
Delta Surface; Thermo Fisher Scientific (Roskilde, Denmark).
MBEC™ biofilm inoculator was purchased from Innovotech
(Edmonton, AB, Canada). Glacial acetic acid was procured from
Chem-Supply Pty. Ltd. (Gillman, South Australia). Milli-Q water
(Milli-Q assembly; Sartorius, Goettingen, Germany) used during the
experimental procedure was prepared in-house using laboratory
facility of the University of South Australia (Adelaide, Australia). All
chemicals and reagents were used as received from the supplier
without any prior modification.

Methods

Synthesis of Silver Nanoparticles by Chemical Reduction Method

Silver nanoparticles (AgNP) were formulated using the method
as described by Kim et al.>® with some modifications. Briefly, a 100
mL solution of 1 mM silver nitrate and 300 mL solution of 2 mM
sodium borohydride were prepared in Milli-Q water. Both the so-
lutions were chilled in a beaker at a temperature below 5°C and
mixed manually. After mixing silver nitrate and sodium borohy-
dride, silver ions were reduced and clustered together to form a
transparent nanoparticle solution. The yellow colored solution gave
absorption at 392 nm. The solution was stirred occasionally until
stable yellow color was obtained. Using freeze-drying approach,
AgNP in the solution form was converted into free-flowing powder.
For this, the sample was kept in a deep freezer maintained at —80°C
for 24 h (MDF-U74V-PE; Panasonic Healthcare Co., Ltd., Gunma,
Japan). The sample was then freeze dried using a lyophilizer (Lab-
conco) at —44°C and 8 x 10> M bar for 36 h. After freeze drying,
the sample was weighed and dispersed with Milli-Q water with the
aid of Ultrasonicator (Soniclean 500T; Soniclean Pty. Ltd., The-
barton, Australia) to achieve a stock solution with concentration of
38.279 pg/mL. The concentration of elemental silver was deter-
mined by inductively coupled plasma optical emission spectrom-
etry (ICP-OES) (Optima 3300 RL; Perkin Elmer) with 1.5 mL/min
sample flow rate, 20 s sample flush time and 2.5 mL/min sample
flush rate.
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Characterisation of Nanoparticles

UV-Visible Spectroscopy

The estimation of absorption of light due to color of AgNP was
measured using ultraviolet-visible (UV-VIS) spectrophotometer
(Thermo Fisher Scientific, Basingstroke, UK) by scanning over a wave-
length ranging between 200 to 800 nm using a 1 cm quartz cuvette.

Transmission Electron Microscopy

The size and surface morphology of the AgNP were examined
using transmission electron microscopy (TEM), (JEOL, JEM-2100F-
HR; Jeol Ltd., Tokyo, Japan) and CH-AgNP was analyzed using
TEM (Tecnai-20; Philips, Amsterdam, the Netherlands). The sample
solution was placed over the TEM copper grid (Formvar with car-
bon coating on 200 mesh Copper) supplied by ProSciTech (QLD,
Australia) and air dried overnight. The microscope equipped with a
field emission gun was operated at accelerating voltage of 200 kV.
Bright field images were recorded with Gatan Orius SC1000 (832).
Images were captured using Gatan digital micrograph.

Dynamic Light Scattering/Photon Correlation Spectroscopy

Dynamic light scattering (DLS) also referred as photon correla-
tion spectroscopy (PCS) is the most common method for particle
size estimation in colloidal suspension. Particle size was measured
using DLS method (SZ 100; Horiba Scientific, Tokyo, Japan) at 25°C
and scattering angle of 90 degrees.*’

Zeta Potential

The surface charge of the AgNP was evaluated by estimation of
zeta potential (Zeta sizer Nano, ZS90; Malvern Instruments Ltd.,
Malvern, UK) at 25°C with the dual scattering angle using U shaped
disposable zeta cell.

In Vitro Antimicrobial Study

Bacterial Strains and Growth Conditions

Twenty methicillin-resistant Staphylococcus aureus (MRSA) and 2
Pseudomonas aeruginosa isolates were used for the study. MRSA iso-
lates were kindly provided by Prof G. Coombs (PathWest Laboratory
Medicine, Murdoch, Western Australia) and these isolates repre-
sented the most common sequence types of both hospital-acquired
(HA) and community-associated (CA) MRSA isolates. Pseudomonas
aeruginosa clinical isolate was obtained from a case of canine otitis
externa infection. American Type Culture Collection (ATCC) reference
strains were used for preliminary testing and were included as con-
trols during testing of clinical isolates. The Gram-positive bacterial
strains used were Staphylococcus aureus ATCC 29213 and Staphylo-
coccus aureus ATCC 25923. Gram-negative bacterial strains used were
Pseudomonas aeruginosa ATCC 27853, Pseudomonas aeruginosa ATCC
PA-01 (biofilm producer) and Escherichia coli ATCC 25922. Both clin-
ical isolates and references strains were sub cultured using SBA plates
and incubated at 37°C for 16 to 18 h.

Minimal Inhibitory Concentrations

Broth micro-dilution assays were performed as per the Clinical
Laboratory Standards Institute (CLSI) guidelines.® Concisely, a
bacterial suspension for each isolate was prepared in PBS and the
turbidity of the solution was adjusted to 0.5 McFarland standard
followed by 1:20 dilution. The stock solutions of AgNP, chitosan,
physical mixture of chitosan solution and AgNP (PM) and CH-AgNP
were 2-fold serially diluted with CAMHB in 96 well microtiter
plates to achieve an antimicrobial concentration range of 0.075-
38.28 pg/mL, 32-16,384 pg/mL, 0.198-101.5 pg/mL and 0.165-84.59
ng/mL, respectively. Finally, 10 pL of the bacterial suspension was
added to achieve a final bacterial concentration of 5 x 10° colony
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forming unit per mL (CFU/mL) in the wells. All isolates and refer-
ence strains were tested in duplicates. Negative growth controls
contained only CAMHB and positive growth controls contained
CAMHB and bacterial suspension. Minimal inhibitory concentration
(MIC) values were determined after overnight incubation at 37°C
and recorded as the lowest concentration of each test solution
which completely inhibited the growth of the microorganisms in
the wells as observed visually.

Minimal Bactericidal Concentrations

Minimal bactericidal concentration (MBC) is defined as the
lowest concentration of antimicrobial agent required to kill 99.95% of
microorganism in the inoculum. From the microtiter plate used to
determine MIC concentration, an aliquot of 10 L was taken from the
MIC wells as well as from each remaining well which did not show
turbidity when observed visually. The solution was spotted over SBA
plates and incubated overnight at 37°C. The number of colonies were
counted on each spot and MBC was determined as per CLSI guide-
lines.> For an inoculum with the final concentration of 5 x 10° CFU/
mL, the dilution of test solution with equal and less than 11 colonies
in each 10 pL sample was concluded as the MBC value.

Synergy Testing Using Checkerboard Assay Method

Checkerboard assays were performed to find the interaction ac-
tivity of the combination of AgNP and chitosan solution in 0.25% v/v
acetic acid solution. ATCC reference strains were used in the assay
method as a model. The bacterial suspension was prepared as per the
method described previously for determination of MIC. A stock so-
lution of chitosan solution and AgNP were prepared at a concen-
tration of 16,384 pg/mL and 38.279 pg/mL, respectively. Chitosan
solution and AgNP stock solutions were 2-fold serially diluted in
CAMHB in 2 different 96-well microtiter plates. As per the standard
protocol diluted AgNP and chitosan solution were then transferred to
another microtiter plate to yield a mixture in ratio 1:1. Further, 10 puL
of inoculum was added to the wells and incubated overnight at 37°C.
MICs for chitosan solution, AgNP and the combination were deter-
mined. Fractional inhibitory concentration index (FICI) was calcu-
lated using the following formula (Eq. 1).

FICI = A B

MIC, '~ MIC, M

Where, A and B were the MICs of AgNP and chitosan respectively
in the combination. MIC4 and MICg were the MICs of AgNP and
chitosan alone, respectively. The antimicrobial agents are considered
to have synergistic activity if the FICI value is less than 0.5. The effect
is considered to be additive or partial synergistic, if the FICI value is
more than 0.5 but less than or equal to 1.0 (FICI >0.5 but <1). The
effects are considered to be indifferent when the value lies between
1.0 and 4.0. The agents are considered to possess antagonistic activity
if the value of FICI is 24.0.40 After FICI interpretation, the strain with
synergistic or additive effect was used to determine the best possible
combination ratio of AgNP and chitosan to synthesize the CH-AgNP.

Preparation of Physical Mixture Containing AgNP and Chitosan
Solution

Chitosan stock solution (16,384 pg/mL) was prepared by dis-
solving accurately weighed chitosan in 1% v/v acetic acid solution
maintained at 300 rpm using magnetic stirrer (MSH-30D; Ther-
moline Scientific, New South Wales, Australia) at room tempera-
ture. The physical mixture (PM) of AgNP (38.279 ug/mL) and
chitosan solution (16,384 pg/mL) was prepared by mixing them in
high speed vortex mixer for 5 min (Super Mixer; LAB-LINE in-
struments, Inc., Melrose Park, IL). One part of AgNP (38.279 pug/mL)
was mixed with four part of chitosan solution (16,384 pg/mL). The
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final stock concentration of PM was 101.05 pg/mL, determined by
ICP-OES (Optima 3300 RL; Perkin Elmer).

Preparation of Chitosan Stabilised Silver Nanoparticles

Chitosan stabilised silver nanoparticles (CH-AgNP) were pre-
pared as per the method described by Cavassin et al.*! with some
modifications. Briefly, 20 mL of chitosan solution having concen-
tration 1 mg/mL was prepared in 1% v/v acetic acid solution. Thirty
milliliter of 1 mM silver nitrate solution and 1 mL of 0.1 M sodium
borohydride was prepared in Milli-Q water. Sodium borohydride
solution was maintained at a temperature below 5°C. Silver nitrate
solution was stirred at 300 rpm using magnetic stirrer (MSH-30D;
Thermoline Scientific, New South Wales, Australia) at room tem-
perature. Chitosan solution was added to this solution followed by
sodium borohydride. The solution was stirred continually to obtain
a yellow colored solution. The color change indicated the formation
of chitosan stabilized silver nanoparticles. Final stock concentration
was 84.586 pig/mL, determined by ICP-OES (Optima 3300 RL; Perkin
Elmer). The developed formulation was characterized by particle
size, zeta potential and was used for determination of MIC, MBC
against 5 ATCC strains, 20 methicillin-resistant Staphylococcus
aureus (MRSA) isolates obtained from G coombs and minimum
biofilm eradication concentration (MBEC) assay was performed
biofilm producer reference strain PA-01 and 2 Pseudomonas aeru-
ginosa isolates (P aeruginosa isolate 1 and P aeruginosa isolate 2).

Minimum Biofilm Eradication Concentration Assay

The biofilm susceptibility testing was performed using
methods previously described by Ceri et al.**** Biofilm producer
reference strain PA-O1 and 2 Pseudomonas aeruginosa isolates
(P aeruginosa isolate 1 and P aeruginosa isolate 2) which showed
moderate to strong biofilm producing activity were used. Briefly,
the bacterial inoculum was suspended in TSB and adjusted to a
turbidity 1.0 McFarland standard. The solution was diluted to 1:30
and 150 pL of inoculum was dispensed into each well of MBEC™
biofilm inoculator. Biofilms were formed over the peg lid after an
incubation of 24 h at 37°C in the shaking incubator at 100 rpm
(Ratek orbital mixer incubator; Adelab, Thebarton, South Australia).
The biofilm peg lid was rinsed with PBS and placed in 96 well
microtiter plate containing AgNP, chitosan solution and CH-AgNP
which were 2-fold serially diluted in CAMHB as the method
described above in MIC section. After exposing the test samples for
24 h at 37°C, the peg lid was rinsed twice with PBS for 1-2 min and
transferred to a fresh 96-well microtiter plate containing TSB to
recover biofilms by sonication for 10 min. Optical density at 650 nm

(ODgsp) was read concurrently to obtain MIC and MBC, post chal-
lenge by the test samples and MBEC post biofilms recovery. Finally,
the growth of biofilms was quantified by 10-fold serial dilutions of
each well containing recovered biofilms. These dilutions were
spotted in triplicates (10 uL) on SBA plates and incubated overnight
at 37°C. The number of colonies on SBA plates was counted and
CFU/mL was determined. A graph was plotted between the anti-
microbial concentrations and Logyo transformed CFU/mL for each
test sample. MBEC was the lowest concentration of antimicrobial
agent required to eradicate the biofilm growth (CFU/mL = 0).

Results and Discussion
Characterization of the AgNP

The characteristic color of the colloidal silver nanoparticle so-
lution was due to surface plasmon resonance. The clear yellow
colored colloidal silver nanoparticle solution after the synthesis is
shown in Figure 1a. Figure 1b shows its absorption band at 392 nm
using UV-VIS spectroscopy. This absorption band is characteristic of
spherical silver nanoparticles due to their surface plasmon reso-
nance. Particle shape, size and the functional group significantly
affect the surface plasmon resonance.*>**’ In general, as the parti-
cles become larger, the plasmon peak shifts to longer wavelengths
and broadens.*® The stability of the prepared solution was
confirmed by measuring the absorption at up to 10 serial dilutions.
The absorption spectra of the serially diluted solution represent
equal absorption maxima at 392 nm as seen in Figure 1c compared
to the spectra of the original yellow colored solution of silver
nanoparticles. This confirms that the silver nanoparticles were not
clustered together or agglomerated with other particles to form
larger particles.

Particle size and zeta potential are essential characteristics of
the nanoparticles.*° Particle size was found to be 22.8 nm by DLS
technique whereas particle size was found 11.8 nm by TEM analysis.
The difference in size could be attributed to the fact that the DLS
technique is not very effective in differentiation between a single
particle or an agglomerate. In comparison, TEM analysis measures
the diameter of a single particle. DLS measurement shows hydro-
dynamic diameter, whereas TEM measurement shows the size of
dry particles.”® Size and shape of the synthesized silver nano-
particles was characterized by TEM in Figure 2a, which indicated
the spherical shape of nanoparticles with an average diameter of
11.8 nm nanoparticles that were also highly monodispersed. Thus,
the particle size was considered to be 11.8 nm for AgNP. Zeta
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Figure 1. (a) Yellow-colored colloidal silver nanoparticle solution, (b) UV absorption spectra of silver nanoparticle solution at 392 nm, and (c) UV absorption spectra of diluted AgNP

solution at 392 nm.
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potential is an important parameter while considering the stability
of the nanoparticles. A zeta potential value of -30.97 + 0.8 mV
indicated the stability of the nanoparticles. A zeta potential value
of +30 to -30 mV is considered to reflect stability.*’

Synergy Testing Using Checkerboard Assay Method

In the present study, the in vitro antimicrobial interaction ac-
tivity between AgNP and chitosan solution was evaluated using the
reference ATCC strains. Individual MIC and combination MIC for
both AgNP and chitosan solution are shown in Table 1. Fractional
inhibitory concentration index (FICI)*® were calculated using for-
mula 1. Based on the FICI value, it can be interpreted that there was
no difference in inhibitory activity against S aureus ATCC 29213,
S aureus ATCC 25923 and P aeruginosa ATCC 27853. But, an additive
effect was seen in the case of P aeruginosa ATCC PA-01 and E coli
ATCC 25922.

Sondi et al.”" studied E coli using agar dilution and growth curve
methods and showed that Gram-negative bacteria are more prone to
positively charged AgNP. The negative charge in the lipopolysaccharide
membrane of Gram-negative bacteria has a greater affinity to the
positive charges of silver compared to the cell of membrane of Gram-
positive bacteria, resulting in the production of cell membrane pores.
Shrivastava et al’? studied 2 antimicrobial-susceptible strains,
S Aureus ATCC 25923 and E coli ATCC 25922, and 2 antimicrobial-
resistant strains, E coli and S typhus by agar dilution and growth curve
methods to show improved antimicrobial activity of AgNP against
Gram-negative bacteria as compared to Gram-positive bacteria.

It can be observed that there is an additive effect in the case of
P aeruginosa ATCC PA-01 and E coli ATCC 25922. After FICI inter-
pretation, the strain with synergistic or additive effects was used to
find the best combination ratio of AgNP and chitosan solution to
synthesize the CH-AgNP. Results showed that 1:1 to 1:16 of
AgNP:chitosan showed an additive effect of AgNP and chitosan so-
lution at a different ratio. The dose reduction index (DRI) for AgNP
was in the range of 2 to 8 times. There was 4 to 8 times reduction in
the dose when the ratio of AgNP:chitosan was in the range of 1:4 to
1:16. However, there was a 2 times dose reduction in the case of
chitosan solution. Based on checkerboard assay,”>°* 1:16 weight
ratio of AgNP:chitosan showed the lowest dose reduction index
(DRI). However, the amount of chitosan in 1:16 weight ratio pro-
duced a highly viscous solution which led to the handling issue in
MIC testing as well negating further development of CH-AgNP. There
was no difference in DRI value with 1:8 and 1:4 weight ratio of

1.51

AgNP: Chitosan solution. Therefore, the weight ratio of 1:4 (AgNP:
chitosan) was considered for the development of CH-AgNP.

Characterization of PM

The zeta potential of the PM was evaluated using nanopartica
(SZ 100; Horiba Scientific). Zeta potential of PM was found to
be +49.5 + 2.05 mV. Positive zeta potential value indicates influ-
ence of chitosan in PM.

Characterization of CH-AgNP

Particle size and zeta potential of the CH-AgNP were eval-
uated using TEM (Tecnai-20; Philips) and nanopartica (SZ 100;
Horiba Scientific) respectively. Particle size estimated by DLS
was 27.1 nm where as it was found to be 11.9 nm by TEM for CH-
AgNP as shown in Figure 2b. Particle size of CH-AgNP was
found similar to that of AgNP as per TEM data. As discussed in
characterisation of AgNP, TEM measurement was considered
for estimation of particle size. The measurements of particle
size confirm the development of particles in nano dimensions
using optimised technique. Zeta potential value signifies the
degree of electrostatic repulsion among the particles which in
turn is responsible for the monodispersed particles. Zeta po-
tential of CH-AgNP was found to be +50.1 + 2.99 mV which was
significantly higher than zeta potential value of AgNP with
value -30.97 + 0.8 mV. This could be due to positive charge of
chitosan in CH-AgNP. This change in the zeta potential may be
responsible for the difference in antimicrobial activity of
formulation (CH-AgNP). The results of CH-AgNP conclude the
nanoparticles in monodisperse system.

Determination of MIC and MBC

Table 2 shows the MIC values of AgNP was significantly lower as
compared to chitosan solution for all reference strains. Moreover,
the PM showed lower MIC and MBC values when compared to
AgNP and the chitosan solution individually. The MBC value of
AgNP was slightly higher than MBC of PM for E coli ATCC 25922. The
MIC value for CH-AgNP was lower than PM except for S aureus ATCC
25923. All reference strains were most susceptible to CH-AgNP
with lowest MIC range from 1.32 to 2.64 pg/mL.

Effect of AgNP against various microorganisms depends on
several factors such as size, shape, stability and concentration of

Figure 2. TEM image of (a) silver nanoparticles and (b) CH-AgNP on 200# copper grids.
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Table 1

Results of Checkerboard Assay of AgNP and Chitosan Combination and Its Interpretation

Isolates MIC Individual (pg/mL) MIC Combination (pug/mL) AgNP: Chitosan FICI Interpretation Dose Reduction Index (DRI)
AgNP Chitosan AgNP Chitosan (Weight Ratio) AgNP Chitosan
ATCC SA 29213 19.1395 1024 19.1395 1024 - 2 Indifference 1 1
ATCC SA 25923 9.57 512 9.57 512 - 2 Indifference 1 1
ATCC PA 27853 19.1395 1024 19.1395 1024 - 2 Indifference 1 1
ATCC PA-01 9.57 1024 1.196 512 1:16 0.62 Addition 8 2
2.392 512 1:8 0.75 4 2
4.785 256 1:2 0.75 2 4
ATCC EC 25922 19.1395 1024 9.57 256 1:1 0.75 Addition 2 4
4.785 512 1:4 0.75 4 2

AgNP>° A previous study”® reported that the MICs of chitosan
nanoparticles loaded with silver nitrate for E coli ATCC 25922 and
S aureus ATCC 25923 were 3 pg/mL and 6 pg/mL, respectively while
our study used a comparatively similar formulation of CH-AgNP
that yielded lower MIC values (from 1.32 to 2.64 pug/mL and 2.64
pg/mL, respectively). This lower MIC could be attributed to the
lower particle size and the lower zeta potential of CH-AgNP
compared to chitosan nanoparticle loaded with silver nitrate by
Du et al.°® having values 90.29 nm and +92.05 mV respectively.
Antibacterial studies on Gram-positive bacteria reported by Li
et al.”’ indicated that the MBC of AgNP for S aureus ATCC 6538P was
20 pg/ml. As the concentration was increased to 50 pg/mL with 6 to
12 h of exposure, it leads to DNA condensation followed by cell wall
breakdown respectively and suggested the damaging effect on the
bacterial cell membrane could be due to AgNP. The MBC value of
AgNP against E coli ATCC 8739 was found by Li et al.’® to be 10 pg/
mL in antibacterial studies on Gram-negative bacteria. Bacterial cell
membrane permeability was lost at 10 pg/mL of AgNP. Our study
showed that MBC range of AgNP for Gram-positive ATCC strains
was slightly higher than for Gram-negative ATCC strains with
values of 9.57-19.14 pg/mL and 4.79-19.14 pg/mlL, respectively.
However, these were not significantly different. Comparison with
the studies of Li et al.”” and Li et al.,”® showed that the MBC of AgNP
for S aureus ATCC 6538P (Gram-positive) was 20 pug/mL and for
E coli ATCC 8739 (Gram-negative) it was 10 pg/mL. The difference in
the mechanism of action of AgNP against Gram-negative and Gram-
positive bacteria is likely due to structural differences in the bac-
terial cell wall and cell membrane permeability.””

Determination of MIC and MBC Against MRSA Isolates

The present study evaluated the in vitro antimicrobial activity of
AgNP, chitosan solution, PM and CH-AgNP against 20 MRSA isolates
(Table 3).

Table 3 shows that MICgg value of AgNP for all 20 MRSA isolates
was significantly lower compared to chitosan solution. Moreover,
the PM showed lower MIC values compared to AgNP and chitosan
solution individually. The MIC value for CH-AgNP for all 20 MRSA

Table 2

isolates was the lowest compared to all other formulations. MIC
values were increasing in the following order: CH-AgNP < PM <
AgNP < chitosan solution. Thus, CH-AgNP was found to be most
effective in inhibiting the growth of all 20 MRSA isolates. In this
study, the MICsg and MICgg of CH-AgNP against MRSA isolates were
both 2.64 pug/mL which was lower compared to the study by Cav-
assin et al.*! where the MICsg and MICgo were 3.4 pg/mL and 6.7 pg/
mL, respectively. Similarly, Ansari et al.'* studied antimicrobial
activities of AgNP against S aureus ATCC 25923, methicillin-
sensitive S aureus (MSSA), and (MRSA) using 3 different methods.
It was explained that irrespective of the bacterial resistance
mechanism, AgNP showed MIC and MBC range of 12.5-50 pg/mL
and 25-100 pg/mL respectively. The reason for lower MIC values in
our study could be attributed to a lower particle size of 11.9 nm. In
the study by Ayala et al.’ antimicrobial effect of AgNP against
MRSA was size dependent. Three different sizes of AgNP that is 10
nm, 30-40 nm and 100 nm were studied and MICyq values of 10.79
mg/mL, 417 mg/mL and 1.37 mg/mL respectively were obtained.
Based on this study, it was concluded that 10 nm particle size had
better antimicrobial activity against MRSA irrespective of bacterial
resistance mechanism and had a non-toxic effect on HeLa cell lines
compared to the study by Ayala et al., the particle size of CH-AgNP
in our study was found to be 11.9 nm and the MIC value of 2.64 ug/
mL was obtained. Thus, it can be concluded that only particle size is
not contributing to the lower MIC values but the additive effect
from the combination of chitosan with AgNP could lead to lower
MIC values along with the critical role of particle size.

From the results shown in Table 4, it can be observed that the
MBCyg value of AgNP for all 20 MRSA isolates was significantly
lower as compared to chitosan solution and PM. Whereas, indi-
vidual MBC value of AgNP, chitosan solution, PM and CH-AgNP may
vary because of the different characteristics of each bacterial
strains. MBCgq value for CH-AgNP against all 20 MRSA isolates was
the lowest compared to all other samples. MBCqg values increases
in the order: CH-AgNP < AgNP < PM < Chitosan solution. Thus, CH-
AgNP were found to be the most effective bactericidal agent against
all 20 MRSA isolates. Therefore, it is clear from the results that CH-
AgNP had a bactericidal effect against all 20 MRSA isolates.

MIC and MBC Values of Silver Nanoparticles, Chitosan Solution, Physical Mixture of AgNP and Chitosan Solution, and Chitosan-Stabilized Silver Nanoparticles Against 5 ATCC

Reference Strains

Reference Strains AgNP (pg/mL) Chitosan Solution PM (pg/mL) CH-AgNP (pg/mL)
(ng/mL)

MIC MBC MIC MBC MIC MBC MIC MBC
S aureus ATCC 29213 9.57 9.57 256 256 3.158 3.158 2.643 5.287
S aureus ATCC 25923 9.57 19.14 512 512 1.5789 1.5789-3.158 2.643 ND
P aeruginosa ATCC 27853 9.57 19.14 512 512 3.158 3.158 2.643 ND
P aeruginosa ATCC PA-01 9.57 ND 1024 8192 3.158 50.525 2.643 ND
E coli ATCC 25922 4.79 4.79 512 512 3.158 3.158 1.322-2.643 ND

ND, not determined.
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Table 3
MIC Values of Each Test Sample Against 20 MRSA Isolates

Sr. No. MRSA Isolates (MLST) AgNP (pg/mL) Chitosan Solution (pg/mL) PM (pg/mL) CH-AgNP (pug/mL)
1 AUS2-MRSA (ST239) 19.14 256-512 3.158 2.643
2 AUS3-MRSA (ST239) 19.14 256 3.158 2.643
3 Bengal Bay PVL*-CA-MRSA (ST772) 3828 256 15789 2,643
4 Classic-HA-MRSA (ST250) 38.28 256 1.5789 2.643
5 Irish 1-HA-EMRSA (ST8) 19.14-38.28 256 1.5789-3.158 2.643
6 Irish 2-HA-EMRSA (ST8) 19.14 256 3.158 2.643
7 NY Japan-HA-MRSA (ST5) 38.28 256 3.158 2.643
8 QLD PVL"-HA-EMRSA (ST22) 19.14 256 1.5789-3.158 2.643
9 ST 398-CA-MRSA-V (ST398) 19.14-38.28 256 3.158 2.643
10 Taiwan PVL*-CA-cMRSA (ST59) 19.14 256 3.158 2.643
11 UK 15-HA-EMRSA (ST22) 19.14 256 3.158 2.643
12 UK 15 PVL"-HA-EMRSA (ST22) 19.14-38.28 256 3.158 2.643
13 UK 16-HA-EMRSA (ST36) 9.57-19.14 256 3.158 2.643
14 UK 17-HA-EMRSA (ST247) 19.14 256 3.158 2.643
15 USA 300-MRSA (ST8) 9.57 256 3.158 2.643
16 WA1-CA-MRSA (ST1) 9.57 256 3.158 2.643
17 WA2-CA-MRSA (ST78) 9.57 256 3.158 2.643
18 WA3-CA-MRSA (ST5) 9.57 256 3.158 2.643
19 WA 84-CA-MRSA (ST45) 19.14 256 3.158 2.643
20 WSSP-PVL negative-CA MRSA (ST30) 9.57 256 3.158 2.643
MIC range 9.57-38.28 256-512 1.5789-3.158 2.643
MICsg 19.14 256 3.158 2.643
MiCgo 38.28 256 3.158 2.643

MRSA, methicillin-resistant S aureus; MLST, multilocus sequence type; PVL, panton-valentine leukocidin status; CA, community acquired; HA, health care—associated; EMRSA,

epidemic methicillin-resistant S aureus.

Minimum Biofilm Eradication Concentration Study

MBEC study was performed using a biofilm producing reference
strain P aeruginosa ATCC PA-01 and 2 P aeruginosa clinical isolates
(P aeruginosa isolate 1 and P aeruginosa isolate 2) with moderate to
strong biofilm production. Three different samples, AgNP, chitosan
solution and CH-AgNP were tested for this study. Table 5 shows the
MBEC value of AgNP, chitosan solution and CH-AgNP for 3 different
isolates. Our result indicated that no MBEC was achieved with AgNP,
but chitosan solution inhibited biofilm production at 8192 pg/mL
against all tested isolates. Whereas, CH-AgNP had MBEC range of
21.15-42.29 pg/mL against 2 P aeruginosa clinical isolates but no

Table 4
MBC Values of Each Test Sample Against 20 MRSA Isolates

MBEC observed with the reference strain. This can be due to the
difference in biofilm producing potential of bacteria. Susceptibility of
the bacteria to a different antimicrobial agent may vary depending
upon the type of bacterial strains. Kalishwarlal et al.°' studied the
effect of AgNP against biofilm production by both P aeruginosa and
S epidermidis and explained that AgNP at 100 nM (100 pg/mL) con-
centration reduced biofilm formation by 95%-98%. This may be due
to the easy entry of AgNP into the biofilm via water channels present
for nutrition exchange. Habash et al.%% studied different size of AgNP
(10, 20, 40, 60, 100 nm) against P aeruginosa biofilms where 10 nm
size of AgNP had MBEC range from 1.25 pg/mL to 5.0 pg/mL indi-
cating better biofilm eradication capabilities compared to results of

Sr. No. MRSA Isolates (MLST) AgNP (ng/mL) Chitosan Solution (pg/mL) PM (pg/mL) CH-AgNP (pg/mL)
1 AUS2-MRSA (ST239) 38.28 512 3.158-50.525 5.287

2 AUS3-MRSA (ST239) 38.28 16,384 101.05 2.643

3 Bengal Bay PVL"-CA-MRSA (ST772) 38.28 16,384 101.05 2.643-5.287
4 Classic-HA-MRSA (ST250) 38.28 256 1.5789 2.643-5.287
5 Irish 1-HA-EMRSA (ST8) 38.28 16,384 50.525-101.05 5.287

6 Irish 2-HA-EMRSA (ST8) 38.28 256 3.158 5.287

7 NY Japan-HA-MRSA (ST5) 38.28 256 3.158 5287

8 QLD PVL*-HA-EMRSA (ST22) 38.28 256 1.5789-3.158 5.287

9 ST 398-CA-MRSA-V (ST398) 38.28 16,384 3.158 5.287

10 Taiwan PVL"-CA-cMRSA (ST59) 38.28 16,384 50.525 5287

11 UK 15-HA-EMRSA (ST22) 38.28 16,384 101.05 5.287

12 UK 15 PVL"-HA-EMRSA (ST22) 38.28 16,384 101.05 5.287

13 UK 16-HA-EMRSA (ST36) 38.28 16,384 3.158 5.287

14 UK 17-HA-EMRSA (ST247) 38.28 256-512 3.158 5.287

15 USA 300-MRSA (ST8) 19.14 16,384 101.05 5.287

16 WA1-CA-MRSA (ST1) 38.28 16,384 3.158 5.287

17 WA2-CA-MRSA (ST78) 19.14 256 3.158 5.287

18 WA3-CA-MRSA (ST5) 38.28 256 3.158 5.287

19 WA 84-CA-MRSA (ST45) 38.28 256-512 3.158 5.287

20 WSSP-PVL negative-CA MRSA (ST30) 38.28 256 3.158 5.287

MBC range 19.14-38.28 256-16,384 1.5789-101.05 2.643-5.287
MBCsq 38.28 256 3.158 5287
MBCqg 38.28 16,384 101.05 5.287

MRSA, methicillin-resistant S aureus; MLST, multilocus sequence type; PVL, panton-valentine leukocidin status; CA, community acquired; HA, health care—associated; EMRSA,

epidemic methicillin-resistant S aureus.
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Table 5
Minimum Biofilm Eradication Concentration of AgNP, Chitosan Solution, and CH-
AgNP Against ATCC PA-01 and Two P aeruginosa Isolates
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Figures 3a-3c show graphical representation of Logio trans-
formed CFU/mL against the concentration of the sample tested.
MBEC value of CH-AgNP for ATCC PA-01, P aeruginosa isolate 1 and

P aeruginosa isolate 2 was found to be >84.59 nug/mL, 42.29 pg/mL,
and 21.15 pg/mL respectively. Though no MBEC value was achieved,

Isolates AgNP Chitosan Solution CH-AgNP
(ng/mL) (ng/mL) (ng/mL)

ATCC PA-01 >38.28 8192 >84.586

P aeruginosa isolate 1 >38.28 8192 42.293

P aeruginosa isolate 2 >38.28 8192 21.15

there was a gradual decrease in the biofilm production for ATCC PA-
01 as shown in Figure 3a. Similarly, biofilm production was
observed for P aeruginosa isolate 1 and P aeruginosa isolate 2, but,

our study (21.15-42.29 pg/mL for chitosan-stabilised AgNP). The
higher MBEC values may be due to slightly higher particle size
compared to size of AgNP determined by Habash et al.%?

there was complete biofilm eradication at 42.29 pg/mL and 21.15
ug/mL respectively. Moreover, this gradual decrease in the biofilm
production began at 5.287 pg/mL in following order P aeruginosa
isolate 2 < P aeruginosa isolate 1 < ATCC PA-01 for all 3 isolates.
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Figure 3. Minimum biofilm eradication concentration study of CH-AgNP against (a) ATCC PA-01, (b) P aeruginosa isolate 1, and (c) P aeruginosa isolate 2.

164



C. Pansara et al. / Journal of Pharmaceutical Sciences 108 (2019) 1007-1016 1015

Conclusion

In the present study, the effective optimum ratio of AgNP and
chitosan solution was identified using antimicrobial checkerboard
assay. The effective optimum ratio of AgNP:chitosan solution was
1:4. Based on optimized ratio, CH-AgNP were developed by
chemical reduction method and characterised for particle size and
zeta potential by TEM and zeta sizer. CH-AgNP has the most
effective antimicrobial activity against both Gram-negative and
Gram-positive ATCC reference bacterial isolates as well as MRSA
compared to AgNP, chitosan solution and PM. MIC and MBC range
of CH-AgNP were 4 to 14 times lower compared to AgNP against
MRSA isolates. MBEC value of CH-AgNP for ATCC PA-01,
P aeruginosa isolate 1 and P aeruginosa isolate 2 was found to be
>84.59 pg/mL, 42.29 pg/mL and 21.15 pg/mL respectively. The
developed nano formulation with the smaller particle size has
tremendous potential in eradicating the biofilms and inhibiting the
growth of bacteria commonly found in the wound bed. In conclu-
sion, the developed formulation of chitosan stabilised silver
nanoparticles may lead to the development of newer antimicrobial
formulations for wound treatment and management.
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The emergence and global spread of antimicrobial resistance among bacterial
pathogens demand alternative strategies to treat life-threatening infections. Combination
drugs and repurposing of old compounds with known safety profiles that are
not currently used in human medicine can address the problem of multidrug-
resistant infections and promote antimicrobial stewardship in veterinary medicine.
In this study, the antimicrobial activity of robenidine alone or in combination with
ethylenediaminetetraacetic acid (EDTA) or polymyxin B nonapeptide (PMBN) against
Gram-negative bacterial pathogens, including those associated with canine otitis
externa and human skin and soft tissue infection, was evaluated in vitro using
microdilution susceptibility testing and the checkerboard method. Fractional inhibitory
concentration indices (FICIs) and dose reduction indices (DRI) of the combinations
against tested isolates were determined. Robenidine alone was bactericidal against
Acinetobacter baumannii [minimum inhibitory concentrations (MIC) mode = 8 png/ml]
and Acinetobacter calcoaceticus (MIC mode = 2 wg/ml). Against Acinetobacter spp., an
additivity/indifference of the combination of robenidine/EDTA (0.53 > FICIs > 1.06) and
a synergistic effect of the combination of robenidine/PMBN (0.5 < FICI) were obtained.
DRiIs of robenidine were significantly increased in the presence of both EDTA and PMBN
from 2- to 2048-fold. Robenidine exhibited antimicrobial activity against Escherichia
coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa, in the presence of sub-
inhibitory concentrations of either EDTA or PMBN. Robenidine also demonstrated potent
antibacterial activity against multidrug-resistant Gram-positive pathogens and all Gram-
negative pathogens isolated from cases of canine otitis externa in the presence of EDTA.
Robenidine did not demonstrate antibiofilm activity against Gram-positive and Gram-
negative bacteria. EDTA facilitated biofilm biomass degradation for both Gram-positives
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and Gram-negatives. The addition of robenidine to EDTA was not associated with any
change in the effect on biofilm biomass degradation. The combination of robenidine with
EDTA or PMBN has potential for further exploration and pharmaceutical development,
such as incorporation into topical and otic formulations for animal and human use.

Keywords: robenidine, combination, antimicrobial, canine otitis externa, EDTA

INTRODUCTION

The widespread occurrence of multidrug-resistant (MDR)
pathogens is problematic in both human and animal medicine
(Morehead and Scarbrough, 2018). In particular, ESKAPE
pathogens (Enterococcus spp., Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter spp.) deserve global attention due to the
development of MDR (Santajit and Indrawattana, 2016) and
increased mortality among patients (Pendleton et al., 2013).
The other worrisome factor is the potential of bacteria to
form biofilms that are extremely resistant to antimicrobials
(Chambers and Deleo, 2009). In the past, resistance could be
combated by the development of new drugs active against
antimicrobial-resistant bacteria. However, the pharmaceutical
industry has reduced its research efforts for the discovery and
development of novel antibacterial drugs (Theuretzbacher et al.,
2018). Adding to this global issue, the only novel antimicrobial
classes that have been introduced in the last 20 years are
the lipopeptides (daptomycin), oxazolidinones (linezolid and
tedizolid) and the lipoglycopeptides (dalbavancin, oritavancin,
and telavancin), which predominantly have a Gram-positive
spectrum of activity (Wilcox, 2005; Saravolatz et al., 2009;
Zhanel et al., 2012). The lack of novel antimicrobial development
has resulted in attempts to safeguard critically important
antimicrobials (antimicrobial stewardship) and a search for
alternatives to treat MDR infections, including those in animals
(Chan et al., 2018a; Hickey et al., 2018).

The use of critically important antimicrobials (WHO, 2017)
for veterinary applications may also contribute to the
development of antimicrobial resistance. For example, MDR
strains of P. aeruginosa (MDRPA) and methicillin-resistant
strains of coagulase-positive Staphylococcus spp. and coagulase-
negative Staphylococcus spp., are now widespread in veterinary
medicine, particularly as a cause of infections such as canine
otitis, dermatitis and bovine mastitis (Beck et al., 2012;
Abraham et al., 2017; Heward et al., 2018; Khazandi et al., 2018).
Otitis externa is one of the most common infectious diseases
in dogs, and it can be caused by both Gram-positive and
Gram-negative organisms, as well as fungi. It is typically
treated by topical administration of antimicrobials, such
as aminoglycosides and fluoroquinolones that are critically
important for human medicine (Paterson, 2016). Otitis
externa treatment failures are often due to the development of
antimicrobial resistance in key target pathogens, for example
methicillin-resistant  Staphylococcus pseudintermedius (MRSP)
and MDRPA (Martin Barrasa et al., 2000; Heward et al., 2018).
Development of antimicrobial resistance in these companion

animal pathogens is a potential public health concern with
documented transmission of MDRPA and MRSP occurring
between humans and dogs within households (Lozano et al.,
2017; Fernandes et al., 2018).

One approach that promotes antimicrobial stewardship and
minimizes the likelihood of cross-resistance development and
transmission between different host species is the repurposing of
existing drugs for new applications. For example, monensin and
narasin (polyether ionophores used as anticoccidials in animals,
but not in humans), and closantel (a salicylanilide anthelmintic)
have both been shown to be active against MRSP and
methicillin-resistant S. aureus (MRSA) (Rajamuthiah et al., 2015;
Chan et al., 2018a,b; Hickey et al., 2018). Robenidine is licensed
as an anticoccidial agent and has been used safely worldwide
since the early 1970s for control of coccidiosis in poultry and
rabbits (Kantor et al., 1970; Bampidis et al., 2019). Recently,
our laboratory reported that robenidine had antimicrobial
activity against MRSA, vancomycin-resistant enterococci and
Streptococcus pneumoniae, but no activity against Gram-negative
bacteria unless robenidine was tested in combination with
sub-inhibitory concentrations of polymyxin B nonapeptide
(PMBN) (Abraham et al., 2016). The fact that robenidine
only displays activity against Gram-negative organisms in the
presence of PMBN is a good indication that robenidine acts
on the cytoplasmic membrane of Gram-negative organisms,
but is unable to breach the permeability barrier of the outer
membrane (OM) (Arzanlou et al.,, 2017) in the absence of a
membrane permeabilizer.

The spectrum of activity of antimicrobial agents can be
extended by combining them with adjuvants. Two such agents,
ethylenediaminetetraacetic acid (EDTA) and polymyxin B
nonapeptide (PMBN), were selected for further investigation
in this study. EDTA is a prescription medicine in humans
given intravenously or intramuscularly for the treatment
of lead poisoning (Selander, 1969), and is a component of
many topically applied ointments, eye drops and ear cleaners
(Guardabassi et al., 2010). EDTA is a bacteriostatic compound
that permeabilizes the outer membrane of Gram-negative
bacteria by chelating Ca?* and Mg?* cations (Vaara, 1992).
In addition, EDTA has demonstrated antibiofilm activities
against existing biofilms as well as preventing biofilm
formation (Finnegan and Percival, 2015). PMBN derived
from polymyxin B, whilst lacking antibacterial activity (except
against Pseudomonas spp.), is able to render Gram-negative
bacteria more susceptible to antimicrobials by increasing their
outer membrane permeability without affecting bacterial cell
viability (Schneider et al., 2017). It has been reported that
the combination of PMBN with novobiocin or erythromycin
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administered intraperitoneally = successfully treated mice
infected with Gram-negative pathogens (Ofek et al., 1994;
Allam et al., 2017).

Our aims in this study were to evaluate the in vitro
antimicrobial and antibiofilm activities of robenidine either
alone or in the presence of EDTA or PMBN against Gram-
negative bacteria predominantly associated with otitis externa of
animals and skin infections of humans, and assess the activity
of the most effective combination/s against field strains of
canine otitis externa pathogens including P. aeruginosa, Proteus
mirabilis, S. pseudintermedius and beta-haemolytic streptococci.
We hypothesized that either EDTA or PMBN would increase
the antimicrobial activity of robenidine against Gram-negative
bacteria through outer membrane permeabilization.

MATERIALS AND METHODS

Antimicrobial Agents

Analytical grade robenidine was provided by Neoculi Pty Ltd.,
Burwood, VIC, Australia. The compound was stored in a
sealed container in the dark at 4°C at the Infectious Diseases
Laboratory, Roseworthy campus, The University of Adelaide.
Polymyxin B nonapeptide (PMBN), ampicillin, apramycin,
enrofloxacin, and gentamicin were purchased from Sigma-
Aldrich (Australia). Stock solutions (25.6 mg/ml of PMBN
in DMSO, 12.8 mg/ml of ampicillin in PBS, 12.8 mg/ml
of apramycin in DMSO, 3.2 mg/ml of enrofloxacin in !/
volume of water to which was added NaOH dropwise
to facilitate dissolution and 12.8 mg/ml of gentamicin in
Milli-Q water) were prepared and stored in 1 ml aliquots
at —80°C. They were defrosted immediately prior to use.
EDTA (disodium salt) was purchased from Chem-Supply
Pty Ltd., South Australia and was dissolved in Milli-Q
water to 200 mM.

Bacterial Strains

Escherichia coli ATCC 25922, E. coli ATCC 11229, P. aeruginosa
ATCC 27853, P. aeruginosa PAO1, Pseudomonas putida ATCC
17428, P. mirabilis ATCC 43071, K. pneumoniae ATCC 13883,
A. baumannii ATCC 19606, and A. baumannii ATCC 12457
were used for preliminary susceptibility testing and combination
experiments. S. aureus ATCC 29213 and S. pneumoniae ATCC
49619 were used as internal quality controls. A variety of
bacterial organisms from both human and canine infections were
investigated in this study (n = 119 isolates in total). Twenty-
eight clinical Acinetobacter spp. isolates were obtained from
cases of human skin and soft tissue infections, including 18
Acinetobacter baumannii and 10 A. calcoaceticus, kindly provided
by Ms Jan Bell (Institute of Medical and Veterinary Science,
South Australia). It is notable that A. baumannii ST2 producing
OXA-23 have been reported in both humans and animals,
representing a possible zoonotic lineage (van der Kolk et al.,
2019). Ninety-one clinical isolates were obtained from cases
of canine otitis externa, including seven methicillin-susceptible
S. pseudintermedius (MSSP), 13 multidrug- and methicillin-
resistant S. pseudintermedius (MRSP) (Saputra et al, 2017),

20 beta-haemolytic Streptococcus spp., 30 P. aeruginosa (10
of them resistant to gentamicin and 21 P. mirabilis isolates).
These isolates were obtained from the bacterial collection
of the national survey of antimicrobial resistance in animals
conducted in Australia. Swab samples from dogs with signs
of otitis externa were collected by veterinarians and submitted
to government, private or university diagnostic laboratories
throughout Australia. After routine bacterial identification and
the removal of confidential information, the participating
veterinary diagnostic laboratories submitted the bacteria and
their clinical information to PC2 Laboratories, Australian
Centre for Antimicrobial Resistance Ecology, School of Animal
and Veterinary Sciences, University of Adelaide, Roseworthy
Campus, Roseworthy, SA, Australia, for further study. Thus,
animal ethics approval was not required in this study. These
organisms were identified to species level using biochemical
testing and MALDI-TOF mass spectrometry (Bruker, Preston,
VIC, Australia).

Antimicrobial Susceptibility Testing

Minimum inhibitory concentrations (MIC) were determined
for robenidine, EDTA and PMBN in round bottom 96-well
microtiter trays (Thermo Fisher Scientific, Australia), using
the modified broth micro-dilution method recommended by
the Clinical and Laboratory Standards Institute (CLSI, 2015).
Testing concentrations were as follows: robenidine- 256-
0.25 pg/ml; EDTA- 3800-45 pg/ml; PMBN- 32-0.06 pg/ml.
Luria Bertani (LB) broth (Oxoid, Australia) was applied
for MIC testing in lieu of cation-adjusted Mueller-Hinton
broth as robenidine has been previously shown to chelate
calcium ions. Furthermore, a twofold serial dilution of
robenidine was performed in 100% DMSO, with 1 pl
dispensed to each well due to the hydrophobicity of the
compound (Abraham et al., 2016). The MIC for ampicillin
or gentamicin against each isolate was determined for each
test to serve as an internal quality control. The MICs of
isolates were determined by visual reading and using an
EnSpire Multimode Plate Reader 2300 atAgo,,,. MICsg, MICgy,
and MIC range for robenidine and EDTA were calculated
against clinical isolates of P. aeruginosa and P. mirabilis,
S. pseudintermedius and P-haemolytic Streptococcus spp.,
MIC range and MIC mode were calculated for A. baumannii
and A. calcoaceticus.

Minimum Bactericidal Concentration

(MBC) Determination

The MBC of robenidine alone or in combination with EDTA
or PMBN against Gram-positive and Gram-negative bacteria
was determined. Briefly, 10 pl aliquots from each duplicate
well from the MIC assays (starting from the MIC for each
compound) were inoculated onto a sheep blood agar (SBA)
plate and incubated at 37°C. Plates were examined at 24
separate intervals for a period of 2 days, the MBC was
recorded as the lowest concentration of each test compound at
which a 99.95% colony count reduction was observed on the
plate (CLSI, 1999).
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Synergy Testing by Checkerboard
Microdilution, Isobolograms and Dose

Reduction Analysis

To assess the potential activity of robenidine, MICs against
a range of Gram-negative ATCC strains as well as clinical
isolates of canine otitis externa pathogens were performed
in the presence or absence of 23.2-7,500 pg/ml (0.06-
20 mM) EDTA and 0.25-128 pg/ml PMBN in a slightly
modified standard checkerboard assay as described previously
(Hwang et al, 2012). Briefly, antimicrobial stock solutions
for robenidine and PMBN were prepared at a concentration
of 12.8 mg/ml in DMSO. The antimicrobial stock solution
for EDTA was prepared at a concentration of 200 mM
in Milli-Q water. Then, a twofold serial dilution of each
antimicrobial stock solution was prepared in its appropriate
solvent (e.g., DMSO for robenidine and Milli-Q water for
EDTA) from wells 12 to 3 (from 12.8 to 0.25 mg/ml for
robenidine and PMBN; and 100 to 0.06 mM for EDTA).
A 1 pl aliquot of the first compound from each combination
was dispensed along the abscissa (from row A to G) of
the 96-well microplate, while the second compound was
dispensed along the ordinate (from column 12 to column 3)
using an electronic multichannel pipette followed by 89 .l
of LB broth. Each well of the plate was inoculated with an
aliquot of 10 pl bacterial suspension at a concentration of
1—5 x 10° colony forming units (CFU) per ml. Subsequently,
the plate was incubated at 37°C for 24 h. The fractional
inhibitory concentration index (FICI) described the results of the
combinations, and was calculated utilizing the following formula:

FICI of combination = FICA + FICB

FIC A is the MIC of robenidine in the combination/MIC
of robenidine alone, FIC B is the MIC of the adjuvant
(EDTA or PMBN) in the combination/MIC of the adjuvant
alone. The results indicate synergism when the corresponding
FICI < 0.5, additivity when 0.5 < FICI < 1, indifference
when 1 < FICI < 4 and antagonism when the FICI > 4. In
this study, the FIC for robenidine and PMBN against Gram-
negative bacteria in the combination was calculated to be zero
(e.g, 1 + >256 = 0) when robenidine or PMBN did not
show any antibacterial activity alone against Gram-negative
bacteria at the highest concentration tested (e.g., 256 pg/ml), but
antimicrobial activity was observed when the compounds were
tested in combination.

The results of the checkerboard experiments are illustrated
by isobolograms, as follows: The MIC of drug A is marked
on the x-axis of an isobologram and the MIC of drug
B on the y-axis, with the line connecting the two marks
representing the indifferent line (no interaction) (Tallarida,
2006). The MIC values of the combination located below
the indifference line indicate additive (1 > FICI > 0.5)
or synergistic (FICI < 0.5) interactions. Values that
are found above the indifferent line indicate indifferent
(1 < FICI < 4) or antagonistic (FICI > 4) interactions

(Hwang et al., 2012).

The dose reduction index (DRI) shows the difference between
the effective doses in combination in comparison to its individual
dose. DRI was calculated as follows:

DRI = MIC of drug alone/MIC of drug in combination

Robenidine and PMBN did not show any antimicrobial activity
against the majority of Gram-negative bacteria tested, the highest
concentration of each compound tested against each isolate was
included in the DRI equation as its MIC [e.g., the MIC of
robenidine alone against E. coli was >256 (ig/ml) and its MIC
in combination with EDTA was 1 (ug/ml); DRI = 256/1].

Dose reduction indices is very important clinically when the
dose reduction is associated with a toxicity reduction without
changing efficacy (Eid et al., 2012). Commonly, a DRI higher than
1 is considered beneficial.

Time-Dependent Killing Assays

Time kill assays were performed (in duplicate) for the
robenidine & EDTA assays as described previously (CLSI, 1999)
with slight modifications. Briefly, colonies of each bacterium
(P. aeruginosa ATCC 27853, P. aeruginosa PAO1, a clinical
isolate of P. aeruginosa from canine otitis externa, A. baumannii
ATCC 19606, human clinical isolates of A. baumannii B10 and
A. baumannii B11) from overnight SBA plates were separately
emulsified in normal sterile saline and adjusted to Aggo,,,, = 0.10
(equivalent to approximately 5 x 107 CFU/ml). Subsequently, the
bacterial suspensions were further diluted 1:10 in sterile saline.
The robenidine or EDTA were serially diluted in 100% DMSO
or Milli-Q water at 100x the final desired concentration and
a 100 pl aliquot of appropriate concentrations added to each
10 ml preparation. Robenidine or EDTA solution was prepared
in 10 ml volumes at MIC and 2x MIC concentration in LB broth.
After adding inoculum dose to each tube, duplicate cultures were
incubated at 37°C, with samples withdrawn at 0, 0.5, 1, 2, 4, and
24 h, serially diluted tenfold and plated on SBA overnight at 37°C
for bacterial enumeration. According to CLSI, an antimicrobial
agent is considered bactericidal if it causes a >3 x logio (99.95%)
reduction in CFU/ml after 18-24 h of incubation, and the
combination is considered synergistic when it causes a >2 x logigo
reduction in CFU/ml (Tangdén et al., 2014).

Antibiofilm Susceptibility Testing

The minimum biofilm eradication concentration (MBEC) was
determined for robenidine and EDTA using the MBEC™ High-
throughput assay system (MBEC™ BioProducts, Innovotech,
Canada) consisting of a lid with 96 pegs and a 96-well
microtiter plate as previously described (Ceri et al, 2001;
Harrison et al., 2010). Briefly, biofilms of P. aeruginosa PAO1,
two clinical isolates of P. aeruginosa isolates and two clinical
isolates of S. pseudintermedius were formed by inoculating
150 ul of 107 CFU/ml of each bacterial suspension in
the MBEC™ device. The inoculated device was aerobically
incubated on an orbital shaker at 37°C (OMI11, Ratek
Instruments Pty Ltd., Australia) for 24 h to produce equivalent
(Uniform) biofilms on all pegs. Biofilms of P. aeruginosa
and S. pseudintermedius were exposed to challenge plates
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containing a serial concentration of robenidine (from 0.125
to 128 pg/ml) or EDTA (1-32 mM) and incubated at 37°C
for 24 h. Following antimicrobial challenge, the biofilms were
rinsed twice with phosphate buffered saline (pH = 7) and
disrupted via sonication (Soniclean, Model 160TD, Australia)
for 10 min into the recovery medium. Viable cell counts were
determined for recovered cells (colony-forming units per peg)
after preparing a serial dilution and plating 10 pl in duplicates
of each dilution onto plate count agar. Viable counts were
then expressed as a percentage of the mean CFU of growth
controls. MBEC was defined as the lowest concentration of
antimicrobial agent that eradicates the biofilms recovered from
the antimicrobial challenge.

Checkerboard Microdilution Assay for

Antibiofilm Activity of Robenidine

A slightly modified standard checkerboard assay was used
to determine the activity of robenidine in the presence or
absence of 37.2-12,000 pg/ml (1-32 mM) EDTA as described
previously (Hwang et al, 2012). Briefly, the MBEC™
High-throughput assay system (MBEC™  BioProducts,
Innovotech, Canada) was used for the preparation of Gram-
positive and Gram-negative biofilm producing bacteria as
described above for antibiofilm susceptibility testing. The
antimicrobial stock solution for EDTA was prepared at a
concentration of 128 mM in Milli-Q water and robenidine
was prepared at 12.8 mg/ml in DMSO. Then, a twofold
serial dilution of each antimicrobial stock solution was
prepared in its appropriate solvent from wells 12 to 3
(from 12.8 to 0.25 mg/ml for robenidine and 128 to 1 mM
for EDTA). A 2 pl aliquot of robenidine compound from
each concentration was dispensed along the abscissa (from
row A to H) of the 96-well microplate, while 100 pl of
EDTA was dispensed along the ordinate (from column 12 to
column 3) using an electronic multichannel pipette followed
by 98 ul of LB broth. Subsequently, the plate was incubated at
37°Cfor 24 h.

In vitro Cytotoxicity Assays

A panel of adherent mammalian cell lines, HaCat (human
immortalized keratinocytes), HEK 293 (human embryonic
kidney) and MDCK (normal Madin Darby Canine Kidney)
were assayed for in vitro cytotoxicity of robenidine alone or in
combination with EDTA or PMBN. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS) and 1% PenStrep (100 U/mL Penicillin
and 100 pg/mL Streptomycin) at 37°C with 5% CO,. Cells
were serially passaged at ~80% confluence ~ every 4 days.
Assays were performed in duplicate in 96 well plates seeded
with ~25,000 cells per well. After 24 h, media was removed,
washed once with medium without antimicrobials and replaced
with fresh media to which robenidine in the presence or absence
of EDTA and PMBN were added same concentrations used for
antimicrobial susceptibility testing. Briefly, the antimicrobials
were prepared by performing a twofold serial dilution at
100x of tested concentration in DMSO. Subsequently, a 1 pl
aliquot of each concentration was transferred to a sterile

96-well plate containing fresh DMEM with either 10% FBS.
After mixing four times, the media aliquots with different
concentrations of antimicrobial were transferred to each well
of the 96-well plate seeded with cells, using wells containing
1-2% DMSO only as control. To determine the effect of
FBS on the cytotoxicity of each compound, DMEM with
40% FBS containing different concentrations of antimicrobial
was prepared as described above. After 24 h of exposure,
WST-1 reagent (Cell Proliferation Assay reagent, Roche) at
a concentration of 10% was added to each well. Absorbance
at A450 nm on a Multiskan Ascent 354 Spectrophotometer
(Labsystems) was measured after 1 h of incubation. The ICsg
value was determined for each compound against each cell line
via non-linear regression (three parameters) using GraphPad
Prism v6 software.

RESULTS

Antimicrobial Activity of Robenidine

Against Gram-Negative Control Strains
Robenidine did not demonstrate any antimicrobial activity
against Gram-negative control strains (E. coli ATCC
25922, E. coli ATCC 11229, P. aeruginosa ATCC 27853,
P. mirabilis ATCC 43071 and K. pneumoniae ATCC 13883)
at the highest concentrations (256 jg/ml) tested except for
A. baumannii ATCC 19606 (32 pg/ml) and A. baumannii ATCC
12457 (64 pg/ml).

Antimicrobial Activity of Robenidine
Against Human Clinical

Acinetobacter spp.

The MIC results of robenidine against A. baumannii and
A. calcoaceticus isolated from human clinical cases were
demonstrated at concentrations ranging from 8 to 64 pg/ml
(MIC mode = 8 pug/ml) for 18 A. baumannii and 1-8 pg/ml
(MIC mode = 2 pg/ml) for 10 A. calcoaceticus. The ratio of
MBC/MIC values for both Acinetobacter spp. was either 2x or
4x their MICs.

Combination of Robenidine With EDTA
or PMBN Against Gram-Negative

Control Strains

The presence of EDTA in combination with robenidine was
associated with a notable increase in the potency and spectrum
of activity against Gram-negative control strains. The results
of MIC and DRI values for the combination of robenidine
and EDTA against E. coli ATCC 25922, E. coli ATCC
11229, P. aeruginosa ATCC 27853, P. mirabilis ATCC 43071,
K. pneumoniae ATCC 13883, A. baumannii ATCC 19606,
and A. baumannii ATCC 12457 are presented in Table 1.
The combination of robenidine and EDTA resulted in a
synergistic interaction against the standard isolates of E. coli
as well as against P. aeruginosa ATCC 27853, P. putida ATCC
17428, P. aeruginosa, and K. pneumoniae ATCC 13883. An
additive/indifferent interaction was recorded against P. mirabilis,
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TABLE 1 | The MIC (j.g/ml) values for robenidine, EDTA and the combination effect of EDTA on the MIC of robenidine for Gram-negative control strains and a human

clinical A. calcoaceticus isolate.

Isolates MIC (ng/ml; mM concentrations in parentheses) Combination Effect (FICI)® DRI®
Single drug Combination
EDTA ROB? EDTA:ROB EDTA:ROB

E. coli ATCC 25922 3800 (10) >256 950 (2.5):4 Synergism (0.25) 4:64
E. coli ATCC 11229 950 (2.5) >256 228 (0.6):8 Synergism (0.25) 4:32
P, putida ATCC 17428 1900 (5) >256 950 (2.5):1.25 Synergism (0.5) 2:256
P, aeruginosa PAO1 1900 (5) >256 950 (2.5):1.25 Synergism (0.5) 2:256
P, aeruginosa ATCC 27853 3800 (10) >256 1900 (5):1.25 Synergism (0.5) 2:256
P. mirabilis ATCC 43071 228 (0.6) >256 228 (0.6):1.25 Additivity (1) 1:256
K. pneumoniae ATCC 13883 11400 (30) >256 3800 (10):128 Synergism (0.33) 3:2

A. baumannii ATCC 19606 380 (1) 32 190 (0.5):4 Additivity (0.62) 2:8

A. baumannii ATCC 12457 190 (0.5) 64 95 (0.25):2 Additivity (0.53) 2:32
A. calcoaceticus 228 (0.6) 4 228 (0.6):0.125 Indifference (1.06) 1:32

aROB, robenidine; Pthe results indicate synergism when the corresponding FICI < 0.5; additivity when 0.5 < FICI < 1, indifference when 1 < FICI < 4 and antagonism

when the FICI > 4, °DRI, dose reduction index.

TABLE 2 | The MIC (p.g/ml) values for robenidine, PMBN and the combination effect of PMBN on the MIC of robenidine for Gram-negative control strains and a human

clinical A. calcoaceticus.

Isolates Antimicrobial concentration (rg/ml) Combination Effect (FICI)® DRIY
Single drug Combination
PMBN? ROB PMBN:ROB EDTA:ROB

E. coli ATCC 25922 >32 >256 6:8 Synergism (<0.5) 5:32
E. coli ATCC 11229 >32 >256 6:8 Synergism (<0.5) 5:32
P, putida ATCC17428 4 >256 1:1 Synergism (0.25) 4:256
P, aeruginosa ATCC27853 2 >256 0.75:1 Synergism (0.25) 4:256
P, mirabilis ATCC 43071 >32 >256 NA® No effect NA

K. pneumoniae TCC13883 >32 >256 0.5:4 Synergism (<0.5) 64:64
A. baumannii ATCC19606 >32 32 1:2 Synergism (0.07) 32:16
A. baumannii ATCC 12457 >32 64 1:2 Synergism (0.03) 32:32
A. calcoaceticus >32 4 1.6:0.5 Synergism (0.12) 21:8

ap\MIBN, polymyxin B nonapeptide; PROB, robenidine; °the results indicate synergism when the corresponding FICI < 0.5; additivity when 0.5 < FICI < 1, indifference
when 1 < FICI < 4 and antagonism when the FICI > 4; 9DRI, dose reduction index; ©NA, no antimicrobial activity was recorded.

A. baumannii, and A. calcoaceticus control strains. DRIs of
robenidine were significantly increased in the presence of EDTA
from 2- to 256-fold (Table 1).

The results of MIC, FICI, and DRI values for the combination
of robenidine and PMBN against E. coli ATCC 25922, E. coli
ATCC 11229, P. aeruginosa ATCC 27853, P. mirabilis ATCC
43071, K. pneumoniae ATCC 13883, A. baumannii ATCC 19606,
and A. baumannii ATCC 12457 are presented in Table 2.
The combination of robenidine and PMBN resulted in a
synergistic interaction against all the isolates tested except
P. mirabilis ATCC 43071 (Table 2). DRIs of robenidine were
significantly increased in the presence of PMBN from 8- to
256-fold (Table 2).

Isobologram analyses were carried out for the combination
of EDTA and robenidine against E. coli ATCC 25922,
P. aeruginosa ATCC 27853 and P. mirabilis ATCC 43071,
and for the combination of PMBN and robenidine against
E. coli ATCC 25922 and P. aeruginosa ATCC 27853.

Dose-effect curves for drugs with different maxima and
the corresponding isobole combination are presented
in Figure 1. Isoboles of the combination of EDTA and
robenidine against E. coli ATCC 25922 and P. aeruginosa
ATCC 27853 indicated synergism. Similarly, isoboles
of the combination of PMBN and robenidine against
E. coli ATCC 25922 and P. aeruginosa ATCC 27853 also
indicated synergism.

Antimicrobial Activity of Robenidine
Against Canine Otitis Externa Pathogens
MIC range, MICs5p, MICyy (pg/ml) values of robenidine,
gentamicin, apramycin, and ampicillin against quality control
strains (S. aureus ATCC 29213, P. aeruginosa ATCC 27853, E. coli
ATCC 25922) and clinical isolates from otitis externa cases in
dogs [S. pseudintermedius (n = 20), beta-haemolytic streptococci
(n = 20), P. mirabilis (n = 21), and P. aeruginosa (n = 30)] are
presented in Table 3.
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FIGURE 1 | Isobologram analyses. Minimum inhibitory concentrations of (A) EDTA and (B) PMBN are plotted on x-axis and minimum inhibitory concentration values
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TABLE 3 | The MIC range, MICso, MICgg (11g/ml) values of robenidine, gentamicin, apramycin, and ampicillin against control strains, including P aeruginosa ATCC
27853, E. coli ATCC 25922 S. aureus ATCC 29213, S. pneumoniae ATCC 49619 and clinical isolates from otitis externa cases in dogs, including S. pseudintermedius
(n = 20), beta-haemolytic Streptococci (n = 20), P mirabilis (n = 21), and P, aeruginosa (n = 30).

Value MIC (rg/ml)
Robenidine Gentamicin Apramycin Ampicillin

P, aeruginosa (n = 30) MIC range >256 0.25-64 16-64 -a
MICsg >256 32 32 -
MICgo >256 64 64 -

P mirabilis (n = 21) MIC range >256 4-> 128 16-64 -
MICso >256 8 32 -
MICgg >256 32 64 -

S. pseudintermedius (n = 20) MIC range 1-4 1-64 1-16 0.03-32
MICsq 2 2 8 0.125
MICgo 2 2 16 8

Beta-haemolytic streptococci (n = 20) MIC range 4-16 8-16 4-128 0.06-0.5
MICsq 8 8 64 0.125
MICgo 8 8 128 0.25

Quality control strains

S. aureus ATCC 29213 MIC 2 0.5 4 1

P, aeruginosa ATCC 27853 MIC - 2 16 -

E. coli ATCC 25922 MIC - 0.5 8 4

S. pneumoniae ATCC 49619 MIC - - 0.125

aAntimicrobial activity was not tested.

Combination of Robenidine With EDTA The DRIs of robenidine for P. aeruginosa and P. mirabilis

Against Canine Otitis Externa Pathogens

Minimum inhibitory concentrations and DRI values for the
combination of robenidine and EDTA against 30 P. aeruginosa,
21 P. mirabilis, 20 S. pseudintermedius, and 20 beta-haemolytic
streptococci isolated from canine otitis externa cases are shown
in Table 4. The clinical isolates of P. aeruginosa including 10
antimicrobial-resistant isolates, showed a synergistic interaction
with the combination of robenidine and EDTA. An additivity
interaction (95.3%) was recorded against clinical isolates of
P. mirabilis in the combination of robenidine and EDTA.

isolates increased between 64- and 2048-fold, and the DRIs of
EDTA increased two and fourfold. Additionally, additive and
indifferent activity of the combination robenidine and EDTA
was observed against clinical isolates of MRSP, MSSP and beta-
haemolytic streptococci.

Robenidine demonstrated antibacterial activity against
Gram-positive bacteria, with MIC values ranging from 1 to
16 wg/ml against S. pseudintermedius and beta-haemolytic
streptococci, respectively. The lowest level of interaction was
recorded for the combination of robenidine and EDTA against
S. pseudintermedius and beta-haemolytic streptococci. However,
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FIGURE 2 | Time kill curves of EDTA and the combination of robenidine and EDTA against (A) Pseudomonas aeruginosa ATCC 27853, (B) P. aeruginosa PAOT,
(C) a clinical isolate of P. aeruginosa from dog (D) Acinetobacter baumannii ATCC 196086, (E) a clinical isolate of A. baumannii B10 from human and (F) a clinical
isolate of A. baumannii B11 from human. Control represents bacteria incubated in the absence of EDTA and robenidine. Bactericidal activity of robenidine in the
combination with EDTA was defined as a reduction in the numbers of viable bacteria of >3 logyg CFU/ml at any incubation time tested.

the dose reduction for beta-haemolytic streptococci ranged from
2- to 16-fold for robenidine and twofold for EDTA.

Time Kill Kinetics of Drug Combinations

Against P. aeruginosa and A. baumannii

Time kill curves for robenidine in the presence
of EDTA at the concentration of MICg (2 pg/ml
robenidine + 1,500 pg/ml or 4 mM of EDTA) and 2x
MICyg (4 pg/ml robenidine + 3,000 pg/ml or 8 mM of EDTA)

were obtained for P. aeruginosa ATCC 27853, P. aeruginosa
PAOI and a clinical isolate of P. aeruginosa from a canine otitis
externa case are presented in Figures 2A-C. The combination
of robenidine and EDTA at MICq significantly reduced the
colony count of P. aeruginosa isolates (about 3 log;o) over 0.5, 1,
2, and 4 h with a synergistic effect in comparison to the control
growth and EDTA alone. However, at 24 h, bacterial regrowth
was observed to almost the same level as the sample treated
with EDTA alone. Further reductions of the bacteria (greater
than 5 log;p CFU/ml reduction) at 0.5 h were recorded when
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the EDTA concentration increased from MICyy (3,000 pg/ml
or 4 mM) to 2x MICg (3,000 pg/ml or 8 mM) in comparison
to control and EDTA alone. A minimum of a 5 log;o reduction
was still evident at 4 h incubation, however, after 24 h the
numbers of bacteria present had increased. However, this
reduction (approximately 5 log;o reduction) remained consistent
in comparison to growth control.

Time kill curves for robenidine in the presence of EDTA at
the concentration of MIC (4 pug/ml robenidine + 188 g/ml or
0.5mM of EDTA) and 2x MIC (8 pg/ml robenidine + 376 jLg/ml
or 1 mM of EDTA) for A. baumannii ATCC 19606, two human
clinical isolates of A. baumannii (B10 and B11) from canine
otitis externa are presented in Figures 2D-F. The combination
of robenidine and EDTA at both MIC and 2x MIC significantly
reduced the colony counts of A. baumannii ATCC 19606 and two
clinical isolates of A. baumannii over 1 and 2 h with a synergistic
effect in comparison to the control growth and EDTA alone. After
8 and 4 h, bacteria were eliminated for tested isolates in both MIC
and 2x MIC, respectively.

Antibiofilm Activity of Robenidine Alone
and in the Presence of EDTA

Preformed biofilms of P. aeruginosa PAO1, two clinical isolates
of P. aeruginosa and two clinical isolates of S. pseudintermedius
were tested against robenidine and EDTA to determine their
activities. Robenidine at concentration of up to 128 pg/ml did
not show any antibiofilm activity against P. aeruginosa and
S. pseudintermedius isolates in comparison to enrofloxacin as a
positive control (Figures 3A,B). However, 1 mM concentration
of EDTA demonstrated a significantly effect in disrupting the
24 h preformed biofilms in comparison to growth control against
both Gram-positive and Gram-negative bacteria (Figure 3C).
EDTA was more effective against the biofilms when the
concentration of EDTA increased to 16 mM. However, the
presence of robenidine in combination with EDTA was not
associated with any change in the antibiofilm activity of
EDTA against both Gram-positive and Gram-negative bacteria.
The results of the antibiofilm activity of the EDTA in
the present of robenidine against P. aeruginosa PAO1 are
shown in Figure 3D.

Robenidine Cytotoxicity to Mammalian

Cell Lines

The cytotoxicity profile of robenidine in the presence and absence
of EDTA and PMBN was evaluated in a panel of different
cultured mammalian cells using the WST-1 Cell Proliferation
Assay reagent (Roche). The results of the in vitro cytotoxicity
measurements show ICsg values of 12 pg/ml for robenidine, ICs
values of 3.4 mM for EDTA, while PMBN gave ICs values of
>32 pg/ml against all the cell lines tested (Table 5). We found
that the in vitro cytotoxicity measurements show ICsy values
of 12 pg/ml for robenidine in the presence of either 3.4 mM
for EDTA or 32 pg/ml for PMBN (Table 5). Real-time cell
viability measurements using HaCaT and HEK 239 cell lines also
confirmed no measurable effect on cell viability for robenidine
at either 12 pg/ml up to 24 h post-treatment alone or in the

presence of either 3.4 mM for EDTA or 32 pg/ml for PMBN.
Real-time cell viability showed that the combination of 8 pg/ml
robenidine with 4 Mm EDTA was not toxic during the first
12 h of assays. Importantly, the toxicity of robenidine alone
or in the presence of either EDTA or PMBN was significantly
reduced from 12 pg/ml to higher than 32 pg/ml for all tested
cell lines when the amount of FBS was increased from 10 to
40% (Table 5).

DISCUSSION

Bacterial pathogens have developed numerous resistance
strategies against antimicrobial agents used in both humans
and animals. A major challenge in successful treatment
of bacterial infections is the emergence and rapid global
spread of multidrug-resistant clones that are refractory to
current antimicrobial therapy. To address this problem, we
have examined and repurposed robenidine as a new class of
antibacterial agent. To evaluate the potential of robenidine
as an antibacterial agent, we previously assessed its potency,
metabolic stability, pharmacokinetic and safety profiles,
in a mouse PK study and a series of in vitro efficacy and
cell toxicity studies (Abraham etal,2016; Ogunniyi et al,
2017). We identified that robenidine had a predominantly
Gram-positive spectrum of activity, and that the site of
action was likely to be the cytoplasmic membrane (Ogunniyi
et al, 2017) hence this compound should potentially have
an antimicrobial effect on Gram-negative organisms. The
Gram-positive selective activity of robenidine is most likely
to be a result of the inability of this compound to traverse
the outer membrane of Gram-negative organisms (Arzanlou
et al, 2017). In the present study, we extended our analyses
by assessing in vitro efficacy against a range of clinical
human and animal Gram-negative bacterial isolates in
the presence or absence of sub-inhibitory concentrations
of EDTA and PMBN.

We found that robenidine showed antimicrobial activity
against Acinetobacter spp. even in the absence of OM
permeabilisation, and its MICs were reduced 8- to 32-fold in
the presence of EDTA and PMBN. This result is quite surprising
as the permeability of the OM of A. baumannii is estimated to
be only 1-8% that of E. coli as A. baumannii lacks the general,
non-specific trimeric porins found in E. coli (Nikaido, 2003;
Zgurskaya et al., 2015). The general architecture of the OM
between A. baumannii and other Gram-negative bacteria is the
same, however, lipid A in A. baumannii is acylated with C12 and
C14 fatty acids, compared with C10 and C12 fatty acids in E. coli
(Zgurskaya et al., 2015). As a result, the hydrophobic core of
A. baumannii is expected to be thicker and lipid A should occupy
alarger area per lipid. These features are likely to make the OM of
A. baumannii more hydrophobic and could be responsible for the
susceptibility of this organism to amphiphilic antimicrobials such
as novobiocin and tetracycline (Krishnamoorthy et al., 2017).
Similarly, robenidine is an amphiphilic molecule and the same
differences in the OM of A. baumannii could increase its
susceptibility to robenidine.

Frontiers in Microbiology | www.frontiersin.org

April 2019 | Volume 10 | Article 837

176



Khazandi et al.

Antimicrobial Activity of Robenidine

Log,, biofilm growth (CFU/ml)

S S Y e d e
Q* .
Concentrations (ng/ml)
Bl S. pseudintermedius 652 treated by robenidine
Bl S. pseudintermedius 752 treated by robenidine
S.p
S.p

seudintermedius 652 treated by enrofloxacin
seudintermedius 752 treated by enrofloxacin

—
N

—_
<>

o

Log,, biofilm growth (CFU/ml)

0 1 2 4 8 16
EDTA (mM)

32

B P. aeruginosa PAO1
P. aeruginosa PA20
B S. pseudintermedius 752

Bl P. aeruginosa PA12

present of robenidine against P. aeruginosa PAO1.

S. pseudintermedius 652

FIGURE 3 | Antibiofilm activity of robenidine, EDTA, the combination of robenidine and EDTA and enrofloxacin as a control against P. aeruginosa PAO1, clinical
isolates of P aeruginosa (PA12 and PA20) and S. pseudintermedius (652 and 752) from dogs. (A) antibiofim activity of robenidine against S. pseudintermedius
isolates (652 and 752), (B) antibiofilm activity of robenidine against P. aeruginosa PAO1 and clinical isolate of P. aeruginosa, (C) antibiofilm activity of EDTA against P.
aeruginosa PAO1, two clinical isolates of P aeruginosa (PA12 and PA20) and S. pseudintermedius (652 and 752), and (D) antibiofim activity of the EDTA in the

12

Log,, biofilm growth (CFU/ml)

0 1 2 4 8 16 32 64 128

Concentrations (ng/ml for enrofloxacin and mM for EDTA )

Bl P. aeruginosa PA12 treated by enrofloxacin

B P. aeruginosa PA20 treated by enrofloxacin
P. aeruginosa PA12 treated by robenidine
P. aeruginosa PA20 treated by robenidine

Log,, biofilm growth (CFU/ml)

0 1 1 1 1 1 1
1 2 4 8 16 32
Concentrations (ug/ml for robenidine and mM for EDTA )

mm Growth Control

Bl EDTA alone
EDTA + 64 pg/ml NCL812
EDTA + 128 pg/ml NCL812

Given these encouraging results for antibacterial activity
against Acinetobacter spp., the safety and efficacy of robenidine
could be further explored in animal models of Acinetobacter
infection (Paluchowska et al., 2017; Gorla et al., 2018) prior to
further clinical development. In addition, using an appropriate
formulation can improve the potency and safety of robenidine
as a novel treatment for infections caused by A. baumannii
(Paluchowska et al., 2017; Gorla et al., 2018) and A. baumannii-
calcoaceticus complex (Clark et al., 2016; Ozvatan et al., 2016),
which are reported to be emerging pathogens worldwide
(Gales et al., 2001). Our results show that EDTA would be a
suitable adjuvant for topical delivery but not systemic use due

to the high concentrations of Ca>* and Mg?* in blood, while
PMBN does not have this limitation and could be included as
a possible adjuvant in both topical and systemic Acinetobacter
infection models.

Robenidine in the presence of sub-inhibitory concentrations
of EDTA or PMBN also displayed improved antibacterial
activity against a variety of ESKAPE isolates (S. aureus, E. coli,
K. pneumoniae, A. baumannii, and P. aeruginosa). In the case
of PMBN, it resulted in a 4- to 256-fold increase in the
susceptibility of tested Gram-negative ATCC strains of ESKAPE
pathogens in combination with robenidine, inhibiting growth at
robenidine concentrations as low as 0.125 jg/ml, whilst the MIC
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TABLE 5 | ICs data for robenidine, EDTA, PMBN and robenidine in the combination with either EDTA or PMBN against the HaCaT, HEK 293, and MDCK cell lines in the

presence of 10 or 40% FBS in DMEM.

IC5p values (ig/ml for robenidine and PMBN; mM for EDTA)

Agent ROB? EDTA PMBN ROB:EDTA ROB:PMBN

FBS 10%° 40%° 10% 40% 10% 40% 10% 40% 10% 40%
HaCaT 14 >32 3.8 3.8 >32 >32 12:3 >32:3 12:>32 >32:>32
HEK 293 12 >32 3.4 3.4 >32 >32 12:3 >32:3 12:>32 >32:>32
MDCK 12 >32 3.4 3.4 =32 >32 12:3 >32:3 12:>32 >32:>32

aROB, robenidine, ®DMEM with 10% FBS used for cytotoxicity, ¢ DMEM with 40% FBS used for cytotoxicity.

of PMBN was reduced 4- to 64-fold when used in combination
for P. aeruginosa. Our cytotoxicity results showed that robenidine
(ICs5p = 12 pg/ml) was not toxic at the MICgy (0.5-4 g/ml)
of the tested pathogens, with IC50/MIC ratio ranging from
sixfold (Gram-negative pathogens) to threefold (Gram-positive
pathogens) in the presence of EDTA. The MIC (0.5-8 pg/ml)
obtained for robenidine in the presence of PMBN against Gram-
negative pathogens was not toxic against all tested cell lines, with
ICs50/MIC ratio ranging from approximately 2- to 24-fold. In
this study, we found that toxicity of robenidine was significantly
reduced in the presence of serum, possibly due to the interaction
between robenidine and serum. This serum impact was observed
on the MIC values of robenidine with 10% serum (fourfold
increase) and 50% serum (no antimicrobial activity), which
was reported in a previous study (Abraham etal., 2016). This
suggests the probable high level of serum protein binding with
robenidine may significantly reduce its toxicity and robenidine
would be likely to be safe when applied as a topical or otic
treatment. However, testing in animal models would be required
to confirm efficacy and safety. In addition, the use of EDTA in
topical treatments containing robenidine also is expected to be
safe. EDTA-tromethamine solution consisting of 250 mM EDTA
and 50 mM tromethamine has previously been used for the
treatment of otitis externa, dermatitis and cystitis without any
toxicity or other side effects observed (Farca et al., 1997). Given
the substantial reduction in MICs and toxicity of robenidine
in the presence of either EDTA or PMBN, the in vivo activity
of these combinations for topical and systemic treatment of
ESKAPE pathogen infections could be evaluated in mouse
models of infection.

We found that robenidine has no activity against biofilms
formed by Gram-positive or Gram-negative bacteria. However,
in this study EDTA demonstrated antibiofilm activity
against both Gram-positive and Gram-negative species at a
concentration of 1 mM that is in agreement with previous
studies (Al-Bakri et al., 2009; Finnegan and Percival, 2015). Our
results demonstrate that the presence of robenidine does not
affect the antibiofilm activity of EDTA. Many pathogens are
able to form biofilms making them less susceptible to various
classes of antimicrobials (Chambers and Deleo, 2009). There is
an urgent need for antimicrobials that can either kill planktonic
cells or eradicate biofilms. Together, our results show that the
combination of EDTA and robenidine is a suitable antimicrobial

combination with activity against both Gram-positive and
Gram-negative species and their biofilm formation.

Commercially available otic products typically contain
antifungal, antibiotic and anti-inflammatory agents, such as
Surolan® (polymyxin B-miconazole-prednisolone), Aurizon®
(marbofloxacin-clotrimazole-dexamethasone) and Otomax®
(gentamicin-clotrimazole-betamethasone) (Rougier et al., 2005;
Rigaut et al., 2011). These otic products share antimicrobial
agents used in human medicine, increasing the likelihood of
cross-resistance development and transmission between different
host species. In addition, the response to these otic products
varies due to the emergence of antimicrobial resistance in canine
otic pathogens. Polymyxin B resistance was reported in 100% of
S. pseudintermedius and Proteus spp. and 7% of P. aeruginosa
from cases of canine otitis externa in Australia (Bugden, 2013)
and between 9.6 and 27% of canine otitis/pyoderma isolates were
resistant to marbofloxacin (Rubin et al., 2008; Arais et al., 2016).
Resistance to gentamicin was found in 43.3% P. aeruginosa
otitis isolates (Mekic et al., 2011). It is notable that there is no
study that demonstrates an otic product with 100% cure rate.
For instance, cure rates of 58.3% for Aurizon® and 41.2% for
Surolan® were observed in one study (Rougier et al., 2005). We
found that the new combination of robenidine and EDTA has
potential for development as a topical treatment of canine otitis
externa with mixed bacterial infections. In our study, EDTA acted
as an adjuvant that potentiates the activity of robenidine against
Gram-negative bacteria with additional inhibitory activity against
biofilm-forming bacteria. The use of an antimicrobial and an
antimicrobial adjuvant as a two-drug combination antimicrobial
therapy such as robenidine and EDTA has the benefit of reducing
the onset of resistance development compared to monotherapy
(Worthington and Melander, 2013). Recently, we reported that
EDTA has anti-fungal activity against Malassezia pachydermatis
isolated from canine otitis externa (Chan et al., 2018c) which is
an advantage to the use of combination therapy of robenidine
and EDTA for canine otitis externa. This combination is an
approach to promote antimicrobial stewardship by eliminating
the likelihood of cross-resistance development and transmission
of resistance determinants of public health significance between
dogs and humans.

In our study, robenidine demonstrated noteworthy
activity against thirteen multidrug- and methicillin-resistant
S. pseudintermedius and 20 p-haemolytic streptococci isolates
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from clinical cases of canine otitis externa. This is in
agreement with our previous study that reported robenidine
was effective against clinical MRSA and S. pneumoniae strains
at concentrations ranging from 1-2 pg/ml and 2-8 pg/ml,
respectively (Abraham et al., 2016; Ogunniyi et al., 2017). The
finding that robenidine in the presence of EDTA demonstrated
antibacterial activity against the Gram-negative canine otitis
externa pathogens, P. aeruginosa and P. mirabilis is in agreement
with our previous findings for robenidine tested against two
strains each of E. coli and P. aeruginosa in the presence
of PMBN (Abraham et al, 2016). However, our results
showed that low concentrations of robenidine in combination
with PMBN or EDTA improved potency and spectrum of
activity, specifically targeting Gram-negative pathogens. These
results suggest that in addition to having excellent activity
against Gram-positive organisms, robenidine in combination
with EDTA or PMBN has potential as a broad-spectrum
topical treatment, particularly against pathogens that have
become resistant to multiple classes of currently registered
antimicrobial agents.

CONCLUSION

The results of our study demonstrate that robenidine is not
suitable as a sole antimicrobial agent for the treatment of
Gram-negative pathogen infections due to the lack of activity
against the majority of Gram-negative isolates except for
A. baumannii and A. calcoaceticus. However, we demonstrated
in vitro efficacy against all selected Gram-negative organisms
when robenidine was tested in combination with EDTA or
PMBN, including against multidrug-resistant strains. Therefore,
robenidine may be an appropriate candidate as a component
of a combination preparation for the treatment of otitis
externa in dogs. This study provides proof of concept of
drug repurposing in the field of veterinary otology and would
represent a good example of antimicrobial stewardship when
the compound is ultimately developed and used clinically
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Lesion distribution in cases of canine atopic dermatitis

in South Australia

M Graham, WY Chan 2 and P Hill*

Objective To determine the lesion distribution patterns in dif-
ferent breeds of dogs affected by atopic dermatitis in South
Australia.

Methods The presence or absence of erythematous skin lesions
in 267 cases of canine atopic dermatitis (CAD) was recorded
across 36 anatomical sites. Breeds represented by > 9 dogs were
included in the analysis. The percentage of dogs showing lesions
at each of the body sites was calculated and illustrated on colour-
coded diagrams. Variations in affected body sites within and
between breeds were compared using Kruskal-Wallis ANOVA and
Dunn’s multiple comparison tests.

Results The prevalence of skin lesions at different body sites
differed significantly both in the population as a whole and
within breeds. The sites affected in = 75% dogs were the dor-
sal and ventral aspects of the front and hind paws. The sites
affected in 50-74% were the medial pinnae, axillae, ventral
chest, abdomen and perineum. Sites affected in 25-49% of
dogs included the face, periocular region and forelimb.
Remaining body sites were affected in < 25% of dogs. Analysis
at the breed level revealed some differences from this stan-
dard distribution pattern.

Conclusion The results of this study confirmed the typical lesion
distributions seen in CAD and highlighted some subtle differences
in breeds commonly seen in South Australia. This will be useful
for clinical practitioners in prioritising differential diagnoses for
pruritic skin conditions.

Keywords atopic dermatitis; dogs; South Australia

Abbreviations CAD, canine atopic dermatitis; GR, Golden
Retriever; GSD, German Shepherd Dog; SBT, Staffordshire Bull
Terrier; WHWT, West Highland White Terrier
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( : anine atopic dermatitis (CAD) is an inflammatory and pru-
ritic allergic skin disease with strong breed predispositions
and characteristically presents with clinical signs associated

with IgE antibodies directed against environmental allergens." Signs
may include erythema and pruritus of the face, paws, axillae and
ventral abdomen, but none of the clinical signs are pathognomonic
and a definitive diagnosis cannot be made on preliminary examina-
tion, because of the diversity of the presenting signs.” This often pre-
sents a diagnostic challenge for general practitioners.’

*Corresponding author.
School of Animal and Veterinary Sciences, The University of Adelaide, Roseworthy,
South Australia 5371, Australia; p.hill@adelaide.edu.au
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Assessment of skin lesion distribution is a critical component of der-
matological diagnosis. A clinical diagnosis of CAD is made by fulfill-
ing a strongly associated set of clinical criteria while ruling out
similar pruritic conditions.>® Two such sets of criteria by Willemse*
and Favrot et al.” have been widely accepted by the veterinary com-
munity when diagnosing suspected allergic skin diseases.

Intradermal allergy tests or IgE serology can be used to confirm a
state of IgE-mediated hypersensitivity and identify allergens that can
be used for allergen-specific immunotherapy.’

Two different systems have been validated to determine the severity
of lesions in dogs presented with CAD. They include the Canine
Atopic Dermatitis Lesion Index (CADLI) and Canine Atopic Der-
matitis Extent and Severity Index (CADESI-03 and -04), both of
which can be used to grade the severity of lesions and determine
the efficacy of a given treatment protocol.®” The most frequently
affected areas of the body are highlighted in both indices and
include the head, pinnae, front paws, hind paws, ventral thorax,
axillae, ventral abdomen and inguinal region (CADLI), as well as
the cubital fossa, caudal/lateral elbow, flank and flexural carpus
(CADESI-04).

The clinical phenotype of atopic dermatitis varies among breeds,
regions and countries. Previous studies have demonstrated that
breeds such as the Labrador Retriever, Golden Retriever (GR), Ger-
man Shepherd Dog (GSD), West Highland White Terrier
(WHWT), Boxer, Cocker Spaniel, Bichon Frise, Shar-pei and Scot-
tish Terrier are genetically predisposed to CAD.*'> The clinical pre-
sentation in some of these breeds has been documented briefly by
Picco et al.,” and more extensively by Wilhem et al.,'> who demon-
strated the clinical phenotypes in nine often affected breeds of dog
to highlight the variability of this allergic skin disease. Those studies
however, were completed in countries other than Australia and did
not include several breeds of dog commonly owned in Australia
such as the Staffordshire Bull Terrier (SBT), Australian Kelpie and
Maltese Terrier.

The primary aim of this study was to determine the common
lesion distribution patterns in different breeds of dog presented to
the dermatology referral service at the University of Adelaide’s
Companion Animal Health Centre (South Australia). Secondary
aims were to determine the age of onset, the prevalence of second-
ary infection and the significance of food versus environmental
allergens.

This study intended to provide clinically useful information that can
be used by general practitioners when diagnosing CAD. Breed-
specific phenotypes that were identified will be invaluable in allowing
differential diagnoses to be prioritised.
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Materials and methods

Study design and population

The cases for this study were identified from those presenting to the
dermatology referral service at the University of Adelaide’s Compan-
ion Animal Health Centre (South Australia) between 2010 and 2018.
Cases were obtained from the Cornerstone practice management
software by searching for the following terms and codes: ‘atopic der-
matitis’, ‘allergic dermatitis — precise cause not determined’, ‘intra-
dermal skin test’ and ‘IgE serology test’” or dogs that had been
prescribed the anti-allergic drug oclacitinib (Apoquel®, Zoetis).

Diagnosis of CAD

CAD was diagnosed according to standard methodology and
criteria.” Briefly, parasitic skin conditions were ruled out by micro-
scopic examination of appropriate skin samples and/or the current
administration of effective ectoparasiticides. Dogs were assessed for
the presence of concurrent skin infections using appropriate cytolog-
ical samples. Dogs found to have evidence of secondary skin infec-
tions with either Malassezia pachydermatitis or staphylococci were
still included in the study because these are considered to be part of
the overall disease process in CAD and are known to be triggered by
microbiome dysbiosis. Furthermore, the inclusion of these cases
reflected a more accurate representation of real-world clinical prac-
tice. The possibility of food-induced CAD was investigated (when
possible) by performing a 6-8-week elimination diet trial using
either a commercial hydrolysed diet or a home-cooked diet.

Assessment of lesions

Information on the distribution of skin lesions was obtained from
the dogs’ medical records. All medical records contained a written
description of the dog’s lesions and their distribution, as well as a
lesion distribution diagram. All dogs had been assessed by a single
clinician who was a board-certified veterinary dermatologist (PH).
All lesions that could be attributable to CAD, including erythema,
scaling, lichenification, hyperpigmentation, excoriation and self-
induced alopecia, were recorded for the purposes of this study. No
attempt was made to grade the severity of skin lesions - they were
simply reported as present or absent.

Contrary to the 8 sites of the CADLI model or the 20 sites of the
CADESI-04 model (which do not cover the entire body surface),
36 anatomical sites were chosen for the purposes of this study
(Supplementary Table 1). The aim was to document the presence or
absence of skin lesions at any site on the dogs.

Analysis of skin lesion distribution

Data on skin lesion distribution were extracted from the medical
records and transferred into an Excel spreadsheet. Breeds of dog that
were represented by > 9 individuals within the total population were
included in the analysis of the clinical breed phenotypes. This was an
arbitrary cut-off chosen by the authors, who considered that fewer
representatives than this may not have generated an accurate picture.
Silhouettes were drawn for each breed with the outline of the 36 ana-
tomical sites in order to graphically present the results. The percent-
age of animals affected at each of the 36 anatomical sites was
calculated and colour-coded as follows: white, 0-25% of dogs
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affected; pink, 25-50% of dogs affected; light-red, 50-75% of dogs
affected; bright red, 75-100% of dogs affected.

Using this system, a series of colour-coded diagrams depicting lesion
distribution were created to highlight the specific clinical presenta-
tion of CAD in the entire population as well as in selected breeds.

Additional information collected from the medical record included
the dog’s age, breed and sex, together with results of microscopic
examinations to determine secondary bacterial or yeast infections.

Statistical analysis

Microsoft Excel and Graphpad Prism were used to calculate descrip-
tive and analytical statistics. The frequency of lesions in a particular
anatomical site was calculated for each breed of dog. Differences in
frequency between the same anatomical site in different breeds, and
between different anatomical sites within the same breed, were com-
pared using Kruskal-Wallis ANOVA and Dunn’s multiple compari-
son tests. Significance was set at P < 0.05.

Results

A total of 314 dogs were identified using the search criteria. Of these,
26 were removed from the study population because they were not
examined by a specialist dermatologist; 3 dogs were removed because
of an exclusive diagnosis of food-induced allergic skin disease; 4 dogs
were removed because the medical record clearly stated that a diag-
nosis of CAD was highly unlikely; 14 other dogs were also removed
because of a definitive diagnosis of a different condition. Of the
remaining 267 dogs, 146 were male and 121 were female; 107 had a
positive intradermal allergy test or IgE serological test and 160 had a
clinical diagnosis without an allergy test being performed. In those
cases, the owners of the dogs preferred to pursue symptomatic anti-
allergy treatment rather than allergy testing; 39 dogs undertook a
hypoallergenic food trial and 228 did not. Analysis of these sub-
groups did not reveal any statistical significance, so the population
was examined as a whole.

Breeds represented by > 9 dogs included the SBT (n = 45), Labrador
Retriever (n = 24), GSD (n = 16), Maltese Terrier (n = 14), GR (n =
11), Boxer (n = 10), Australian Kelpie (n = 9), Beagle (n = 9) and
WHWT (n=9).

The frequency of affected body sites in the total population and in
the nine individual breeds is shown in Supplementary Table 1. The
frequency of affected sites in all breeds combined is illustrated in
Figure 1. Figure 2 graphically depicts the frequency of affected sites
in descending order. The lesion distributions in the nine individual
breed are shown in Figure 3.

The sites affected in > 75% of all dogs were the dorsal and ventral
aspects of the front and hind paws (Figure 2). The sites affected in
50-74% were the medial pinnae, axillae, ventral chest, abdomen and
perineum. Sites affected in 25-49% of dogs included the face, peri-
ocular region and forelimb. Remaining body sites were affected in
< 25% of dogs. Several differences from this standard distribution
pattern were noted at the breed level.
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Figure 1. Skin lesion distribution diagrams for the total population. Each colour corresponds to the percentage of animals affected in that specific
anatomical site.
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Figure 2. Bar graph representing the fre-
quency of erythematous skin lesions
across the 36 anatomical sites for the
total population in descending order.

© 2019 Australian Veterinary Association



The frequency of skin lesions in the Beagle was higher on the front
paws (90%) than the hind paws (67%), with the flexural carpus and
caudal metatarsus (67%) also often affected. The frequency of skin
lesions in the Boxer was notably high on the ventral neck (50%) and
over the dorsum (30%), but lesions of the face were also particularly
prevalent (60%). In the GSD the trunk, thorax, abdomen, lips and
flexural carpus was affected in > 38% of cases and the periocular
region was affected in 31% of cases. The medial pinna was the most
affected area for the GR but the face, forelimb and ventral paws also
recorded a high frequency of skin lesions. The Kelpie was signifi-
cantly different from the Beagle (P = 0.0105), Boxer (P= 0.0452),
GSD (P = 0.0214), GR (P = 0.0051) and Maltese (P = 0.0102), as it
did not have a high frequency of lesions on the medial pinnae. How-
ever, skin lesions were most commonly recorded on the face, limbs,
paws, ventrum and flank. The lateral pinnae of the Kelpie also had
the same frequency of skin lesions as the medial pinnae (33%). In
Labradors, a predilection for the perineum and paws (92%) was
observed and the forelimb, flexural carpus (both 42%) and hindlimb
(38%) were also commonly affected. Aside from the pinnae, paws
and ventrum, skin lesions were frequently seen on the face, peri-
ocular region and limbs of the Maltese Terrier. The SBT presented
often with skin lesions on the ventral neck and face, with the flank
(29%) also frequently affected. The WHWT was the most widely
affected dog analysed in the study (average 23 body sites affected). In
contrast to the standard lesion distribution, erythema was prevalent
on the ventral neck (56%), face (44%), periocular region (67%) and
the dorsum (44%), with the flank, forelimb and hindlimb also com-
mon sites (33%).

The mean age of onset of erythematous lesions was 3.88 years in all
dogs (median age, 3 years). However, the Maltese Terrier (8.2 years)
and WHWT (7.7 years) did not follow this trend. The age of onset
of erythematous lesions in the Maltese Terrier differed significantly
from the total population (P = 0.0085) and suggested that this breed
is affected later in life. The prevalence of secondary staphylococcal
infection was 26% and 23% of the population was affected by a sec-
ondary Malassezia overgrowth. The GSD (68.8%) was significantly
more affected by secondary bacterial infections compared with the
rest of the population (P = 0.0077). The WHWT was affected by a
secondary bacterial infection in 55.6% of cases, but this was found
not to be significant (P > 0.05).

Discussion

The present study evaluated the distribution of skin lesions in
267 dogs with CAD (Figure 1) and nine individual breeds of dogs
represented by > 9 dogs (Figure 3). In the total population of dogs,
the paws were the most frequently affected area (> 75%), followed by
the medial pinnae, axillae and ventrum (> 50%), with the face, peri-
ocular region and forelimbs affected in > 25% of cases. The least
commonly affected sites included the tail, ear margins, nose, cheek
and top of the head. These findings are consistent with previous
reports®>''>!* and are considered characteristic of CAD. In the
studies previously conducted, it was shown that the distal limbs are
most often affected, followed by the axillae, ventrum, medial pinnae
and then the face. That finding was confirmed in the present study.
Favrot et al. found that the dorsolumbar area and the ear margins
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were highly associated with non-atopic conditions,” which was cer-
tainly the case in our study as the ear margins were affected in only
1% of cases. However, although not commonly affected, the dors-
othoracic trunk and dorsolumbosacral trunk were affected in 20%
and 24% of cases, respectively.

Appraising the individual breed lesion distribution diagrams
(Figure 3), some appear similar to each other such as the Labrador
Retriever, GR and Beagle, or the GSD and the WHWT. Some breeds,
however, appear distinctly different from each other such as the Kel-
pie and the Boxer. A similar study conducted in 2011 documented
lesion distribution in nine breeds of dogs with CAD presenting to
34 veterinary dermatologists working in 15 different countries."> The
Boxer, GSD, GR, Labrador Retriever and WHWT were also included
in that study. The findings of the present study were similar in
nature, apart from a few key exceptions, highlighted in Table 1. The
reason for these differences cannot be ascertained from the present
study. They could reflect geographical or genetic differences or could
be related to the different methodologies used in the two studies. It
is interesting to note that the GSD, Boxer and WHWT were all
affected on the dorsum in over 30% of cases. Skin lesions over this
site are typically regarded as more characteristic of flea allergy der-
matitis rather than atopic dermatitis.®

The Australian Kelpie, Beagle, Maltese Terrier and SBT have not
often been mentioned in the previous literature concerning CAD.®
Of these dogs, only the SBT was previously considered to have a
breed predisposition to CAD.'>'® However, an Australian study
based in New South Wales conducted in 2016 reported that the
Australian Kelpie and Maltese Terrier had a significantly decreased
odds ratio of developing CAD, whereas the Beagle and SBT had a
significantly increased odds ratio.® The reason for these differences is
not known, but they too could reflect geographical or methodologi-
cal differences. In the present study, the SBT presented with a typical
distribution of erythematous skin lesions. The paws were most fre-
quently affected, followed by the ventrum, medial pinnae and face,
whereas the only aspects of the limbs affected in > 25% of cases were
the flexural carpus and caudal metatarsus. Interestingly, the flank
and ventral neck were also affected in 30-40% of cases. The Maltese
Terrier also presented with some uncharacteristic skin lesions, as in
29% of cases erythema was observed on the dorsum and flank. The
periocular region was affected in 43% of cases, 12% more frequent
when compared with the rest of the population. The ventrum and
medial pinnae were affected in > 75% of cases of CAD in the Beagle;
67% of cases presented with lesions on the hind paws and in
90-100% of cases the front paws were affected. The Beagle was the
breed most affected by erythematous lesions on the flexural carpus
and caudal metatarsus (both 67%), a frequency 30-40% greater than
the total population.

The Australian Kelpie was found to differ significantly from the
generic model of CAD. Predilection sites observed included the ven-
tral chest (78%), followed by the ventral abdomen and paws (all
67%), with the axillae, perineum, forelimb and caudal metatarsus
affected in 56% of cases. All other aspects of the limbs were affected
in 33-44% of cases. The frequency of lesions on the lateral pinnae
(33%) was the same as for the medial pinnae, a comparison that was
found to be significantly different in the total study population
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Figure 3. Lesion distribution diagrams for the Golden Retriever, German Shepherd Dog, Boxer, Labrador Retriever, Australian Kelpie, Staffordshire
Bull Terrier, West Highland White Terrier, Maltese Terrier and Beagle. Each colour corresponds to the percentage of affected animals within each
breed.
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Table 1. Similarities and differences noted in skin lesion distribution
between the present study and that of Wilhem et al'®

Breed Similarities Differences in the present
study
Boxer Limbs, axillae, ventral Face, ventral chest and
abdomen, perineum dorsum were more
and paws frequently affected
GSD Face, paws and ventrum Ventral neck, limbs, ventral
abdomen less affected
Dorsum more affected
GR Face, limbs, paws, axillae,  Ventral chest, perineum
ventral abdomen more commonly
affected
Labrador Limbs, paws, ventral Ventral chest, perineum
Retriever abdomen and trunk more commonly
affected
WHWT Pinnae, limbs, axillae, Ventral neck and

ventral abdomen,
perineum, dorsum and
trunk

periocular region more
frequently affected

GR, Golden Retriever; GSD, German Shepherd Dog; WHWT, West
Highland White Terrier.

(P < 0.0001). Because of the high number of comparisons made
between body sites in the statistical analysis (Dunn’s multiple com-
parisons test), there are too many associations to present in this
study. For example, in the SBT, out of 630 body site comparisons,
significant differences were identified between 231 sites. However, in
the Kelpie, no significant comparisons were observed, despite a sig-
nificantly different ANOVA result (P = 0.0003). This may reflect the
low statistical power caused by the small sample size.

Conclusion

Assessment of skin lesion distribution is a critical component of der-
matological diagnosis. The results of this study confirmed the typical
lesion distributions seen in CAD and highlighted some subtle differ-
ences in breeds commonly found in South Australia. This data
should be helpful to clinicians when dogs are presented with pruritic
skin disease that is suspected to be CAD. First, the typical lesion dis-
tribution can be compared with that seen in other skin disorders.
Second, knowledge of the variations to this generic pattern that
occur in different breeds will allow clinicians to modify their index
of suspicion and prioritise the differential diagnosis list more
accurately.
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Background - Multidrug-resistant pathogens present a major global challenge in antimicrobial therapy and fre-
quently complicate otitis externa in dogs.

Hypothesis/Objectives - /n vitro efficacy of oregano oil, thyme oil and their main phenolic constituents against
bacterial and fungal isolates associated with canine otitis externa were investigated. It was hypothesized that the
main phenolic components would have greater antimicrobial activity compared to the relative essential oil.

Methods and materials — Antimicrobial susceptibility testing was performed using broth microdilution with
spot-plating technigue to determine minimum inhibitory and bactericidal/fungicidal concentrations (MICs, MBCs
and MFCs). A time—kill kinetics assay was performed to confirm the bactericidal and fungicidal activity of the oils
and their phenolic constituents. One hundred bacterial and fungal isolates, including meticillin-susceptible Sta-
phylococcus pseudintermedius (n = 10), meticillin-resistant S. pseudintermedius (n = 10), B-haemolytic Strepto-
coccus spp. (n=20), Pseudomonas aeruginosa (n = 20; including 10 isolates resistant to one or two
antimicrobials), Proteus mirabilis (n = 20) and Malassezia pachydermatis (n = 20) from dogs with otitis externa
were used.

Results - Oregano oil, thyme oil, carvacrol and thymol exhibited antibacterial activity against all bacterial and fun-
gal isolates tested. MICgqq values ranged from 0.015 to 0.03% (146-292 ug/mL) for the Gram-positive bacteria
and P. mirabilis. For P. aeruginosa and M. pachydermatis, MICgq values ranged from 0.09 to 0.25% (800-
2,292 pg/mL).

Conclusions and clinical significance — Oregano oil, thyme oil, carvacrol and thymol showed good in vitro bac-
tericidal and fungicidal activity against 100 isolates from dogs with otitis externa, including some highly drug-re-
sistant isolates. These essential oils and their main phenolic constituents have the potential to be further
investigated in vivo for the treatment of canine otitis externa.

of antimicrobial-resistant pathogens provide an opportu-

Introduction . X .
mty for alternatives to conventional treatments.

The emergence of antimicrobial resistance is a major
worldwide medical concern in both humans and animals.
This global issue has been reported to cause approxi-
mately 700,000 deaths annually and is expected to
increase to 10 million by 2050 at a cost of more than
100 trillion Australian dollars.”  Antimicrobial-resistant
pathogens could be combated with the development of
new classes of antimicrobial agents. However, due to the
low investment return, the pharmaceutical industry has
reduced its research efforts for the discovery and devel-
opment of novel antimicrobials.? The lack of novel syn-
thetic drug development and the widespread occurrence
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Otitis externa, one of the most common dermatological
diagnoses, affects approximately 20% of the pet dog
population worldwide.® Topical and oral antimicrobial
agents are commonly used for treating otitis externa.*
However, these treatments have increasingly been inef-
fective in recent years due to emergence and spread of
antimicrobial resistant bacteria such as meticillin-resistant
Staphylococcus pseudintermedius (MRSP) and mul-
tidrug-resistant (MDR, resistance to at least three antimi-
crobial classes) Pseudomonas aeruginosa.>® These
resistant pathogens could be a potential public health con-
cern because there are cases reporting the transmission
of MRSP from dogs to humans,’” and transmission of
MDR P. aeruginosa in the human-dog-environment
interface, possibly due to the high degree of genome sim-
ilarity among the isolates.®® The potential for bilateral
transmission indicates that canine otitis externa can

© 2019 ESVD and ACVD, Veterinary Dermatology, 30, 524—159.



become a significant public health concern. Hence, there
is a pressing need for the discovery of novel antimicrobial
agents or alternative treatments for otitis externa, particu-
larly that caused by MDR zooanthroponotic pathogens.

Essential oils, such as rosemary (Rosmarinus offici-
nalis) and clove (Syzygium aromaticum) have been high-
lighted as one potential approach to combat antimicrobial-
resistant pathogens.'® The curative properties of herbs
and spices have been well-known since ancient times;
however, current attention is drawn towards scientific
studies including treatment of infectious diseases."" Her-
bal products, including plant-based essential oils are
reported by the U.S. Food and Drug Administration (FDA)
as substances that are generally recognized as safe
(GRAS) for human consumption.'? Previous studies also
have showed that plant essential oil exhibited potent anti-
fungal activities.”'*

Thyme oil and oregano oil, and their main component
have been reported for antimicrobial activities against
both bacteria and fungi.'®'® One study determined
antimicrobial activity for these essential oils against
microbes associated with otitis externa in animals.'”
However, to the best of the authors’ knowledge, no study
has looked at their main phenolic components against a
range of common clinical otitis externa microbes, includ-
ing sensitive and resistant strains. Therefore, in vitro effi-
cacy of oregano oil, thyme oil and their main phenolic
constituents against bacterial and fungal isolates associ-
ated with canine otitis externa were investigated. It was
hypothesized that the main phenolic components would
have a stronger antimicrobial activity compared to the rel-
ative essential oil.

Methods and materials

Bacterial and fungal isolates
A total of 100 bacterial and fungal isolates from cases of canine
otitis externa were kindly provided by the Australian Centre for
Antimocrbial Resistance Ecology, The University of Adelaide,
including:  meticillin-susceptible ~ S. pseudintermedius  (MSSP,
n = 10); MRSP (n = 10); p-haemolytic Streptococcus spp. (n = 20);
P. aeruginosa (n = 20, including six isolates resistant to gentam-
icin, two isolates resistant to ciprofloxacin, one isolate resistant to
cefepime, and one isolate resistant to both ciprofloxacin and cefe-
pime (Table S3); Proteus mirabilis (n = 20); and Malassezia pachy-
dermatis (n = 20). All tested bacterial and fungal isolates in this
study were obtained from a collection (frozen in brain heart infu-
sion with 20% glycerol at —80°C until tested) of a national survey
of antimicrobial resistance in animals conducted in Australia.® Iso-
lates had been identified to species level using biochemical test-
ing and Matrix-Assisted Laser Desorption/lonization-Time Of Flight
mass spectrometry (Bruker; Preston, Victoria, Australia) before
antimicrobial susceptibility testing.'®2°

The isolates were regrown one day before antimicrobial activity
testing. Bacterial isolates were sub-cultured on 5% sheep blood agar
(SBA, Thermo Fisher Scientific; Melbourne, Victoria, Australia) and
incubated at 36 + 1°C for 24 h, whereas fungal isolates were inocu-
lated on Sabouraud's dextrose agar (SDA) supplemented with 1%
Tween 80 (Sigma-Aldrich; Sydney, New South Wales, Australia) and
incubated at 35 + 1°C for up to 72 h. For quality control for minimum
inhibitory concentration (MIC) testing, Escherichia coli American
Type Culture Collection (ATCC) 25922, Staphylococcus aureus ATCC
29213, P. aeruginosa ATCC 27853, Candida albicans ATCC 90028
and C. krusei ATCC 6258 were used as described previously.'®

© 2019 ESVD and ACVD, Veterinary Dermatology, 30, 524—159.
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Essential oils and antimicrobial agents

Essential oils from oregano (Thymus capitatus, WW282812) containing
60-75% phenols, and thyme (Thymus vulgaris, W306509) containing
>40% phenols, as well as their major phenolic compounds, carvacrol
(>98% of purity, W224502) and thymol (>98.5% of purity, T0501)
were purchased from Sigma-Aldrich (St Louis, MO, USA). Ampicillin,
gentamicin and amphotericin B (Sigma-Aldrich) were selected where
applicable to monitor the quality control isolates to test system per-
formance.

Antibacterial susceptibility testing

Two-fold serial dilutions of the essential oils and their phenolic com-
pounds were performed in 100% dimethyl sulfoxide (DMSO). Subse-
quently, a 1 pL aliquot of each concentration was transferred to each
corresponding well in the challenge plate using an electronic multi-
channel pipette because the compounds are hydrophobic. Concen-
tration of essential oils and the phenolic compounds tested were
converted to pg/mL based on the densities reported in the sample
label. The assay was performed in a total volume of 100 pL with test
concentrations ranging from 0.002 to 1% (18-9,760 pg/mL) for all
samples. Preliminary testing found that 1% DMSO in the final con-
centration did not exhibit antimicrobial activity (data not shown). MIC
tests involving ampicillin and gentamicin against S. pseudinter-
medius, P. aeruginosa and P. mirabilis were performed according to
CLSI standards'® in cation-adjusted Mueller—Hinton broth (CAMHB,
Becton Dickinson Pty Ltd; Sparks, MA, USA) from 0.03 to 64 pug/mL.
MICs were determined for streptococcal isolates using CAMHB sup-
plemented with 4% lysed horse blood. All plates were incubated for
20-24 h in ambient air at 36 + 1°C and growth of bacteria assessed
after 24 h, both visually and using optical density (OD) readings from
a microplate reader (Eppendorf BioPhotometer plus; Hamburg, Ger-
many) at a wavelength of 600 nm. MICs were recorded as the low-
est concentration that completely inhibited growth, disregarding any
single colony or faint haze caused by the inoculum;?' the values at
which 50% (MICs) and 90% (MICg) of the isolates were inhibited
were calculated.

In order to determine minimum bacterial concentrations (MBCs),
10 pL aliquots were taken from all wells above the MIC and spotted
onto SBA after the determination of the MIC. MBC was determined
as the lowest concentration where 99.9% of the bacterial inoculum
was eradicated after incubating plates for 24 and 48 h.

Kill kinetics assay

Kill kinetic assays on luminescent P. aeruginosa ATCC PAO1 (Xen
41) and luminescent S. aureus ATCC 12600 (Xen 29) were per-
formed (in duplicate) as described for the MIC determination, with
the exception that the starting concentration of each compound was
0.5% (4,585-5,250 pg/mL). For each bacterium, the kill kinetics
assay was performed using 200 pL volumes in a black round-bottom
96-well microtitre plate (Sarstedt 82.1582.001, Sarstedt; Adelaide,
South Australia, Australia). The plate was covered with a Breathe-
Easy sealing membrane (Z380059, Sigma-Aldrich) and incubated for
20 h overnight at 36 4+ 1°C in a Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek; Winooski, VT, USA).??

Time-dependent killing assays

Time—kill studies on clinical isolates of P. aeruginosa and S. pseudin-
termedius were performed (in duplicate) using the CLSI macrodilu-
tion broth method.?' Briefly, each essential oil or its phenolic
component was prepared in 9.9 mL volumes at MIC, and 2 x MIC in
CAMHB. A few colonies of P. aeruginosa and S. pseudintermedius
from an overnight SBA were suspended in 3 mL of normal saline and
adjusted to 600 nm = 0.10 [equivalent to approximately 5 x 10” col-
ony forming unit (cfu/mL)]. After adding 200 pL bacterial suspension
to each tube, the tubes were incubated in a shaking incubator at
36 + 1°C, for 24 h. Duplicate cultures were incubated at 36 + 1°C,
with samples withdrawn at 0, 0.25, 0.5, 1, 2, 4 and 24 h. Serial 10-
fold dilutions (using sterile saline) were grown on SBA for bacteria
enumeration.
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Table 1. Minimum inhibitory concentration (MIC) range, MICso and MICgq (% values) (ug/mL) of oregano oil, carvacrol, thyme oil and thymol

against 100 microbial isolates from dogs with otitis externa

Concentration, % values (ug/mL")

Organism Value Oregano Carvacrol Thyme Thymol
Staphylococcus MICrange  0.015-0.03 (140-281) 0.015-0.03 (146-292) 0.015-0.03 (137-275) 0.01-0.02 (100-200)
pseudintermedius [n = 20; MICso 0.015 (140) 0.015 (146) 0.03 (275) 0.02 (200)
MSSP(10), MRSP (10)] MICg 0.03 (281) 0.015 (146) 0.03 (275) 0.02 (200)
B-haemolytic MIC range 0.03 (281) 0.015-0.03 (146-292) 0.03 (275) 0.02-0.04 (200-400)
Streptococcus spp. (n = 20)  MICsg 0.03 (281) 0.015 (146) 0.03 (275) 0.02 (200)
MICgo 0.03 (281) 0.03 (292) 0.03 (275) 0.04 (400)
Pseudomonas aeruginosa® MICrange  0.06-0.125(563-1173)  0.06-0.125 (585-1120) 0.06-0.25 (550-2292)  0.04-0.09 (400-800)
(n=20) MICso 0.125(1173) 0.06 (585) 0.06 (550) 0.09 (800)
MICgo 0.125(1173) 0.125(1120) 0.25 (2292) 0.09 (800)
Proteus mirabilis (n = 20) MIC range 0.03 (281) 0.015-0.03 (146-292) 0.03-0.06 (275-550) 0.02 (200)
MICso 0.03 (281) 0.015 (146) 0.03 (275) 0.02 (200)
MICgo 0.03 (281) 0.03 (292) 0.03 (275) 0.02 (200)
Malassezia pachydermatis MIC range 0.06 (563) 0.06 (585) 0.125 (1146) 0.04-0.09 (400-800)
(n = 20) MICso 0.06 (563) 0.06 (585) 0.125 (1146) 0.09 (800)
MICg 0.06 (563) 0.06 (585) 0.125 (1146) 0.09 (800)

Values converted into pg/mL based on the density values of each tested samples; MSSP meticillin-susceptible S. pseudintermedius, MRSP meti-
cillin-resistant S. pseudintermedius; a includes antimicrobial-sensitive P. aeruginosa (n = 10) and P. aeruginosa resistant to one or two antimicro-

bials (n = 10).

Antifungal susceptibility testing

The antifungal susceptibility testing of M. pachydermatis isolates
was performed using a previous method.?* Briefly, isolates were cul-
tured onto SDA supplemented with 1% Tween 80 (Sigma-Aldrich)
and incubated for 48-72 h at 35 + 1°C. A two-fold serial dilution of
the antimicrobial stock solution was prepared in 1% DMSO at x100
concentration from wells 12 to 3 (from 0.2 to 100%). Aliquots (2 ulL)
of each concentration were then added to each well in the challenge
plate using an electronic multichannel pipette and each dilution was
then further diluted to 1:100 in Sabouraud’'s dextrose broth (SDB)
(Oxoid™; Hampshire, UK) supplemented with 1% Tween 80 in 96-
well microtitre plates. The final concentration of tested antimicrobial
agent (essential oils and their major phenolic compounds) and control
antimicrobial agent (amphotericin B) in each plate was 0.002-1%
(18-9,760 pg/mL) and 0.008—4 ng/mL, respectively. Preliminary test-
ing found that 1% DMSO in the final concentration did not exhibit
any antifungal activity (data not shown). Malassezia pachydermatis
isolates were suspended in SDB supplemented with 1% Tween 80
to obtain a uniform fungal suspension with optical density (OD) 0.1
(equivalent to ~ 1-5 x 10° cfu/mL) at 530 nm wavelength (Eppen-
dorf BioPhotometer plus). Subsequently, 20 pL of a 1:100 dilution of
the fungal suspension in saline was added to 180 ulL of SDB in each
well to create a final inoculum concentration of approximately 1-
5 x 10 cfu/mL. After incubation of the plates at 35 + 1°C for up to
72 h, the minimum fungicidal concentration (MFC) end-point was
determined using both visual end-point reading of 50% growth inhibi-
tion compared with the positive growth control and spectrophoto-
metric end-point reading of OD 530 nm. The MFC, MFCso and
MFCgo were calculated as reported above for bacteria.

Statistical analysis

The antimicrobial activity of essential oils and their main chemical
compounds were compared based on unpaired Student's t-test using
GrapHPAD Prism v8.0 (San Diego, CA, USA).

Results

Antimicrobial activity of essential oils and their main
phenolic compounds against isolates from dogs with
otitis externa

Oregano oil, carvacrol, thyme oil and thymol demon-
strated in vitro antimicrobial activity against bacterial
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isolates from dogs with otitis externa with MICgq values
ranging from 0.02% (200 pg/mL) to 0.25% (2,292 pg/mL)
(Tables 1, S1-4). The drug-resistant isolates, such as
MRSP and P. aeruginosa showed similar low MICs to the
tested essential oils and their main phenolic compounds,
with MICgq values ranging from 0.03% (275 pg/mL) to
0.25% (2,292 pg/mL).

For S. pseudintermedius isolates, carvacrol was active
at lower concentrations compared to the other com-
pounds (MICgqg = 0.015%; 146 ug/mL). In addition,
MRSP isolates exhibited susceptibility to essential oils
and their phenolic compounds over similar MIC ranges
compared to MSSP isolates. Oregano oil and thyme oil
showed antimicrobial activity against p-haemolytic Strep-
tococcus isolates at MICgq values of 0.03% (275-281 ng/
mL) and were similar to those obtained for Staphylococ-
cal isolates (Table 1). However, a two-fold increase in
MICgyo values were observed for carvacrol and thymol
(MICgq = 0.03-0.04%; 292-400 pg/mL) when compared
to those for the staphylococcal isolates (MICgg = 0.015—
0.02%; 146-200 pg/mL).

Essential oils and their phenolic compounds showed
similar antimicrobial activities against P. aeruginosa iso-
lates. The antimicrobial activities for P. aeruginosa iso-
lates (MICgq values ranged from 0.09 to 0.25%; 800 to
2,292 pg/mL) were higher compared to those for Gram-
positive isolates (MICgy values ranged from 0.015 to
0.04%; 146-400 pg/mL). Pseudomonas aeruginosa iso-
lates were most susceptible to thymol (MICgg = 0.09%;
800 pg/mL) compared to other tested compounds.

Oregano oil, carvacrol, thyme oil and thymol showed
similar antimicrobial activity against P. mirabilis (MICgq
values ranged from 0.02-0.03%; 200-292 pg/mL) and
was comparable to that against Gram-positive isolates.
However, the selected oils and phenolic compounds
were more effective in inhibiting P. mirabilis isolates than
P. aeruginosa isolates (MICgq values ranged from 0.09 to
0.25%; 800 t0 2,292 pg/mL).

© 2019 ESVD and ACVD, Veterinary Dermatology, 30, 524—e159.
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Table 2. Minimum inhibitory concentration (MIC) values (ug/mL) for ampicillin, gentamicin and amphotericin B against quality-control bacterial
strains obtained in the present study and acceptable range according to CLSI standards.?'

Acceptable range of MIC (ug/mL)

MIC obtained (ug/mL)

Bacterial control strain AMP GEN AMB AMP GEN AMB
Staphylococcus aureus ATCC 29213 0.5-2 0.12-1 - 0.5-1 0.25-0.5 -
Escherichia coli ATCC 25922 2-8 0.25-1 - 2-4 0.5-1 -
Pseudomonas aeruginosa ATCC 27853 - 0.5-2 - - 1-2 -
Candida albicans ATCC 90028 - - 0.5-2 - - 0.5-1
Candida krusei ATCC 6258 - - 0.25-2 - - 0.25-1

AMB amphotericin B, AMP ampicillin, GEN gentamicin.

Table 3. Minimum bactericidal concentrations (% values) (ug/mL) and minimum fungicidal concentrations of oregano oil, carvacrol, thyme oil and

thymol against 100 isolates from dogs with otitis externa

Concentration % values (pg/mL")

Organism Value Oregano Carvacrol Thyme Thymol
Staphylococcus MBCrange 0.015-0.03 (140-281) 0.03-0.06 (292-585) 0.015-0.03 (137-275) 0.02-0.04 (200-400)
pseudintermedius [n = 20; MBCso 0.015 (140) 0.03 (292) 0.03 (275) 0.04 (400)
MSSP(10), MRSP (10)] MBCgo 0.03 (281) 0.03 (292) 0.03 (275) 0.04 (400)
B-haemolytic MBC range 0.03 (281) 0.015-0.06 (146-585) 0.03 (275) 0.02-0.09 (200-800)
Streptococcus spp. (n = 20)  MBCsgq 0.03 (281) 0.03 (292) 0.03 (275) 0.04 (400)
MBCgo 0.03 (281) 0.06 (585) 0.03 (275) 0.09 (800)
Pseudomonas MBCrange 0.06-0.125(563-1173)  0.06-0.125 (5685-1120) 0.06-0.25 (650-2292)  0.04-0.09 (400-800)
aeruginosa* (n = 20) MBCso 0.125(1173) 0.06 (585) 0.06 (550) 0.09 (800)
MBCgg 0.125 (1173) 0.125(1120) 0.25 (2292) 0.09 (800)
Proteus mirabilis (n = 20) MBC range 0.03 (281) 0.015-0.03 (146-292) 0.03-0.06 (275-550) 0.02 (200)
MBCsg 0.03 (281) 0.015 (146) 0.03 (275) 0.02 (200)
MBCgo 0.03 (281) 0.03 (292) 0.03 (275) 0.02 (200)
Malassezia pachydermatis MFC range 0.06 (563) 0.06 (585) 0.125 (1146) 0.04-0.09 (400-800)
(n =20) MFCso 0.06 (563) 0.06 (585) 0.125 (1146) 0.09 (800)
MFCgo 0.06 (563) 0.06 (585) 0.125 (1146) 0.09 (800)

Values converted into pg/mL based on the density values of each tested samples; MSSP meticillin-susceptible S. pseudintermedius, MRSP meti-

cillin-resistant S. pseudintermedius.

*Includes antimicrobial-sensitive P. aeruginosa (n = 10) and P. aeruginosa resistant to one or two antimicrobials (n = 10).

The MIC values of quality control strains against ampi-
cillin and gentamicin were within the CLSI range
(Table 2).

Antifungal activity of essential oils and phenolic
compounds against M. pachydermatis

Oregano oil, carvacrol, thyme oil and thymol showed anti-
fungal activity against M. pachydermatis isolates; they
were more sensitive to oregano oil and carvacrol
(MICgp = 0.06%; 563-585 pg/mL), followed by thymol
(MICgp = 0.09%; 800 pg/mL) and  thyme  oil
(MICgo = 0.125%; 1,146 pg/mL) (Table 1). Additionally,
M. pachydermatis was reported to have the same MFC
values as their MIC values (Table 3). The MIC values of
quality control strains against amphotericin B were within
the CLSI range (Tables 2, S5).

MBC, MFC values and time-dependent killing assays
Minimum bactericidal concentrations and MFC values for
oregano oil, carvacrol, thyme oil and thymol against all of
the isolates tested are shown in Table 3. The MBC values
for all compounds were equal to the MIC concentration
for Gram-negative isolates; however, the MBC values for
carvacrol and thymol were two dilutions higher than the
MIC values for Gram-positive isolates (Tables S6-10).
The MFC values for all compounds were equal to the MIC
concentrations for M. pachydermatis isolates (Table 3).

© 2019 ESVD and ACVD, Veterinary Dermatology, 30, 524—159.

For the kill kinetics assays, it was found that oregano
oil and carvacrol took 30 m to eliminate S. pseudinter-
medius below the level of detection at 2x MIC, whereas
for thyme oil and thymol, kill time was 4 h at 2x MIC,
indicating a bactericidal effect in all compounds (Figure 1
a). By comparison with ampicillin kill kinetics in which
S. pseudintermedius was eliminated only after 24 h, the
tested compounds were more effective in Kkilling
S. pseudintermedius. For P. aeruginosa, all compounds,
including gentamicin, took 1 h to clear the population at
2x MIC (Figure 1 c). A similar trend was observed for kill
kinetics assays when luminescent strains were per-
formed (Figure 1 b and d).

Comparison of the antimicrobial activity of essential
oils with their main phenolic compounds against
canine otitis externa isolates

Carvacrol exhibited lower MIC values when compared to
oregano oil against B-haemolytic Streptococcus spp.
(190 + 67 versus 282 + 0 pg/mL, P < 0.001), P. aerugi-
nosa (685 + 0 versus 1,051 £+ 250 pg/mL, P < 0.0001)
and P. mirabilis (161 + 44 versus 281 + 0 pg/mL,
P < 0.0001) (Figure 2 a). No differences were observed
in S. pseudintermedius and M. pachydermatis when the
MIC values were compared for carvacrol versus oregano
oil. Thymol showed lower MIC values when compared to
thyme oil against S. pseudintermedius (180 + 41 versus
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Figure 1. Time-dependent kill kinetic assays of Staphylococcus pseudintermedius and Pseudomonas aeruginosa.
[(a) S. pseudintermedius, (b) Staphylococcus aureus ATCC 12600 (Xen29), (c) P. aeruginosa and (d) P. aeruginosa ATCC PAO1 (Xen 41)] following
exposure to oregano oil, thyme oil, carvacrol and thymol at 2x MIC compared to a positive control and growth control.

261 + 42 pg/mL, P < 0.01), B-haemolytic Streptococcus study, the antimicrobial activities of the essential oils and
spp. (220 +£ 60 versus 275 + 0 pg/mL, P <0.05), their phenolic components are reported as MIC range,
P. mirabilis (195 + 15 versus 275 + 0 pg/mL, MICgq and MICgqo values. These values allowed determi-
P < 0.0001) and M. pachydermatis (680 + 188 versus nation of the effectiveness of these oils or components
1,146 + 0 pg/mL, P < 0.0001) (Figure 2 b). against a large panel of isolates of bacterial and fungal

species, 20 isolates each in the present study.
All tested compounds also showed bactericidal activity

Discussion against S. pseudintermedius, B-haemolytic streptococci,
The antimicrobial activity of essential oils previously has P. mirabilis and P. aeruginosa isolates at their MIC values
been attributed to their phenolic component contents.?* or two-fold MIC values. The kill kinetic assays revealed
To the best of the authors’ knowledge, this is the first that the bacteria treated with the essential oils and their
study that evaluates the potential of essential oils (ore- phenolic compounds were inactivated over a relatively
gano, thyme) and their phenolic components (carvacrol, short time at 2x MIC compared to the growth control,
thymol) as novel antimicrobial agents against a compre- confirming the bactericidal activity of the tested com-
hensive range of canine otitis externa isolates. In this pounds. The present results were consistent with previ-
study, both oregano oil and thyme oil showed good ous studies that reported both essential oils exhibiting
antimicrobial activity against Gram-negative and Gram- similar bactericidal activity with their respective phenolic
positive bacteria as well as M. pachydermatis with MICgq compounds.?>?® |n addition, the MBC values of oregano
values ranging from 0.02 to 0.25% (200-2,292 pg/mL). oil, thyme oil, carvacrol and thymol against S. epidermis,
These results are in agreement with previous studies P. mirabilis and P. aeruginosa reported in previous stud-
including oregano oil and thyme oil as potential antimicro- ies?®2® ranged from 1x to 2x of their MIC values, in
bial agents against a broad range of bacteria;'*"” how- agreement with the present study.

ever, these studies mostly used the disk diffusion The results herein showed that P. aeruginosa isolates
technique and presented the MIC values. In the present are susceptible to the tested essential oils and their
528 © 2019 ESVD and ACVD, Veterinary Dermatology, 30, 524—e159.
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Figure 2. Comparison between the antimicrobial activity of (a) ore-
gano oil and carvacrol, (b) thyme oil and thymol for isolates of Staphy-
lococcus  pseudintermedius, B-haemolytic  Streptococcus  spp.,
Pseudomonas aeruginosa, Proteus mirabilis and Malassezia pachy-
dermatis.

Analysis was determined using unpaired Student's ttest and pre-
sented as mean + SD, n = 20.

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

phenolic components; however, this is in disagreement
with a previous study,'” which showed no antibacterial
activity against oregano oil. This contradiction may be due
to the different techniques and concentrations used in
the previous and present studies. In the previous study,
disk diffusion testing and a low concentration of essential
oils (30 png) were applied rather than the CLSI broth
microdilution method and a range of essential oil concen-
trations as used in the present study. In addition, both car-
vacrol and thymol showed very similar antimicrobial
activities against P. aeruginosa, further confirming the
antimicrobial activities of these phenolic components as
reported previously."®?”  Overall, these favourable
responses are driving further interest in phenolic compo-
nents as novel antimicrobial agents for topical treatment
of otitis externa in dogs.

The emergence and rapid spread of MDR pathogens
have become a global challenge to current antimicrobial
therapy. In the present study, the antimicrobial activity
of essential oils and their phenolic compounds were
evaluated against MRSP and drug-resistant P. aerugi-
nosa. The results herein are in agreement with previous

© 2019 ESVD and ACVD, Veterinary Dermatology, 30, 524—159.
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studies, reporting the antimicrobial activity of similar
essential oils against meticillin-resistant S. aureus®® and
antimicrobial-resistant  P. aeruginosa.?® Similar to the
results herein, a previous study also showed carvacrol
and thymol possessing antimicrobial activities against
antimicrobial-resistant S. aureus and E. coli*°® The pro-
posed mechanism includes the hydrophobic nature of
carvacrol and thymol in their distribution into mem-
branes, and the presence of free hydroxyl groups of
these compounds disrupting the ion gradients of bacte-
rial cells.® This suggests that phenolic compounds
could act differently on bacteria compared to antimicro-
bials, emphasizing the potential of phenolic compounds
in eradicating resistant pathogens.

The present findings also showed that the main pheno-
lic components of essential oils exhibited stronger antimi-
crobial activities compared to their respective essential
oils. The MIC values of both carvacrol and thymol were
significantly lower compared to oregano oil and thyme oil
against B-haemolytic Streptococcus spp., P. aeruginosa
and P. mirabilis. These results support previous studies
where the inhibitory concentration of carvacrol was four
times lower than oregano essential oil in inhibiting the
growth of bacteria.3?>3® Therefore, phenolic components
such as carvacrol and thymol could be used as novel
treatments for canine otitis externa, in particular if caused
by antimicrobial-resistant pathogens.

Furthermore, these phenolic compounds herein
showed potential antifungal activity against M. pachyder-
matis. This is in agreement with the antifungal activity of
essential oils against Malassezia species and Candida
albicans reported in previous studies.’'#3* The ratio of
MFCgo : MICgo = 1 demonstrated that both of the tested
essential oils and their phenolic compounds in the pre-
sent study exhibited fungicidal activity.

Our findings show that oregano oil, thyme oil, carvacrol
and thymol could be developed as novel treatments for
sensitive and resistant bacteria and fungal organisms
involved in canine otitis externa. The use of phenolic com-
pounds is suggested for the development of otitis externa
treatment due to the high antimicrobial activity and the
variance of phenolic composition in essential oils originat-
ing from different geographical locations.
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Tables S1-S5. MIC values for essential oils and their
major components against Staphylococcus pseudinter-
medius, B-haemolytic Streptococcus spp., Pseudomonas
aeruginosa, Proteus mirabilis and Malassezia pachyder-
matis, isolated from dogs with otitis externa.

Tables S6-10. MBC and MFC values for essential oils
and their major components against Staphylococcus

pseudintermedius,

B-haemolytic  Streptococcus spp.,

Pseudomonas aeruginosa, Proteus mirabilis and Malasse-
zia pachydermatis, isolated from dogs with otitis externa.

Contexte — Les pathogénes multirésistants représentent un défi majeur pour la thérapeutique antimicro-
bienne et compliguent frégquemment les otites externes canines.

Hypotheses/Objectifs — Nous avons étudiés |'efficacité in vitro de I'huile d'origan, de I'huile de thym et de
leurs principaux composés phénoliques, contre les souches bactériennes et fongiques associées aux otites
externes canines. Il est supposé que les composés phénoliques principaux auraient une meilleure activité
antimicrobienne en comparaison avec les huiles essentielles.

Matériels et méthodes - La sensibilité antimicrobienne a été testée par microdilution sur plaque pour
déterminer la concentration minimale inhibitrice et les concentrations bactéricides/fongicides (MICs, MBCs
et MFCs). Un test cinétique temps dépendant a été réalisé pour confirmer l'activité antifongique et
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bactéricide des huiles et de leurs constituants phénoliques. Cent souches bactériennes et fongiques ont
été utilisées, comprenant Staphylococcus pseudintermedius sensible a la méticiline (n=10), S. pseudinter-
medius résistante a la méticiline (n = 10), Streptococcus spp. B-hémolytique (n = 20), Pseudomonas aerugi-
nosa (n = 20; comprenant 10 souches résistantes a un ou deux antimicrobiens), Proteus mirabilis (n = 20)
et Malassezia pachydermatis (n = 20) de chiens avec otite externe.

Résultats - L'huile d'origan, I'huile de thym, le carvacrol et le thymol ont montré une activité anti-
bactérienne contre toutes les souches bactériennes et fongiques testées. Les valeurs de MIC90 allant de
0.015 a 0.03% (146-292 ug/mL) pour la bactérie Gram-positive et P. mirabilis. Pour P. aeruginosa et M.
pachydermatis, les valeurs de MIC90 allaient de 0.09 a 0.25% (800-2,292 pg/mL).

Conclusions et importance clinique - L'huile d’origan, de thym, le carvacrol et le thymol ont montré une
bonne activité bactéricide et fongicide contre 100 souches de chiens avec otite externe, comprenant des
souches hautement résistantes. Ces huiles essentielles et leurs constituants phénoliques principaux ont le
potentiel d'étre étudiés in vivo pour le traitement des otites externes canines.

RESUMEN

Introduccion - los patdgenos resistentes a multiples farmacos presentan un reto global importante en la
terapia antimicrobiana y con frecuencia complican la otitis externa en perros.

Hipotesis/Objetivos — Se investigo la eficacia in vitro del aceite de orégano, el aceite de tomillo y sus prin-
cipales componentes fendlicos contra los aislados bacterianos y flingicos asociados con la otitis externa
canina. Se planted la hipdtesis de que los principales componentes fendlicos tendrian una mayor actividad
antimicrobiana en comparacion con el aceite esencial relativo.

Meétodos y materiales - las pruebas de susceptibilidad a los antimicrobianos se realizaron mediante micro-
dilucién en caldo con técnica de cultivo puntual para determinar las concentraciones minimas inhibitorias y
bactericidas/fungicidas (MIC, MBC y MFC). Se realizé un ensayo de cinética de tiempo de destruccion para
confirmar la actividad bactericida y fungicida de los aceites y sus componentes fendlicos. Cien aislados bac-
terianos y fungicos, incluyendo Staphylococcus pseudintermedius susceptible a meticilina (n = 10), S.
pseudintermedius resistente a meticilina (n = 10), Streptococcus sp. B-hemolitico (n = 20), Pseudomonas
aeruginosa (n = 20; incluidos 10 aislamientos resistentes a uno o dos antimicrobianos), Proteus mirabilis (n
=20) y Malassezia pachydermatis (n = 20) de perros con otitis externa.

Resultados - el aceite de orégano, el aceite de tomillo, el carvacrol y el timol exhibieron actividad antibac-
teriana contra todos los aislamientos bacterianos y flngicos probados. Los valores de MICgqq variaron de
0,015 a 0,03% (146-292 pg/mL) para las bacterias Gram-positivas y P. mirabilis. Para P. aeruginosa'y M.
pachydermatis, los valores de MICgqq variaron de 0,09 a 0,25% (800-2,292 ng/mL).

Conclusiones e importancia clinica - el aceite de orégano, el aceite de tomillo, el carvacrol y el timol
mostraron una buena actividad bactericida y fungicida in vitro frente a 100 aislados de perros con otitis
externa, incluidos algunos aislados altamente resistentes a los farmacos. Estos aceites esenciales y sus
principales componentes fendlicos tienen el potencial de ser investigados in vivo para el tratamiento de la
otitis externa canina.

Zusammenfassung

Hintergrund - Multiresistente Pathogene stellen eine grof3e globale Herausforderung bei der antimikrobi-
ellen Therapie dar und verkomplizieren haufig eine Otitis externa von Hunden.

Hypothese/Ziele - Die in vitro Wirksamkeit von Oreganodl, Thymiandl und ihrer hauptsachlichen phenoli-
schen Bestandteile gegen bakterielle und mykologische Isolate, die mit einer Otitis externa im Zusammen-
hang stehen, wurden untersucht. Es wurde die Hypothese aufgestellt, dass die hauptsachlichen Phenol-
Komponenten eine gréRere antimikrobielle Aktivitat im Vergleich zu den relativen essentiellen Olen haben.
Methoden und Materialien - Es wurden Hemmstoffnachweise mittels Mikrodilutionsbouillon mit einer
Spot- Plating Technik durchgefihrt, um eine minimale Hemmstoffkonzentration und bakterielle/fungizide
Konzentrationen (MICs, MBCs und MFCs) zu bestimmen. Ein Time-Kill Kinetik Assay wurde durchgefthrt,
um bakterizide und fungizide Aktivitdten der Ole und ihrer phenolischen Bestandteile zu bestatigen. Es
wurden einhundert bakterielle und mykologische Isolate, inklusive Methicillin-empfindlichem Staphylococ-
cus pseudintermedius (n = 10), Methicillin-resistentem S. pseudintermedius (n = 10), B-hamolytischem
Streptococcus spp. (n = 20), Pseudomonas aeruginosa (n = 20; inklusive 10 Isolaten, die resistent zu einem
oder zwei antimikrobiellen Wirkstoffen waren), Proteus mirabilis (n = 20) und Malassezia pachydermatis (n
=20) von Hunden mit einer Otitis externa verwendet.

Ergebnisse — Oreganodl, Thymianol, Carvacrol und Thymol zeigten eine antibakterielle Aktivitat gegentiber
allen getesteten bakteriellen und mykologischen Isolaten. MICgq Werte reichten von 0,015 bis 0,03% (146-
292 pg/mL) fir Gram-positive Bakterien und P. mirabilis. Fir P. aeruginosa und M. pachydermatis lagen die
MICgo Werte zwischen 0,09 und 0,25% (800-2,292 pg/mL).

Schlussfolgerungen und klinische Bedeutung — Oreganodl, Thymiandl, Carvacrol und Thymol zeigten
eine gute in vitro bakterizide und fungizide Aktivitat gegentiber 100 Isolaten von Hunden mit Otitis externa,
wobei einige hochresistente Isolate dabei waren. Diese essentiellen Ole und ihre hauptséchlichen
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phenolischen Bestandteile haben das Potential in vivo flir die Therapie einer Otitis externa des Hundes wei-
ter untersucht zu werden.
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Resumo

Contexto — Patdgenos multirresistentes representam um grande desafio global na terapia antimicrobiana
e frequentemente complicam otites externas em caes.

Hipé6tese/Objetivos - Investigou-se a eficacia in vitro do dleo de orégano, dleo de tomilho e seus princi-
pais componentes fendlicos contra isolados bacterianos e flingicos associados com otite externa canina. A
hipotese foi de que os principais componentes fendlicos teriam maior atividade antimicrobiana quando
comparados com o dleo essencial relativo.

Meétodos e materiais — Realizou-se teste de suscetibilidade a antimicrobianos utilizando a microdiluigao
em caldo com técnica de plagueamento pontual para determinar a concentragao inibitéria minima e as con-
centragoes bactericidas/fungicidas (MICs, MBCs e MFCs). Um ensaio de cinética de tempo de morte foi
realizado para confirmar a atividade bactericida e fungicida dos dleos e seus componentes fendlicos. Foram
utilizados cem isolados bacterianos e fungicos de caes com otite externa, incluindo Staphylococcus pseu-
dintermedius suscetivel a meticilina (n = 10), S. pseudintermedius resistente a meticilina (n = 10), Strepto-
coccus spp B-hemolitico (n = 20), Pseudomonas aeruginosa (n = 20, incluindo 10 isolados resistentes a um
ou dois antimicrobianos), Proteus mirabilis (n = 20) e Malassezia pachudermatis (n = 20).

Resultados - O dleo de orégano, dleo de tomilho, carvacrol e timol exibiram atividade antimicrobiana con-
tra todos os isolados bacterianos e flngicos testados. Os valores de MICg variaram entre 0,015 e 0,03%
(146-292 pg/mL) para as bactérias Gram-positivas e P. mirabilis. Para P. aeruginosa e M. pachydermatis,
os valores de MIC90 variaram de 0,09 a 0,25% (800-2,292 ug/mL).

Conclusoes e significancia clinica - O 6leo de orégano, dleo de tomilho, carvacrol e timol demonstraram
boa atividade bactericida e fungicida in vitro contra os 100 isolados de caes com otite externa, incluindo iso-
lados altamente multirresistentes. Estes dleos essenciais e seus constituintes fendlicos possuem poten-
cial no tratamento da otite externa canina e devem ser investigados in vivo.

e159 © 2019 ESVD and ACVD, Veterinary Dermatology, 30, 524—159.
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Prevalence of positive reactions in intradermal and IgE serological
allergy tests in dogs from South Australia, and the subsequent
outcome of allergen-specific immunotherapy

C Han, WY Chan 2 and PB Hill*

Objective To determine the prevalence of positive allergen reac-
tions in intradermal and IgE serological tests in dogs presenting to a
dermatology referral centre in South Australia and the clinical effi-
cacy of subsequent allergen-specific immunotherapy.

Design Retrospective study.

Methods Results from 108 intradermal allergy tests, 25 IgE sero-
logical assays and immunotherapy outcomes in 37 dogs were retro-
spectively analysed. Immunotherapy outcomes were determined as
excellent, good, modest or failure using a global assessment of effi-
cacy matrix which incorporated pruritus scores, lesion severity, medi-
cation requirements, and owner and clinician opinion.

Results The most common positive reactions in intradermal
allergy tests were Red clover (59%), Dermatophagoides farinae
(29%), Tyrophagus putrescentiae (28%), Yellow dock (25%) and
Malassezia pachydermatis (24%). In the IgE serological tests, York-
shire fog grass (40%), Yellow dock (36%), Kentucky bluegrass (36%)
and T. putrescentiae (36%) were the most commonly reported posi-
tive results. The outcome of allergen-specific immunotherapy was
judged to be excellent in 20% of dogs, good in 15%, modest in 18%
and a failure in 47%.

Conclusion As has been reported in other geographical areas,
environmental mites and plant pollens frequently gave positive
reactions in allergy tests in South Australia. However, the preva-
lence of individual allergen reactions differed between intrader-
mal and IgE serological tests, with M. pachydermatis being
identified as a common cause of hypersensitivity in intradermal
tests but not in IgE serological assays. Immunotherapy was
judged to be a beneficial treatment in 35% of dogs but was
essentially unsuccessful in 65%.

Keywords allergy; dog; IgE; immunotherapy; intradermal; South
Australia

Aust Vet J 2019 doi: 10.1111/avj.12892

( : anine atopic dermatitis is a genetically predisposed inflam-
matory and pruritic allergic skin disease, with characteristic
clinical features that is associated most commonly with IgE

antibodies to environmental allergens." A tentative diagnosis of

atopic dermatitis can be made based on the presence of typical his-
torical and clinical features, and after other similar pruritic dermato-

ses have been ruled out> Allergy tests can be used to demonstrate
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South Australia, 5371, Australia; p.hill@adelaide.edu.au
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IgE-mediated hypersensitivity and are used to identify offending
allergens for allergen-specific immunotherapy.>*

Intradermal allergy testing and IgE serological testing are the two
most common ways of detecting allergen sensitivity in dogs. Many
clinicians prefer intradermal testing, as it has been used extensively
for many decades and directly assesses the skin, the target organ of
the disease, and its physiological response to allergens.” Intradermal
testing is optimised by using allergens specific to the regional loca-
tion of the patient and more accurate results are obtained when indi-
vidual allergen extracts are used.” IgE serological assays involve
ELISA based technologies to detect circulating IgE.® Despite some
disagreement between intradermal and IgE serological tests,’ studies
have found no significant difference in the results of allergen-specific
immunotherapy prescribed based on intradermal tests or IgE sero-
logical assays.”

Allergen-specific immunotherapy has been used to treat allergic dogs
since the first reported successful treatment in 1941,° with varying
degrees of success described in the literature. Currently, it is indi-
cated in dogs with a definitive diagnosis of atopic dermatitis in
which allergen sensitivity has been defined by intradermal or IgE
serological tests.” It is currently the only therapy that can prevent
further development of the disease, offer long-term remission and
low ongoing treatment frequency to patients.”

The purpose of this study was to determine the prevalence of posi-
tive allergen reactions in dogs presenting to the Companion Animal
Health Centre at the University of Adelaide’s School of Animal and
Veterinary Sciences in South Australia, from both intradermal and
IgE serological tests. The clinical efficacy of subsequent allergen-
specific immunotherapy was also evaluated.

Materials and methods

Data collection and study design

In this retrospective study, data were obtained from the Cornerstone
practice management software used by the Companion Animal
Health Centre at the University of Adelaide (South Australia).
Records between 2011 and mid-2017 from dogs that underwent
intradermal or IgE serological tests, and those that had been pre-
scribed immunotherapy, were selected for analysis.

Intradermal allergy test

Intradermal allergy tests were performed in 108 dogs (60 males and
48 females) at various ages ranging from 7 months to 9 years
(median of 2). The intradermal allergy test comprised 60 allergens,
made up of 3 mites, 5 insects, 18 trees, 15 grasses, 13 weeds,
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Table 1. Allergens included in the intradermal and IgE serological tests,
and the prevalence of positive reactions

Allergen Intradermal test IgE serological test
prevalence prevalence
(%) (n = 108) (%) (n = 25)
Mites
Dermatophagoides 29 24
farinae
Dermatophagoides 21 20
pteronyssinus
Tyrophagus 28 36
putrescentiae
Insects
Ctenocephalides felis 6 8

Insect mix (house fly,
moth, cockroach,

mosquito)

Cockroach mix 6 8
Mosquito

Ant 13 16

Trees

Wattle 6 24
Casuarina 7 28
Eucalyptus 6 8
Melaleuca 12 20
Privet 6 16
Birch 5 8
Chinese elm 7 12
Pine mix 4 16
Red oak 4 16
Olive 5 20
Palm 7

Peppercorn 10

Black willow 10 8
Plane tree 5 12
Maple 16 24
Silver poplar 7 16
Liquidamber 5 12
Cypress 5 4

Grasses

Cocksfoot grass 17

Couch 13 32
Kentucky bluegrass 12 36
Johnson grass 12 32
Perennial ryegrass 13 28
Paspalum 8 28
Canary grass 14 32
Yorkshire fog 8 40
Brome grass 17 32
Sweet vernal 19 28
Timothy grass 18 28
Bent grass 10 28
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Table 1. Continued

Allergen Intradermal test IgE serological test
prevalence prevalence
(%) (n = 108) (%) (n = 25)
Wheat 7
Oat 8
Alfalfa 5
Weeds
Kochia 15
Lamb’s tongue 10 16
Fat hen 15 20
Ragweed 10 24
Rough pigweed 16 28
Sheep sorrel 12 28
Yellow dock 25 36
Red clover 59
Dandelion 13 20
Daisy 13 12
Mugwort 6 12
Tobacco 4
Dog fennel 8
Mustard weed 20
Moulds
Alternaria tenuis 4 4
Aspergillus mix 5 0
Cladosporidium 5 0
herbarum
Penicillium mix 5 0
Other
Mixed feathers 2
Malassezia 24 0
pachydermatis

4 moulds, 1 feather and 1 yeast (Table 1). Allergens were imported
from Greer (Lenoir, NC, USA) and purchased from Dermcare
(Slacks Creek, Queensland, Australia). Histamine was used as a posi-
tive control at 0.0275 mg/mL and saline as a negative control. All
allergens were tested at a concentration of 1000 PNU/mL except for
the mites (1:2000 w/v); flea, ant and tobacco (1:1000 w/v); insect mix
(400 PNU/mL); and cypress (1:400 w/v). Appropriate drug with-
drawal times were applied before testing. Reactions were subjectively
graded from 0 to 5 by comparing the size and erythema of the wheal
to histamine, which was arbitrarily assigned a score of 4. Only imme-
diate reactions (within 25 min of allergen injection) were recorded.
Any reaction of 2 or greater was considered to be a positive reaction.

IgE serological test

IgE serological tests were performed in 25 dogs (14 males and
11 females) at various ages ranging from 8 months to 9 years (median
of 2). Sixteen of these dogs had also undergone intradermal allergy
testing. The remaining nine dogs only had the IgE serological test. IgE
serological testing was undertaken in preference to intradermal testing
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for several reasons, including owner preference, an inability to return
to the clinic for the skin test, an aversion to clipping of the hair coat,
concerns over sedation, or active skin disease over the testing site. IgE
serological testing was performed using the Heska Allercept test
(Heska, Loveland, CO, USA) and performed by Gribbles Veterinary
Pathology (Glenside, South Australia, Australia). The test comprised
48 allergens made up of 6 mites/insects, 16 trees, 11 grasses, 10 weeds
and 5 moulds/yeasts (Table 1). From 2011 until 2014, the reactions
were graded using ELISA Absorbance units in which a result of 150 or
greater was considered positive. From 2015 onwards, the test was
measured using Heska IgE Receptor Binding Units and a result of
10 or greater is considered positive.

Allergen-specific inmunotherapy

Allergen-specific immunotherapy was prescribed to 37 dogs (17 males
and 20 females) based on the results of the allergy tests. All of these
dogs had undergone an intradermal test, but four dogs had also had
an IgE serological test. No dogs were prescribed immunotherapy on
the basis of an IgE test alone. Reasons for immunotherapy not being
pursued included a negative allergy test, the typical slow rate of onset,
the reported success rate, the cost of the treatment, the owner not
wishing to inject their own dog, or a preference to try alternative ther-
apies. Immunotherapy vials were formulated by Dermcare (Slacks
Creek, Queensland, Australia) at a concentration of 15,000 PNU/mL.
If 15 or fewer positive reactions were observed, all allergens were
included in the treatment set. If more than 15 positive reactions were
observed, 15 allergens were selected based on a subjective assessment
of likely exposure, perceived relevance and potential cross reactivity
between allergen groups. Immunotherapy was administered by subcu-
taneous injection by the owners following a standard schedule. Briefly,
dogs were given gradually increasing doses of the allergen extract over
a 22 day period, followed by administration of a full 1 mL dose every
week for 3 doses, every 2 weeks for 3 doses and then every 3 weeks on
a continuing basis. Dogs were evaluated after 3 and 9 months of treat-
ment, and then at 8-12 month intervals (see Al for dosage schedule).

SMALL ANIMALS

Assessment of treatment outcomes

The outcome of immunotherapy was determined using a global
assessment of efficacy matrix (Table 2). This incorporated a collec-
tive assessment of multiple parameters, including pruritus score,
lesion severity, requirement for additional medications and owner’s
and clinician’s opinions. Due to case-to-case variation in the various
parameters, the column descriptions were not applied rigorously, but
were used as a guide to aid classification of a patient into one of four
treatment responses (excellent, good, modest, none). In other words,
a case had to meet the majority, but not all, of the criteria within a
particular row to be classified as one of the treatment outcomes.
However, ongoing requirement for anti-pruritic
prevented a dog from being classified as a good or excellent
response. This method of assessment was deemed most appropriate
for a retrospective study of this type of treatment in which data have
to be extracted from medical records and other modalities are typi-
cally used concurrently. Categorisation of each dog into one of the
four treatment outcomes was performed independently by two of
the authors (C. Han and P.B. Hill). In the case of any disagreements,
the cases were further discussed until agreement was reached. Cases
needed to have been on immunotherapy for at least 9 months to be
judged as a success or a failure, unless the treatment had been
stopped by the owner due to perceived lack of efficacy or the occur-
rence of adverse reactions prior to this. Analysis of the final outcome
was undertaken in three different ways in relation to these with-
drawals - as treatment failures, as potential treatment successes, or
with withdrawn cases removed from the analysis altogether.

medications

Statistical analysis

Descriptive and analytical statistics were computed using Microsoft
Excel and GraphPad prism. Prevalences of positive reactions were
reported for allergy test results, and Fisher’s exact test was used to
compare age, sex and desexing status of dogs that received immuno-
therapy. A Kruskal Wallis test was used to compare the number of
allergens used to treat dogs with different treatment outcomes.

Table 2. Global assessment of efficacy matrix: Outcomes of immunotherapy were classified into excellent, good, modest or failure based on pruri-
tus level, pruritus score, skin lesions, requirement for concurrent medications and the owner and clinician’s opinions of the dog’s response to

treatment
Treatment Subjective Pruritus Skin lesions Concurrent Owner’s Clinician’s
outcome pruritus score medications opinion opinion
level
Excellent None 0-2 None or very No other Very Excellent response
mild medications satisfied
Good Mild 2-4 Mild, but may Reduced but Satisfied Good response
have some still needed
had some flares
Modest Only slight 4-6 Moderate Ongoing for Unsure of Minimal response
reduction lesions control of signs benefit but may be
worth
continuing
Failure Unchanged Unchanged Unchanged Unchanged No benefit Poor response and
should stop
treatment

© 2019 Australian Veterinary Association
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Figure 1. The number of positive reactions for
each allergen in the 108 intradermal tests. The
reactions were scored from 0-5 subjectively by
comparison to the histamine reaction, which was
arbitrarily assigned a score of 4. Blue represents a
score of 2, orange a score of 3, grey a score of
4 and yellow a score of 5. DF, Dermatophagoides
farinae; TP, Tyrophagus putrescentiae; DP,
Dermatophagoides pteronyssinus.
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Figure 2. The number of positive reac- S —

tions for each allergen in the 25 IgE
serological tests. DF, Dermatophagoides
farinae; TP, Tyrophagus putrescentiae;
DP, Dermatophagoides pteronyssinus.
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Results

Of the 108 intradermal tests performed, 22 were negative and 86 were
positive to at least one allergen (80%). Of the 25 IgE serological tests per-
formed, 7 were negative and 18 were positive to at least one allergen
(68%). The number of positive reactions seen for each allergen in the
86 positive intradermal tests and the 18 positive IgE serological tests is
shown in Figures 1 and 2, respectively. To allow direct comparison, the
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N

4 6 8 10 12
Number of positive results

prevalence of positive reactions in the two tests is shown in Table 1. In
the intradermal tests, the five most commonly reacting allergens were
Red clover (positive in 64 tests, prevalence of 59%), Dermatophagoides
farinae (n = 31, 29%), Tyrophagus putrescentiae (n = 30, 28%), Yellow
dock (n = 27, 25%) and Malassezia pachydermatis (n = 26, 24%). Other
allergens with a prevalence of positive reactions over 15% included
Dermatophagoides pteronyssinus, sweet vernal grass, timothy grass,
cocksfoot grass, brome grass, maple and rough pigweed. At least one
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Table 3. Outcome of allergen-specific immunotherapy in 34 dogs

Dog Age Sex Breed Pruritus ~ Skin Concurrent Clinician’s Owner's Comment
score lesions medications opinion opinion
1 2 FS Great Dane 3 Very mild None Excellent Very satisfied  No requirement for prednisolone and skin appeared virtually
normal
2 5 FS EBT 2 Very mild None Excellent Very satisfied  No requirement for Apoquel
3 1 FS SBT 2 Very mild None Excellent Very satisfied ~ Skin appeared virtually normal, and no requirement for ongoing
Apoquel
4 1 FS Rottweiler 0 None None Excellent Very satisfied  Dog appeared normal
5 2 MN Border Terrier 0 Very mild None Excellent Very satisfied  Dog appeared normal
6 1 MNGSD 3 Very mild None Excellent Very satisfied ~ Dramatic improvement in pruritus scores and overall skin
condition
7 4 FS Shih Tzu 0 None None Excellent Very satisfied ~ Owner considers the dog to be essentially normal
8 1 MN Brittany Spaniel 2-3 None Occasional antihistamine Good Satisfied Skin appeared virtually normal, and no requirement for ongoing
prednisolone
9 3 MNSBT 3 Mild Mometasone cream Good Satisfied Owner happy with pruritus level, but still some active dermatitis
10 1 FS Lab 2-4 None Apoquel every 2-3 days Good Satisfied Overall improvement but still needs Apoquel every 2-3 days
11 2 MNBull Mastiff 3 Mild Occasional antibiotics Good Satisfied AD controlled but still suffered intermittent folliculitis
12 4 FS Border Terrier 2 Mild Occasional ear drops Good Satisfied Occasional flare
13 4 M American Bulldog 1-5 Moderate Mometasone cream/ Modest  Unsure of Waxing and waning with intermittent flares and recurrent
antibiotics benefit furunculosis
14 5 MN Dalmation 4 Mild Apoquel Modest  Unsure of Owner thought there had been an improvement but still
benefit required daily Apoquel
15 3 FS Golden Retriever  2-4 Moderate Prednisolone Modest  Unsure of Response was variable with multiple flares
benefit
16 6 FS Boxer 3-6 Moderate Prednisolone/antibiotics Modest  Unsure of Multiple flares requiring prednisolone
benefit
177 1 FS BT N/R Moderate Mometasone/prednisolone Modest  Unsure of Owner considered good improvement but still active skin
benefit disease and recurrent Malassezia dermatitis
18 6 FS Kelpie 4-6 Moderate Cortavance Modest  Unsure of Owner considered skin disease better than before
benefit immunotherapy, but pruritus scores still high
19 4 MNGSD 5 Mild Prednisolone None No benefit No change in prednisolone requirement
20 1 MNDobermann 5-6 Moderate Prednisolone/Mometasone None No benefit Still required daily prednisolone
21 2 FS Mastiff 3-6 Mild Apoquel None No benefit Still required daily Apoquel
22 2 FS SBT 2-3 Moderate Apoquel None No benefit Dog was never very pruritic but continued to get recurrent
pyoderma. Eventually controlled with Apoquel
23 2 FS Boxer 5-7 Mild Prednisolone/Apoquel None No benefit Relapsed when not on prednisolone or Apoquel
24 1 FS Boxer 3-6 Moderate Apoquel None No benefit Relapsed when not on Apoquel
25 1 MNIrish Wolfhound 3-5 Moderate Apoquel None No benefit Relapsed when not on Apoquel
26 7 MNRhodesian 5 Moderate Prednisolone None No benefit Owner discontinued immunotherapy with no follow up
Ridgeback
27 3 MNRottweiler 6.5 Moderate Prednisolone None No benefit Relapsed when not on daily prednisolone
28 2 FS SBT 35 Mild Unknown None No benefit Owner discontinued immunotherapy with no follow up
29 4 MNPoodle 2-3 Mild Apoquel None No benefit Relapsed when not on prednisolone or Apoquel
30 1 FS Labrador 4-8 Moderate Prednisolone/Apoquel None No benefit Still required daily prednisolone or Apoquel
31 4 FS Lab 6 None Prednisolone None No benefit Discontinued due to high pruritus score and prednisolone
requirement
32 2 MNBeagle 5-6 Mild None None No benefit Owner discontinued treatment due to high pruritus scores
33 6 FS SBT N/R Moderate Prednisolone None No benefit Immunotherapy stopped due to swelling of neck after first few
injections, with no follow up
34 6 MNLab N/R Moderate Prednisolone None No benefit Owner discontinued immunotherapy with no follow up

The cases were assessed using the global assessment of efficacy matrix shown in Table 2. AD, atopic dermatitis; BT, bull terrier; EBT, english bull
terrier; FS, female spayed; GSD, German shepherd dog; MN, male neutered; N/R, not recorded; SBT, staffordshire Bull terrier.

positive reaction was observed for all 60 allergens, albeit in some cases
in a very small number of tests. The number of positive reactions in an

individual dog ranged from 1 to 47 with a median of 5.
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In the IgE serological tests, the four most commonly reacting allergens
were Yorkshire fog grass (positive in 10 tests, 40%), T. putrescentiae

(n =9, 36%), Kentucky bluegrass (n = 9, 36%) and Yellow dock (n =9,
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36%). Twenty-eight other allergens had a prevalence of positive
reactions over 15%. M. pachydermatis, Penicillium, Aspergillus and
Cladosporidium had no positive results in any dogs tested. The number
of positive reactions in an individual dog ranged from 1 to 40, with a
median of 9.

Of the 37 dogs that were prescribed immunotherapy, three could not
have their treatment efficacy assessed because they had not yet
shown a beneficial response but had only been on treatment for
3 months at the time of the study. Four dogs failed to return for their
first scheduled evaluation and the immunotherapy was discontinued.
One owner discontinued the treatment due to an adverse reaction
(swelling of the neck after the first few injections). For the data set of
34 cases, if the five withdrawals were classified as treatment failures,
the outcome of immunotherapy was judged to be excellent in 20% of
dogs, good in 15%, modest in 18% and a failure in 47% (Figure 3). If
the five withdrawals had continued with the treatment, and their
final outcomes were eventually good or excellent, the failure rate
would have been 32% and the success rate would have been 50%. If
these dogs were left out of the analysis altogether, there would have
been a 38% failure rate and a 41% chance of a good or excellent
outcome.

The number of allergens included in an immunotherapy vaccine had
no significant effect on the outcome (Kruskal Wallis, P = 0.7). 81%
of dogs had their immunotherapy started at 4 years of age or youn-
ger, but there was no significant difference in efficacy between these
dogs and those that were started later (P = 0.37). Likewise, there
were no significant differences in efficacy between males and females
(P >0.99), and between entire and desexed dogs (P = 0.47). How-
ever, these results should be interpreted with caution because the

m Failure m Modest m Good = Excellent

Figure 3. The percentage of 34 dogs with outcomes of excellent, good,
modest or failure in response to treatment with immunotherapy. Out-
comes of immunotherapy were categorised based on a global assess-
ment of efficacy matrix (Tables 2 and 3).

© 2019 Australian Veterinary Association

SMALL ANIMALS

low numbers of patients may not have yielded sufficient power to
demonstrate statistically significant differences.

Discussion

In this study, household environmental mites, certain grass and weed
pollens, and M. pachydermatis were shown to be the most relevant
allergens in dogs with atopic dermatitis in South Australia. When
comparing the two different testing methodologies (intradermal
allergy testing and IgE serological assay), the prevalence of positive
reactions to the environmental mites (D. farinae, D. pteronyssinus
and Tyrophagus putresceantiae) were very similar in the two tests
and in the region of 20%-30%. On a worldwide basis, dust mites and
food storage mites are reported as very common allergens in canine
atopic dermatitis with prevalence rates for positive reactions ranging
from 14%-34% (South Eastern Australia),'® 38% (Norway),"" 42%-
49% (UK),”* 55% (France),” 54%-64% (Japan),'* 61%-63%
(Korea),'>'® 53%-70% (Greece),” 53%-74% (Thailand),'® and 71%
in the USA." The lower prevalence rates reported in this and the
other Australian study may relate to the more rural lifestyle observed
by dogs in some parts of the country.

The prevalence of positive reactions to grass, tree and weed pollen
was generally higher in the IgE serological test compared to the
intradermal test. In the intradermal test, tree pollens were typically
positive in about 5%-10% of dogs, and grass and weed pollens were
positive in about 10%-20% of dogs. In the IgE test, tree pollens were
typically positive in 10%-25% of dogs with grasses and weeds yield-
ing positive reactions in about 25%-30% of cases. The reason for this
discrepancy is not known but it is accepted that intradermal testing
and IgE serology do not correlate precisely.’*>> However, whether
the intradermal test is under-recognising pollen allergies (low sensi-
tivity leading to false negative reactions) or the IgE assay is over-
reporting pollen allergies (poor specificity leading to false positive
reactions) is not known. One possibility for the lower rate of positive
pollen reactions in the intradermal test could relate to the concentra-
tion of allergen used. Intradermal allergy testing is not a standardised
procedure and different concentrations of allergens are reported by
different authors. We used a concentration of 1000 PNU/mL for pol-
len allergens as recommended by the manufacturer, but other
authors have reported concentrations as low as 500 PNU/mL."
Studies to assess irritant thresholds of allergens in normal dogs have
reported tolerable concentrations of up to 8000 PNU/mL for certain
allergens in one study” but the validity of this methodology was
questioned in a subsequent publication.** However, It is possible that
use of a higher allergen concentration may have yielded more posi-
tive pollen reactions. Yellow dock was the only pollen allergen that
appeared in the top four reactions in both the intradermal test
(fourth most prevalent reaction) and the IgE assay (second most
prevalent reaction), confirming its importance as a major allergen in
South Australia.

A major exception to these general findings was the high prevalence
of positive reactions to Red clover in this study. 59% of dogs had a
positive reaction to this allergen in the intradermal test, the highest
in the set of 60. This allergen has not been widely reported in previ-
ous studies so direct comparison is not possible, but 10% of dogs
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reacted to it in London and 5% in Edinburgh.'” A number of possi-
ble explanations could account for this high rate of positivity. First,
it could represent genuinely high rates of hypersensitivity to this
allergen in South Australian dogs. Clovers are common in lawns and
pastures® so there is ample opportunity for exposure. Also, Red
clover is known not to cross-react with other weed allergens so
mono-sensitisation would be more common than with other weeds.*®
Second, it could represent a high rate of false positive reactions in
which an irritant component of the extract is able to elicit a wheal
reaction in non-allergic dogs. This appears unlikely as nearly 40% of
dogs did not show a reaction, and the phenomenon occurred over
multiple batches of the allergen. A third possibility is that these are
clinically irrelevant reactions that are still mediated by an IgE reaction
but do not necessarily account for the dog’s clinical signs. Unfortu-
nately, this uncertainty cannot be resolved due to the lack of compara-
tive data, and the absence of Red clover from the IgE serological test.

An important finding in this study that was not seen in most other
studies of this type is the high prevalence of positive reactions to the
commensal yeast M. pachydermatis. The immunological relevance of
this yeast has only been recognised over the last 20 years®”** and it
has only been available as a commercially available allergen for part
of that time. Malassezia was not included as an allergen in most of
the reported studies because they pre-dated its availability.'”"
Despite this, it clearly represents a major allergen in dogs with atopic
dermatitis, being positive in 24% of intradermal tests in this study. It
also resulted in some of the strongest positive reactions, with many
tests being scored as a 5 (meaning that the wheal size exceeded that
of the positive control). The lack of positive reactions in the IgE
serological assay is surprising, but this could simply be a quirk of the
lower numbers tested. Other studies have reported positive serologi-
cal reactions to the yeast in atopic dogs,”” and immunotherapy
against the organism has now been reported.”

The outcomes of allergen-specific immunotherapy reported in this
study appear slightly less favourable than those previously reported.
Only 35% of dogs were judged to have had a good or excellent
response and 47% were considered failures. However, we did include
5 dogs in the failure group that had immunotherapy discontinued by
their owners without veterinary input. It is possible that some of
these might have improved if the treatment had been continued for
longer. Our rationale for counting these dogs as failures was to allow
a realistic overall impression of this type of treatment to be
established. Despite initial counselling and guidance, some owners
may discontinue this type of therapy because they perceive it is not
working, is causing adverse effects, or is simply not appropriate for
their needs. These owners are likely to consider the treatment a fail-
ure. In previous studies, success rates of 60%-75% are typically
reported.’*’! However, the lower success rate in our study can likely
be explained by the group of cases referred to as ‘modest’ responses.
The 18% of dogs in this category did appear to gain some degree of
benefit from the treatment according to the owners, but it was not
sufficient to permit other forms of treatment to be significantly
reduced. Some of the apparent benefit could have been due to pla-
cebo effects because the only placebo controlled study to investigate
the efficacy of immunotherapy reported that 20% of dogs receiving
placebo injections improved by more than 50%.*° In terms of out-
lining realistic expectations for an owner, the authors do not believe
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that dogs in this group could be reasonably described as a meaning-
ful success. Using this interpretation, we concluded that 65% of dogs
did not gain great benefit from the treatment. However, other
authors have interpreted these sub-optimal responses differently. For
example, in one study,” the 20% of dogs that showed less than a
50% improvement were classified as having a ‘moderate’ improve-
ment and were still judged a success, even though some of these dogs
may have improved by only 10%. In another study, this group of
dogs, representing 40% of the total, were classified as ‘partial’
responders (defined as being controlled but only with the use of con-
current systemic agents).”> A further study defined a ‘moderate’
response as a minor improvement but the level of medication could
not be decreased. Again, 20% of the dogs fell into this group. In each
of these studies, a group of dogs with potentially very marginal
improvements were being classified as having a moderate outcome,
and hence a treatment success. Our results are most comparable to
the study by Colombo,*® which reported an excellent response in
22% of dogs, a measurable improvement in 22% of dogs, but no
improvement in 56% of dogs.

In this study, we chose an end point at 9 months because this is
when dogs came for re-evaluation after finishing their induction and
initial course of maintenance vaccines. Many dermatologists assess
the efficacy of immunotherapy after a 12 month period, but there is
no scientific evidence as to why this should be the case. To the
authors’ knowledge, there is no reliable evidence that documents a
cohort of dogs who improved dramatically between 9-12 months of
treatment. There is also no sound immunological theory as to why
an improvement would take 9 months to commence. As such, we do
not believe that the outcomes of immunotherapy would have been
significantly improved if the study had continued for 12 months.
However, this cannot be proven one way or the other with the data
generated in this study.

In conclusion, this study has revealed Red clover, environmental
mites, Yellow dock, Yorkshire fog, Kentucky bluegrass and
M. pachydermatis to be the most prevalent reactions in allergy tests
in dogs in South Australia. Immunotherapy proved to be a successful
treatment in 35% of dogs in which it was used.
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