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Enrofloxacin and doxycycline are two of the most frequently used antibacterial agents
in the veterinary practice. Enrofloxacin exhibits bactericidal activity especially against Gram-
negative bacteria, while doxycycline demonstrates only bacteriostatic effect and is the drug of
choice for treating intracellular bacteria, Ehrlichia canis (E. canis) in particular. On the occasion of
Gram-negative bacteria and E. canis co-infection, using enrofloxacin in combination with
doxycycline is inevitable. Theoretically, the antagonism between bactericidal and bacteriostatic
agents has been well established. However, the drug interaction between enrofloxacin and
doxycycline has not been yet identified especially against a common pathogen, Escherichia coli
(E. coli). Therefore, the objective of this study was to compare in vitro killing activities and times
of enrofloxacin alone to its combination with doxycycline, against ten E. coli isolates derived
from dogs and cats using time-kill curves. The combinations were tested into two ways -
simultaneous and separated combinations (12-hour interval). The results showed that
enrofloxacin alone could kill £. coli best with a log reduction of 3.96+0.49 (97.96-100.00% kill)
within two hours, followed by the simultaneous combination with a log reduction of 3.78+0.37
(98.73-100.00% kill) within six hours, and the separated combination with a log reduction of
3.51+0.47 (99.19-100.00% kill) after 12 hours of enrofloxacin exposure. Moreover, when
comparing time to 3 log reduction (T3K), the separated combination killed E. coli significantly
slower than that of enrofloxacin alone (8.04+0.94 Vs 2.47+0.40 hours, P<0.05), which was
consistent with the results of time to elimination (TE) (14.97+1.35 Vs 5.83+0.58
hours, P<0.05). From this study, it can be concluded that the killing activity of enrofloxacin is
reduced and delayed especially by the presence of doxycycline 12 hours prior to enrofloxacin.
The findings in this study can be applied to predicting clinical outcomes from the use of
enrofloxacin and doxycycline combination and to studying more about drug interaction between

these two classes of antibacterial drugs in the future.
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CHAPTER |

INTRODUCTION

Importance and Rationale

Nowadays, antibacterial agents have been widely used in both companion
(Watson and Maddison, 2001; Guardabassi and Prescott, 2015) and food animals
(McEwen and Fedorka-Cray, 2002). One of the most frequently used groups of
antibacterials is fluoroquinolones (Escher et al.,, 2011). This group of antibacterial
agents acts by inhibiting DNA replication of bacterial cells (Schmitz et al., 2002),
leading to bacterial cell death (bactericidal activity). As a veterinary approved drug,
enrofloxacin is the most prescribed fluoroquinolone for treating bacterial infections in
companion animals (Wayne et al., 2011). It exhibits a broad spectrum activity,
particularly against Gram-negative bacteria (Watson and Maddison, 2001; Boothe,
2012). Another group of antibacterial drugs frequently selected is tetracyclines, which
can inhibit bacterial protein synthesis and in turn inhibits bacterial growth by keeping
bacterial cells in the stationary phase (bacteriostatic activity). Tetracyclines has a
broad spectrum of activity covering various types of microbes, mainly Gram positive
bacteria and rickettsia (MacDougall and Chambers, 2011; Boothe, 2012). The most

chosen drug in this group is doxycycline, mainly to treat intracellular bacterial



infections especially Ehrlichia canis (E. canis) (Riviere and Papich, 2009; Wayne et al.,
2011)

In fact, an infection in companion animals can be caused by more than one
type of microbes (polymicrobial infection), and only one antibacterial drug may not
be effective for all types of the infectious agents. Therefore, combination
antibacterial therapy should be considered applying (Gumbo, 2011), and thus drug
interaction must be concerned. The general principle of combination antibacterial
therapy is that drug interaction resulting in synergism or addition and avoidance of
antagonism should be achieved. In doing so, bacteriostatic agents such as
tetracyclines, phenicols, and macrolides should not be used together with
bactericidal drugs like beta-lactams and fluoroquinolones because the killing
mechanisms of the latter drugs depend on the bacterial growth. If bacteria is
inhibited by a bacteriostatic agent or kept in the stationary phase, the killing activity
of a bactericidal drug will be diminished (Jawetz and Gunnison, 1953; Jawetz et al.,
1954; Martinez et al., 2006; Boothe, 2012; Podos et al., 2012).

In the general veterinary practice, E. canis infection can be found along with
Gram-negative bacterial infection like E. coli, partly due to the tropical climate in
Thailand supporting microbial growth (Kelly, 2000; Normand et al., 2000; Neer et al.,
2002; Ariyawutthiphan et al., 2005). Hence, when the polymicrobial infection occurs,
the use of enrofloxacin in combination with doxycycline is inevitable, which

contradicts the principle of combination antibacterial therapy previously mentioned.



However, to the best of our knowledge, no research has been carried out to
identify drug interaction between these two drugs against £. coli. So, the researchers
are interested in studying the drug interaction between enrofloxacin and doxycycline
by using E. coli, a common pathogen causing problems in both humans and animals,
as a model (Sanchez et al., 2002; Belanger et al., 2011). The purpose of this study
was to evaluate in vitro killing activities and in vitro killing times based on the
hypothesis that doxycycline could antagonize the killing activity of enrofloxacin. The
results from this study may shed light on the drug interaction between enrofloxacin
and doxycycline and provide scientific information for combination antibacterial

therapy in the general veterinary practice and for further studies on drug interactions.

Objectives
1. To compare in vitro killing activities (bactericidal activities) of enrofloxacin
alone and in combination with doxycycline against £. coli isolated from dogs
and cats.
2. To compare in vitro killing times of enrofloxacin alone and in combination

with doxycycline against E. coli isolated from dogs and cats.
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Keywords (English) : cats, dogs, doxycycline, drug interaction, E. coli, enrofloxacin, in

vitro killing

Research Questions
1. Does in vitro killing activity (bactericidal activity) of enrofloxacin alone differ
from that of its combination with doxycycline against E. coli?
2. Does in vitro killing time of enrofloxacin alone differ from that of its

combination with doxycycline against £. coli?

Hypotheses
1. In vitro killing activity (bactericidal activity) against E. coli of enrofloxacin
alone is greater than that of its combination with doxycycline
2. In vitro killing time against E. coli of enrofloxacin alone is shorter than that

of its combination with doxycycline.



Merits, Significance and Implications

1. The obtained results will provide us with information on in vitro killing
activities (bactericidal activity) of enrofloxacin, when used alone and in
combination with doxycycline, against E. coli isolated from dogs and cats in
order to assess drug interaction and predict clinical outcomes that may
occur.

2. The collected data will give us the information about in vitro killing times of
enrofloxacin, when used alone and in combination with doxycycline, against
E. coli isolated from dogs and cats so as to evaluate possible drug
interaction which is useful for those studying the mechanisms of drug

interaction between antibacterial drugs.



CHAPTER Il

LITERATURE REVIEW

Enrofloxacin

Enrofloxacin is a first-generation fluoroquinolone with high lipid solubility
(Lizondo et al., 1997). Fluoroquinolones (FQs) can act by directly inhibiting two
enzymes crucial to the DNA replication. The first target enzyme is DNA gyrase, which
is an important target for FQs in Gram-negative bacteria. When DNA gyrase is bound
by FQs, the movement of DNA through the replication process is blocked in a
supercoiling state. The second target for FQs is topoisomerase IV, an important
enzyme for FQs in Gram-positive bacteria. When this enzyme is compromised by FQs,
daughter chromosomes produced by a round of replication are unable to separate
from each other. Either way, the result is the formation of FQs-topoisomerase-DNA
complexes which provide only bacteriostatic activity at a low concentration (Drlica et
al,, 2008). More importantly, if such formation continues especially at a higher
concentration, it will cause chromosome fragmentation and the accumulation of
reactive oxygen species (ROS) through Fenton reaction, leading to rapid bacterial cell
death (bactericidal activity) (Schmitz et al., 2002; Kohanski et al., 2010; Wang et al.,

2010). If the FQs concentration in the blood increases, the bactericidal activity will be



also enhanced (concentration-dependent activity), which is probably due to the
more numbers of topoisomerase molecules being interfered by FQs. Moreover, with
an increased level of FQs, the period of inhibiting bacterial growth when the drug
concentration is below minimum inhibitory concentration (MIC) (post antibiotic effect,
PAE) is also extended, making dosing interval longer (Wetzstein and Trenti, 1994;
Carbone et al., 2001; Martinez et al., 2006; Boothe, 2012).

Based on pharmacokinetic study, enrofloxacin could be well absorbed
through the gastrointestinal tract and partially metabolized by de-ethylation into an
active metabolite, ciprofloxacin, up to 40% of the total drug concentration (Cester
and Toutain, 1997). As a result, a success in clinical treatments would be due to the
additive effect between enrofloxacin and ciprofloxacin (Blondeau et al., 2012).

As a fluoroguinolone, not only does enrofloxacin use both a porin- and a
lipid-mediated pathways to enter bacterial cells, but also utilizes self-promoted
uptake pathway to increase its penetration as aminoglycosides and polymyxin B do
(Chapman and Georgopapadakou, 1988; Delcour, 2009). In terms of antibacterial
activity, enrofloxacin has been considered broad spectrum against Gram-negative
bacteria such as E. coli, Pasteurella spp. Klebsiella spp., Proteus mirabilis,
Campylobacter spp., Vibrio spp. and Pseudomonas aeruginosa, but limited spectrum
against Gram-positive bacteria like Staphylococcus spp. and Corynebacterium spp..
Unfortunately, enrofloxacin is ineffective against anaerobic bacteria (Ihrke et al., 1999;

Watson and Maddison, 2001; Prescott et al, 2002; Boothe, 2012). Moreover,



enrofloxacin can be used to treat many infections caused by some intracellular
pathogens such as Chlamydia psittaci, Haemobartonella felis, Leishmania infant,
and Mycoplasma gallisepticum, but it is ineffective against E. canis (Butaye et al.,
1997; Barbour et al., 1998; Neer et al.,, 1999; Dowers et al., 2002; Bianciardi et al.,

2004)

Doxycycline

Doxycycline is a long-acting semi-synthetic tetracycline with high lipid
solubility (Riviere and Papich, 2009). Tetracyclines can inhibit bacterial protein
synthesis by binding with 16s ribosomal RNA (16s rRNA) on 30s ribosomal subunit (A
site), which normal transfer RNA (tRNA) normally binds (Gale and Folkes, 1953;
Suzuka et al., 1966; Boothe, 2012), leading to incomplete protein synthesis and
eventually inhibiting bacterial growth (bacteriostatic activity). The bacteriostatic
activity of tetracyclines can be enhanced by the extension of the period that the
drugs remain above MIC (time-dependent activity). The PAE of tetracyclines exerts in
a concentration-dependent fashion (2.1-4.2 hours for doxycycline), and so do
bactericidal activities against some bacteria such as Streptococcus pneumoniae
(Cunha et al., 2000; Riviere and Papich, 2009).

Doxycycline penetrates bacterial cell wall and membrane by simple diffusion,
but sometimes involves with porins in Gram-negative bacteria (Stratton, 2015). As for

antibacterial properties, the spectrum of doxycycline covers both Gram-positive



bacteria like Staphylococcus and Streptococcus spp., and Gram-negative bacteria
such as Escherichia coli, Pasteurella spp., Klebsiella spp., Salmonella spp. including
anaerobes, but it is not effective against Pseudomonas aeruginosa (Cunha et al.,
2000; Boothe, 2012). Moreover, with the ability to penetrate into cells, this drug can
be effectively used to treat many systemic infections caused by intracellular
microorganisms such as Rickettsia rickettsia, Mycoplasma spp., Babesia gibsoni,
Hemobartonella spp. and Ehrlichia canis, making doxycycline considered to be the
drug of choice for ehrlichiosis (van Heerden and Immelman, 1979; Breitschwerdt et
al,, 1997; Neer et al, 2002; Lin and Huang, 2010; Boothe, 2012). Furthermore,
doxycycline is effective against bacterial endosynbiont Wolbachia, leading to
indirectly killing Dirofilaria immitis in both microfilarial and adult stages (Bazzocchi et

al., 2008).

Combination antibacterial therapy

Combination antibacterial therapy is an application of assigning more than
one antibacterial drug to a patient. The objectives of the therapy (Gumbo, 2011,
MacDougall and Chambers, 2011) are as follows:

1) To treat polymicrobial infection in which only one antibacterial agent does

not have enough spectrum of activity against all of the target microbes.
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2) To accelerate rate of bacterial eradication, resulting in better and faster
clinical outcomes.

3) To reduce likelihood of antibacterial resistance imposed by a single drug
(monotherapy).

4) To reduce drug toxicity by minimizing doses of possibly toxic antibacterials
being employed.

In order to attain such objectives, the general principle of the antibacterial
combination therapy is to take advantage of favorable drug interactions, either
addition or synergism, and to avoid unfavorable drug interaction, or antagonism (Yeh
et al., 2009; Boothe, 2012). Regarding the favorable ones, there are several modes to
develop a new additive or synergistic combination (Cottarel and Wierzbowski, 2007).

1) A secondary drug prevents the primary drug (antibacterial) from being
degraded or modified by bacteria such as the combination of Beta-lactams with a
Beta-lactamase inhibitor (Barry et al., 1984).

2) A secondary drug inhibits efflux pumps to enhance the accumulation of
the primary drug (antibacterial). For example, phenylalanine arginylb-naphthylamide
(PARN) competitively inhibits MexAB pump in Pseudomonas aeruginosa, leading to
the accumulation of ciprofloxacin and levofloxacin (Askoura et al., 2011).

3) A secondary agent inhibits or blocks intrinsic repair pathways or tolerance

mechanisms to the primary drug (antibacterial). For instance, curcumin can inhibit
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SOS response through RecA-LexA system, an important system for DNA repair in E.
coli (Bellio et al., 2014).

4) A secondary drug itself has an antibacterial property through another
mechanism similar to or different from that of the primary antibacterial such as the
combination of cell-wall inhibitor agents acting through different targets, the
combination of aztreonam and fosfomycin for example (Pillai et al., 2005; Hickman
et al., 2014).

On the other hand, an antagonistic interaction can cause many disastrous
outcomes such as increased mortality rates and cost, therapy failures and toxicities
of drugs being used, all of which are the reasons why one should avoid using the
antagonistic combination, especially in immunocompromised patients (Bodey, 1985;
Githaiga et al., 2005).

At present, there are still unknown underlying mechanisms explaining how
these antagonistic phenomena predominantly happen between bactericidal and
bacteriostatic agents (Ocampo et al., 2014). One of the reasons why antagonism
occurs is the use of a bactericidal agent in combination with a bacteriostatic drug
(Jawetz and Gunnison, 1953; Jawetz et al., 1954; Garrod, 1972; Bollenbach, 2015). For
example, a bactericidal drug which acts by inhibiting cell wall synthesis should not
be used together with a bacteriostatic agent because the killing mechanisms of the
former drug depend on bacterial growth such as the use of penicillin in combination

with chlortetracycline (Pillai et al., 2005) or chloramphenicol (Jawetz et al., 1951).
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An underlying mechanism that explains the antagonistic interaction between
penicillin and chloramphenicol may be involved with the fact that chloramphenicol
inhibits the activity of autolysin, an enzyme important for penicillin-induced cell lysis
(Tomasz and Waks, 1975). However, as for the antagonism between DNA synthesis
inhibitors and bacteriostatic agents, especially protein synthesis inhibitors, the
mechanisms behind this are still underexplored (Bollenbach et al., 2009; Yeh et al.,

2009).

Drug-drug interaction assessment

Drug-drug interaction assessment is a process of identifying the drug
interaction (addition, synergism or antagonism), but sometimes no interaction or
indifference can be observed. In microbiology, there are five conventional in vitro
methods to evaluate drug-drug interaction (Pillai et al., 2005; Punam, 2007) as
follows:

1) Checkerboard titration

This technique refers to the pattern of tubes or microtiter wells
formed by multiple dilutions of the two antibacterial agents. The
concentrations of the dilutions are equal to, above, and below MICs of the
bacteria being tested. After incubation of bacteria of interest with two

antibacterial agents in different concentrations for 18-24 hours, MICs of the
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drugs are used to calculate fractional inhibitory concentration (FIC) for further
interpretation.
2) Disk diffusion synergy test

This method is applied from the conventional disk diffusion test by
placing two antibacterial disks, instead of one. The distance between the
disks should be equal to or slightly greater than the combined inhibition zone
of the two disks. After incubation for 18-24 hours, the inhibition zone
between two disks is interpreted.
3) Paper strip diffusion

In this technique, filter paper strips are soaked in the antibacterial
drugs of interest; one strip for one antibacterial. A drug strip is placed at the
right angle to one another on an agar plate. After incubation for 18-24 hours,
the inhibition zone at the joint angle is interpreted.
4) Kinetic spectrophotometry

This method utilizes the concept of spectrophotometry by measuring
the absorbance of broth containing bacteria and antibacterial drug(s) of
interest over time. It can be further modified to measure bactericidal activity
and PAE by performing bacterial counts (Dominguez et al., 2001)
5) Time-kill curves

This technique is done by mixing bacterial cells with two antibacterial

drugs of interest in broth to reach desirable concentrations for both.
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Then, repetitive bacterial counts are performed to determine bacterial viable

cells over time for further interpretation by comparing bactericidal activity of

the combination to that of the most active drug alone.

The advantages and disadvantages of each method are tabulated in Table 1.
As a matter of fact, most of the methods are used to measure only the ability of
antibacterial drugs to inhibit bacterial growth (bacteriostatic activity), except for time-
kill curves which can measure bactericidal activity of the drugs (Mueller et al., 2004;
Pillai et al.,, 2005). Nonetheless, when one tests the same pair of drugs with a
different method, the results may be inconsistent with each other. For example, the
results from checkerboard titration are interpreted as synergism but those of time-kill
curves indicate no interaction. One of the reasons behind this inconsistency is
because these two methods are designed to measure different parameters. That is,
checkerboard titration is designed to measure bacteriostatic effect, while time-kill
curves technique is used to assess bactericidal activity (CLSI, 1999; Punam, 2007).

Time-kill curves technique is an in vitro method to determine the number of
bacterial cells being killed at each specific time under a strictly-controlled
environment and a fixed concentration. This method is usually used to test
bactericidal activity of a new antibacterial drug and to assess drug interaction
between antibacterial agents by comparing killing activity of a particular combination
with that of the most active drug featured in the combination (CLSI, 1999; Punam,

2007). The results derived from this method are correlated with those of bacterial
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eradication (Dagan et al., 2001). If the results show that the reduction of bacterial
cells is at least 99.9% (3logyy reduction) from the initial count, it means that the
tested drug or combination can exhibit bactericidal activity (CLSI, 1999). If the
number of bacterial cells is constant and 99.9% reduction (3log;, reduction) is not
achieved at the end of experiment, it refers to bacteriostatic activity (Pankey and
Sabath, 2004; Tenover et al., 2004).

As a class of bactericidal agents, there have been many studies of quinolones
using time-kill curves. When tested with 8xMIC or clinical drug concentrations (2.1-4.1
ug/ml), enrofloxacin was able to kill £. coli within three hours, which was enough to
determine bactericidal activity of quinolones especially with a high concentration
being employed (Norcia et al, 1999; Blondeau et al, 2012). Gatifloxacin,
trovafloxacin and levofloxacin at 1xMIC could demonstrate bactericidal activity within

0.6-1.2 hours (Fung-Tomc et al., 2000).



16

P3159) SUISF SUOIFRIIUSDUOD JI3Y) pue
SSNJP Jeua3degiIUe JO ISGUINU PajWL Yim pauuopd g ue) -

SJUNOD |eld1deq aAlRdSI JO 9snedaq A)3sod pue snojpa] -

painbai s AyADe YeppURIRg Usym Ayepadss Adelsyy Suiping ulyngasn -
uolDe |elsioegiue ue Jo 21n3did dJWeUAp e sapIAoId -

AJAIIOR Jepidla1deq SINSea| -

SOAIND \-BWIL °G

AJIAI}OR DljRISOLRIDRg AYUO SDINSEIN -

JVd pue AjiAi3oe \epidualdeq spiacid 0} paiipow o ued -
sjuiod

swiy ydimnw Ag uopide jeusjoegiue ue Jo ain3did JIWRUAP e SIpIACId -

Alwiojoydoydads dpaupy b

ui0d BWi} SUO AJUO saujulex -

AJIAI}OR DljRISONRIDRg AJUO SDINSEIN -

UOI3_UIqUIOD DI3SISIDUAS
1ennualod ay3 JO UORRUILLIDIDP dAIjRYIUEND SplAcId 01 palyipow ag ued) -
(du3s 35913 Jo3Wio)Isd3)

a\gejieAe dujs 1euaioegiuR PaUSISIP A)|eIDIDUIWOD SUIOS SeH -

uoisnyip duys saded ‘¢

"SUoIDBIDIUI
DISISIDUAS pUB JUSIDHIPUI UDDMID] 1B[IUISHIP OF PNdIYIQJ -
S}INSaJ AR} END AJUO SP)3IA -
juiod swif} SUO AUO SaUIWEXT -

AJIAI3DR D11RISOLD1DR AJUO SINSEI -

wuopad 03 Aseq -
1591 Ayiqndaosns

AQUIy-19neg O3 Je)IWIS SYSIP 1euaioegiiue pausisap A)eIdJawuod seH -

159} ABISUAS UOISNIIP ¥sSIA 2

ui0d BWil} SUO AJUO saujulex -
ssnIp
eLSIDBgIIUR e 10} SAIND SsUOdSDI-9S0p Jeaul] B SAUNSSY -

AJAI}OR D13BISONRIDORG AJUO SDINSEIN -

uoneyaidianul
104 UOIB)NDYED |eDdReUWBYIRW JO SULIS} Ul PUBISISpUN O} Ased -
saloleioqe) A50)01qoIdIW oy Juswdinba a\1ge)ieAe Ajipeal saunbay -

1533 & uyym suonnip a)dimnu yum ssnip ydmnuu 3sa3 ue) -

UOIBIY} PIROCUSORYD '

5ejueAPESIg

sa5eIURAPY

powa

(1002 ‘wWeund pue 00z ‘1eNld ‘T00Z ‘ZaNsulwog Woly payipow)

UOIDeIDIUI SNUP DAl SUOWIE S9ERIUBAPESID PUR S95BIUBAPE JO suosieduwlo) T 9)gel




17

Antagonism between quinolones and other bacteriostatic drugs

Regarding antagonism prevailing among bactericidal-bacteriostatic interactions,
as a group of bactericidal agents, quinolones have also been studied with many
bacteriostatic drugs (Table 2). For instance, when tested against S. aureus, B. subtilis
and E. coli by disk diffusion synergy test, ciprofloxacin showed antagonism with
fusidic acid (Uri, 1993). Additionally, ciprofloxacin, ofloxacin, levofloxacin and
moxifloxacin showed antagonistic interactions with fusidic acid by disk synergy test
(Ertek et al., 2002), which is consistent with the previous study by Uri (1993). As for
time-kill technique, the killing activity of nalidixic acid (25 pg/ml; 2xMIC) against E.
coli could be mitigated by the presence of many bacteriostatic agents such as
tetracycline (125 pg/ml; 0.83xMIC), erythromycin (200 pg/ml; 0.4xMIC), and
trimethoprim (10 pg/ml; 0.66xMIC) (Ocampo et al., 2014). When tested against E. coli
in logarithmic phase of growth, the killing actions of ciprofloxacin and norfloxacin (0.1
and 10 pg/ml; 1x and 10xMIC) were reduced when chloramphenicol (4 pg/ml,
unknown MIC) was added, but this antagonistic phenomenon did not happen when
the same experiment was done in stationary-phase E. coli (Zeiler, 1985). Moreover,
when ciprofloxacin (0-35.2 ng/ml; a range of sub-MICs) was tested with doxycycline
(0-81.92 ng/ml; a range of sub-MICs), the killing effect against E. coli in the logarithmic
phase of growth was diminished defined as suppressive antagonism. The killing

activities of gatifloxacin and ciprofloxacin (8xMIC) against E. faecalis were reduced
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100-fold when they were combined with bacteriostatic drugs, either rifampicin or
chloramphenicol (Gradelski et al., 2001).

Nevertheless, the underlying mechanisms behind antagonistic interactions
between quinolones and bacteriostatic drugs have not been clearly understood yet.
One of the possible reasons is due to the facts that a bacteriostatic agent reduces
bacterial growth rate or keeps bacterial cells in the stationary phase, and that the
killing activities of quinolones are partly dependent on protein and RNA synthesis
during bacterial cell division (Martinez et al., 2006). As a result, using a quinolone in
combination with a protein synthesis inhibitor (or with an RNA synthesis inhibitor)
against actively-growing bacteria or using a quinolone such as flerofloxacin alone
against stationary-phase bacteria will reduce its bactericidal activity (Table 3) (Widmer
et al,, 1991; Sulochana et al.,, 2009; Podos et al., 2012). However, the previous
assumption is inconsistent with some research suggesting that some quinolones such
as ciprofloxacin, norfloxacin and ofloxacin were still be able to kill bacteria for both
in vitro and in vivo experiments, even if a bacteriostatic agent such as
chloramphenicol was added to the logarithmic inoculum or bacterial cells were in

the stationary phase (Zeiler, 1985; Zeiler et al., 1988).
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According to the studies above, it is clearly that drug interactions between
quinolones and bacteriostatic drugs are still controversial depending on quinolones,
phase of bacterial growth, concentrations including drug interaction assessing method
being employed (Yeh et al., 2006; Chait et al., 2007; Boothe, 2012; Ocampo et al.,

2014).
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Research Instruments and Equipment

1. Instruments and equipment
1.1 Petri dishes
1.2 Inoculation loop
1.3 50 ml graduated cylinder
1.4 5 mland 10 ml serological pipettes
1.5 Autoclavable glass tubes, size 16x100 mm
1.6 Autoclavable glass tubes , size 20x100 mm
1.7 Autoclavable test tube caps, size 16 mm
1.8 Cryovials and cryoboxes
1.9 Alcohol burner
1.10 Micropipettes and micropipette tips
1.11 Sterile cotton swabs
1.12 Disposable spreaders
1.13 Non-toothed forceps
1.14 Vortex mixer
1.15 Densitometer (suspension turbidity detector) (DEN-1B, Biosan, Latvia)
1.16 Incubator (Memmert, Germany)
1.17 Autoclave machine

1.18 -80 °C freezer

23



2. Chemicals
1.1 Doxycycline powder (Sigma, USA)
1.2 Enrofloxacin powder (Sigma, USA)
1.3 Doxycycline MIC strips (Lioﬂlchem®, Iltaly)
1.4 Enrofloxacin MIC strips (LioﬁLchem®, Iltaly)
1.5 0.9% sodium chloride solution (0.9% NaCl)
1.6 Glycerol
1.7 0.5 McFarland standard solution
1.8 Mueller Hinton agar (MHA) (Difco™, USA)
1.9 Cation-adjusted Mueller Hinton broth (CAMHB) (BBL™, USA)
1.10 Tryptic soy agar (TSA) (Oxoid Ltd., UK)

1.11 Sterile distilled water

3. Biological sample

3.1 £ coli ATCC® 25922

24
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Materials and Methods

Experiment 1 : Susceptibility of E. coli to enrofloxacin and doxycycline

1.1 E. coli isolates

E. coliisolates used in this experiment were clinical isolates from dogs
and cats submitted to veterinary diagnostic laboratory, Small Animal Teaching
Hospital, Faculty of Veterinary Science, Chulalongkorn University, for bacterial
identification and antibiograms. Ten isolates susceptible to both enrofloxacin and
doxycycline were selected and stored at -80 °C in the storage media composed of

tryptic soy broth (TSB) 70% and glycerol 30% until further analyses.

1.2 Gradient agar diffusion susceptibility test

Each E. coli isolate was thawed and subcultured on TSA and incubated at
37 °C for 18-24 hours. Susceptibility tests to enrofloxacin and doxycycline were
performed in all ten isolates using MIC strips according to the manufacturer’s
instructions. Briefly, after incubated for 18-24 hours, one or two growth colonies were
suspended in 0.9% sodium chloride solution and adjusted to a McFarland standard
of 0.5. Then, the bacterial suspension was thoroughly spread onto MHA using a
sterile cotton swab. The inoculated plates were allowed to dry before enrofloxacin
and doxycycline MIC strips were carefully placed onto the agar. The antibacterial

concentration ranges determined on MIC strips were 0.002 to 32 pg/ml for
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enrofloxacin and 0.016 to 256 pg/ml for doxycycline. All plates were incubated at 37
°C for 18-24 hours (Figures 1 and 2). After incubation, the inhibition zones of the
tested isolate were read and interpreted based on susceptible MIC breakpoints (< 0.5
ug/ml for enrofloxacin and < 4 pg/ml for doxycycline) according to Performance
standards for antimicrobial disk and dilution susceptibility tests for bacteria isolated
from animals; VETO1S, 3rd ed. (CLSI, 2015). E. coli ATCC® 25922 was used as the
quality control isolate in accordance with Performance standards for antimicrobial
disk and dilution susceptibility tests for bacteria isolated from animals, VET01-Ad
(CLSI, 2013). Samples not susceptible to both enrofloxacin and doxycycline and

samples with unclear inhibition zones were excluded from the study.



Figure 1 The inhibition zone after the application of MIC strip for enrofloxacin

Figure 2 The inhibition zone after the application of MIC strip for doxycycline
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Experiment 2 : Time-kill curves

2.1 E. coli inoculum preparation

Ten E. coli isolates susceptible to both enrofloxacin and doxycycline
from the previous experiment were each subcultured on TSA and incubated at 37 °C
for 18-24 hours. In order to achieve an actively growing inoculum (logarithmic
inoculum), one or two bacterial colonies on TSA were suspended in CAMHB and
incubated again at 37 °C for 2 hours. Then, the inoculum was adjusted to a
McFarland standard of 0.5, which was approximately equivalent to 1.5x10° CFU/ml,
and further diluted by 10-fold dilution technique to attain the inoculum size of

1.5x10° CFU/mL.

2.2 Antibacterial stock solution preparation

The initial concentration of antibacterial stock solutions for both
enrofloxacin and doxycycline was 10 mg/ml. Both antibacterial stocks were prepared
and diluted properly according to Performance standards for antimicrobial disk and
dilution susceptibility tests for bacteria isolated from animals; VETO1S, 3rd ed. (CLSI,
2015). In doing so, a 10 mg of enrofloxacin powder was solubilized in 0.5 ml of
distilled water and 0.1 M sodium hydroxide dropwise until the powder was
completely dissolved. The solution was further adjusted to a volume of 1 ml by

distilled water. As for doxycycline, a 10 mg of doxycycline was completely
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solubilized in 1 ml of distilled water. For both antibacterials, the prepared solutions
could be further diluted by sterile CAMHB to achieve the desirable concentrations of
the particular isolate being tested.

2.3 Time-kill curves

In this experiment, each E. coli inoculum was prepared for five groups
based on the tested drugs as follows:

1. Group 1 control (no drugs)

2. Group 2 enrofloxacin

3. Group 3 doxycycline

4. Group 4 enrofloxacin and doxycycline added at the same time

5. Group 5 enrofloxacin and doxycycline in which enrofloxacin was added

after 12-hour doxycycline exposure

To begin with, the prepared antibacterial stock was added to the
inoculum of each group to achieve a final antibacterial concentration of 1 MIC of
each drug in a final inoculum concentration of 5 x10° CFU/mL. The mixed inoculum
was equally divided into seven 1-ml aliquots for 0.5 ml sampling at each time point.
The time points of sampling were 0, 0.5, 1, 2, 3, 6, 12 and 24 hours in Groups 1-4, but
0, 12,125, 13, 14, 15, 18 and 24 hours in Group 5. Additionally, one aliquot was used
only once for sampling at one time point.

Then, a 100-pl aliquot from each diluted tube at each time point was

plated and thoroughly spread onto MHA in triplicates. All plates were incubated at
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37 °C for 18-24 hours. The bacterial count was performed with the countable plates
containing 20-200 bacterial colonies on each of the three plates. The viable bacterial

cells were expressed as CFU/mL.

Statistical analyses
1. Bactericidal activities
At each time point, the bactericidal activity of each treatment group was
expressed in mean+SE of log reduction which were calculated from the following

equation:

Log reductiony = log(initial cell count) — log;(viable cell count at time T)

Where log reduction was the number of bacterial cells killed in base-10
logarithm (base 10) at time T, log;(initial cell count) was the number of bacterial
cells available in base-10 logarithm at time 0, and log;.(viable cell count) at time T
was the number of bacterial cells alive in base-10 logarithm at time T (Mueller et al.,

2004; Blondeau et al., 2012).
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Moreover, the data at each time point were also expressed as percentage

of killing calculated from the equation as follows:

Initial cell count - viable cell count at time T

Percentage of killingr= x 100
Initial cell count

Where percentage of killingr was the percentage of the bacterial cells
killed at time T compared to the initial cell count, initial cell count was the number
of bacterial cells available at time 0 and viable cell count at time T was the number
of bacterial cells alive at time T (Blondeau et al., 2012; Blondeau and Shebelski,
2016).

After 24 hours of drug exposure, the decrease of bacterial cell counts
more than 99.9% or 3log reduction indicated the bactericidal activity. However, if
99.9% or 3log reduction was not achieved during drug exposure, the bacteriostatic
activity was stated in accordance with Methods for Determining Bactericidal Activity

of Antimicrobial Agents; Approved Guideline, M26-A (CLSI, 1999).
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2. Killing times
The time indicators for bactericidal activity in this experiment were as
follows:
(1) The time when 99.9% killing or 3 log kill was achieved (time to 3log
reduction, T3K). In order to find T3K, the straight-line graph of a sample was depicted
by the equation as follows:

y = ax+b

Where x was the time point of drug exposure, and y was the log of
bacterial cells that was killed at each time point (log reduction). Then, T3K was
assessed by using slopes from the linear regression out to the 6 hour time point of
the line graph, and T3K was then calculated from the linear regression equation.

(2) The time when the number of bacterial cells was below detectable
level (<100 CFU/mL) or assumed to be equivalent to bacterial elimination (time to
elimination, TE) (McKellar et al., 2004). The line of a sample was built by the
equation as follows:

yi = cxq+d

Where x; was the time point of drug exposure, and y; was the log of

bacterial viable cells at each time point (log of viable cells). TE was estimated by
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using slopes from the linear regression out to the 6 hour time point of the line graph,
and TE was then calculated from the linear regression equation.

After T3K and TE had been determined, each of which was expressed
as mean+SE. The differences among the three enrofloxacin-exposed groups
(Groups 2, 4 and 5) were performed using Kruskal-Wallis test (ANOVA on ranks)
followed by Dunn-Bonferroni pairwise comparison using SPSS  software
(SPSS version 22, licensed by Chulalongkorn University). The level of statistical

significance was addressed when P-value was less than 0.05 (P<0.05).
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CHAPTER IV

RESULTS

Experiment 1 : Susceptibility of E. coli to enrofloxacin and doxycycline

The MICs of each isolate were displayed in Table 4. After tested with
enrofloxacin and doxycycline MIC strips, 10 isolates susceptible to both drugs
were selected, with MIC values ranging from 0.047 to 0.19 pg/ml for

enrofloxacin, and 0.75 to 1.5 peg/ml for doxycycline.

Experiment 2 : Time-kill curves

2.1 Bactericidal activities

The overall growth curve of each group is shown in Figure 3. Without drugs
added, normal growth curve was seen in Group 1. As for Group 3, doxycycline
exhibited only bacteriostatic activity up to 12 hours before regrowth subsequently
occurred, except for two isolates (R3 and AB) in which the bacteriostatic activity
persisted throughout 24 hours.

Regarding the normal endpoint of 24 hours, log reductions, percentages of
killing and the numbers of isolates with bactericidal activity and bacterial elimination
were achieved are shown in Tables 5, 6 and 7, respectively. For Group 2, the

bactericidal activities of enrofloxacin were seen in most isolates with a log reduction
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of 3.96+0.49 (97.96-100.00% kill) following two hours of drug exposure (Table 5),
except for four isolates (C8, AB, N5 and Q3) that the bactericidal activities were found
at 3 hours for one isolate and 6 hours for the other three isolates. However, the
bactericidal activities were still found in these isolates at the endpoint (Table 7). For
Group 4, when tested with the simultaneous combination of enrofloxacin and
doxycycline, the bactericidal activities were seen in most isolates with a log
reduction of 3.78+0.37 (98.73-100.00% kill) at six hours of drug exposure (Table 5),
except for two isolates (AB and Q3) that the bactericidal activities were found at 12
and 24 hours respectively. At the endpoint, 100% bactericidal activity was still
achievable (Table 7). For Group 5, after enrofloxacin was added, the bactericidal
activities were not seen until the normal endpoint (12 hours after enrofloxacin
exposure), with a log reduction of 3.51+0.47 (99.19-100.00% kill). Despite the
endpoint, such bactericidal activities were seen in only five isolates (Table 7), except
for N3, N5, Q3, S2 and CG that the bactericidal activities were not achieved.

For the adjusted endpoint of 12 hours post enrofloxacin exposure, the
numbers of isolates in which bactericidal activity and bacterial elimination were
attained are presented in Table 8. The overall bactericidal activity was still in the
same direction as the normal endpoint. For all enrofloxacin-treated groups, bacterial
elimination was not seen in one isolate (Q3). In addition to Q3, bacterial elimination

was not seen in other two isolates of Group 4 (C8 and AB) at the adjusted endpoint.



Table 4 The samples selected from Experiment 1 and their MIC values

36

Sample ID | Species Source MIC ENR (pg/ml) | MIC DXT (ug/ml)
C8 Feline Pus 0.094 1
R3 Canine Urine 0.19 1
AB Feline Necrotic tissue 0.094 1
B1 Canine Wound 0.19 0.75
N5 Canine Prostate gland 0.047 0.75
Q3 Canine Prostate gland 0.125 1.5
S2 Canine Wound 0.125 1.5
CG Canine Mass 0.094 1
N3 Feline Wound 0.094 1
T4 Feline Wound exudate 0.094 1
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Table 7 The numbers of E. coli isolates with bactericidal activity and bacterial

elimination achieved at 24 hours

Group (n=10 in each group)
il
1 2 3 5
Observed (ENR and DXT
(control) (ENR) (DXT) (ENR and DXT
effects at the same
separately)
time)
Bactericidal
activity
0 (0%) 10 (100%) 0 (0%) 10 (1009%) 5 (50%)
(99.9% kill or
3log reduction)
Bacterial
elimination
0 (0%) 10 (100%) 0 (0%) 7 (70%) 4 (40%)
(<2 log of
viable cells)

Table 8 The numbers of E. coli isolates with bactericidal activity and bacterial

elimination achieved at 12 hours after enrofloxacin exposure

Group (n=10 in each group)

2 a4 5
Observed effects (ENR) (ENR and DXT at (ENR and DXT
the same time) separately)
Bactericidal activity
(99.9% kill or 3log 10 (100%) 9 (90%) 5 (50%)
reduction)
Bacterial elimination
9 (90%) 5 (50%) 4 (40%)

(<2 log of viable cells)
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2.2 Killing times

2.3.1 Time to 3 log reduction (T3K)

From the log reductions in Figure 4 and estimated times to reach 3log
reduction (T3Ks) in Table 9, bactericidal activity was fastest in Group 2,
followed by Groups 4 and 5. However, there was no significant difference
between T3Ks of Groups 2 (2.47+0.40), and 4 (4.44+0.63) (P=0.226) while T3Ks

were significantly different between Groups 2 and 5 (8.04+0.94) (P<0.05).

2.3.2 Time to elimination (TE)

According to the log of viable cells in Figure 5 and estimated times to
elimination in Table 9, bacterial elimination (or <2 from log of viable cells)
was seen first in Group 2, followed by Groups 4 and 5. Based on the
estimation from linear regressions, however, TE of Group 2 (5.83+0.58) was
statistically different from that of Group 5 (14.97+1.35) (P<0.05), but not
Group 4 (9.48+1.15) (P=0.161). These results are in the same direction as

those of T3K.
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Table 9 Estimated T3Ks and TEs from linear regressions out of 6 hours after

enrofloxacin exposure in each sample

Estimated T3Ks (hours)

Estimated TEs (hours)

Group 2 Group 4 Group 5 Group 2 Group 4 Group 5
>ample (ENR) (ENR+DXT | (ENR+DXT (ENR) (ENR+DXT | (ENR+DXT
v same separately) same separately)
time) time)

C8 3.15 5.38 391 5.85 11.64 8.47
R3 1.55 2.41 12.67 4.71 5.44 18.45
AB 4.23 6.11 8.08 8.18 12.27 13.93
B1 1.18 4.62 4.06 a.4a7 10.96 9.34
N5 4.03 3.94 10.70 8.03 8.05 18.71
Q3 4.14 8.95 10.64 8.92 17.45 20.66
S2 1.71 4.04 7.35 4.48 7.82 12.69
CG 1.81 2.56 @ 4.78 7.20 14.00
N3 1.31 255 578 4.36 593 13.64

Mean+SE | 2.47+0.40 | 4.4440.63 | 8.04+0.94 | 5.83+0.58 | 9.48+1.15 | 14.97+1.35
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CHAPTER V

DISCUSSION AND CONCLUSIONS

Discussion
Using time-kill curves as a drug-drug interaction assessing method

Time-kill technique is not the best but a suitable method for
enrofloxacin

Even though none of the time-kill protocols has been standardized yet, time-
kill curve technique has been considered to be one of the most suitable methods to
evaluate the bactericidal effect of an antibacterial drug like enrofloxacin and its
combinations with doxycycline, due to the measurements of bactericidal activities
with various time points (Punam, 2007). According to the clinical use of the
combination of enrofloxacin with doxycycline, with enrofloxacin for bacteria and
doxycycline for E. canis, only bactericidal activity of the combination at 1xMIC is of
our interest. Therefore, we overlook the fact that this technique is not suitable for
measuring drug-drug interactions with various concentrations, like the other four
methods (checkerboard titration, disk diffusion synergy test, paper strip diffusion and
kinetic spectrophotometry). Moreover, unlike time-kill curves, the other four methods

measure only bacteriostatic activities, not bacterial elimination, which has been
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linked to a better clinical outcome (Dagan et al.,, 2001). Besides, in some
circumstances such as aerobic and anaerobic conditions, in which MIC may be equal
to each other, but killing activities from time-kill study are different (Malik et al,
2007). So, the time-kill curve may be more useful in this dilemma.

T3K and TE are in the same direction but refer to slightly different
outcomes

Regarding experimental procedures, the protocol used in Experiment 2 was
adopted from Methods for Determining Bactericidal Activity of Antimicrobial Agents;
Approved Guideline, M26-A (CLSI, 1999). In contrast to the other drug-drug interaction
assessing techniques described in Table 1, time-kill curve technique provides us with
a dynamic picture of drug-bacteria responses over a certain period. Aside from
bactericidal activity, the rate of killing can be expressed as either T3K or slope
between time and log reduction (Fung-Tomc et al., 2000; Schafer et al., 2006).
However, as a simple unit like hours, the former seems to be easier to understand
than log reduction/hour of the latter. Moreover, the killing rate plays an important
role in reducing the number of bacteria in a patient. In other words, the more rapidly
and the higher amount of bacteria an antibacterial drug kills, the less chances
bacteria can develop antimicrobial resistance (Boothe, 2012).

In this study, T3K refers to the time when bactericidal activity was achieved,
indicating how fast a bactericidal effect occurred. However, regardless of virulence

factors, an infection present in a patient is indicated by the number of infecting



a6

bacteria expressed in colony-forming unit per milliliter (CFU/ml). In order to clear
infection, the number of bacteria must be decreased to a certain level which varies
among organs, types of bacteria and stages of bacterial growth (Konig et al., 1998).
This means, even a T3K is attainable during a course of treatment, the infection in
some organs may not be resolved such as endocarditis (Upton et al, 2005). In
hopes of fulfilling this discrepancy, TE was introduced in this study, referring to the
time when bacterial cells are assumed to be eliminated. This parameter must be
extrapolated and located between the last time when bacteria are still present and
the first time when there is no bacterial growth on agar. In fact, the reason of the
absence of bacterial growth is because the number of bacteria is so infinitesimal that
the remaining bacterial cells cannot be sampled to grow on agar (probably less than
lower limit of detection, which is <100 CFU/mLl in this study). TE is of importance
especially in patients with sepsis and immunocompromised conditions (Craig et al.,
1988). In sum, even both parameters are in the same direction, TE is deemed to be a
better predictor of clinical outcomes than T3K.

E. coli is a good candidate to determine drug interaction between
enrofloxacin and doxycycline.

While doxycycline is the only drug of choice to treat ehrlichiosis, enrofloxacin
is a good choice to treat Gram-negative bacterial infection in which E. coli seems to
be a primary suspect (Neer et al., 1999; Neer et al., 2002; Prescott et al., 2002).

However, in the clinical setting, a pet can be co-infected by E. canis and Gram-
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negative bacteria, so using enrofloxacin in combination with doxycycline is inevitable.
In our opinion, there are many reasons why E. coli is one of the most common
Gram-negative bacteria that needs to be tested with enrofloxacin. First, £. coli resides
as normal flora in gastrointestinal and urogenital systems (Blount, 2015). It is still
capable of infecting various body systems by utilizing its virulence factors (Johnson et
al., 2008), so it is more likely to cause infections. Second, once an infection occurs, E.
coli can be transmitted from a pet to its owner(s), so a veterinarian has to assure that
the infection in the pet is properly treated (Belanger et al., 2011). Third, E. coli has
the potential abilities to develop antimicrobial resistance, which has been
extensively studied during recent years (Normand et al., 2000; Sanchez et al., 2002,
Belanger et al., 2011). Last, thanks to broad spectrum and rapid bactericidal activity
of enrofloxacin, it is one of the most frequently used drugs, but not every case of
enrofloxacin use is judiciously applied, especially to pets with gastroenteritis for
which enrofloxacin is used as an empirical treatment (Escher et al., 2011). As a result,
E. coli is a good candidate for testing drug interaction between enrofloxacin and
doxycycline.

1xMIC is not the best but a legitimate concentration.

In general, the concentration used for each drug in time-kill experiment is
usually chosen by considering two aspects. First, it should be a concentration
achievable at the site of infection. Second, it can be chosen from concentrations that

have produced an interesting interaction derived from another drug-drug interaction
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assessing method, checkerboard titration for example (Arce et al, 2006; Punam,
2007). In this study, a minimum inhibitory concentration (1xMIC) is chosen for both
enrofloxacin and doxycycline because it is achievable in most organs (Cester and
Toutain, 1997; Boothe, 2012), which probably helps predict clinical outcomes more
accurately.

In relation to the prediction of clinical outcome, MIC, the lowest
concentration at which bacterial growth is visibly inhibited in an in vitro setting, is
said to be a good indicator for bacteriostatic activity. However, MIC is still a legitimate
target for bactericidal drugs to attain as well because success of antimicrobial
therapy depends on many factors involved with host-drug-microbe relationships
(Boothe, 2012). In this study, both enrofloxacin and doxycycline were tested against
E. coli at 1xMIC. Despite the fact that time-kill technique is usually used to determine
the killing effect of a drug combination, 1XMIC seems to be an appropriate
concentration for a bacteriostatic agent like doxycycline for two reasons. First, it is
hard for doxycycline to achieve bactericidal concentrations in the clinical
environments. With a normal dose in dogs (10 mg/kg), maximum serum
concentration (Cp,) of doxycycline hyclate from oral administration is only 5.8+0.5
pug/ml (Gutiérrez et al.,, 2012). However, according to Performance standards for
antimicrobial disk and dilution susceptibility tests for bacteria isolated from animals;
VETO1S, 3rd ed., the susceptible breakpoint of doxycycline against E. coli is < 4

pe/ml, thus doxycycline is less likely to exhibit bactericidal activity against E. coli with
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such Ca (CLSI, 2015). Second, doxycycline has high protein binding capacity
(87.16+2.43 %) (Davis et al., 2006), so only small amount of unbound, active fraction
is available making it harder to demonstrate the bactericidal effect. As a result, a
bacteriostatic concentration like 1xMIC would be a sensible concentration to test for
doxycycline, and the emphasis should be put on the change in bactericidal effects of
enrofloxacin more than the clinically-unattainable bactericidal activity of doxycycline.

As for enrofloxacin, even though MBC seems to be a better choice due to its
bactericidal effect, there are three reasons why IxMIC is still a reasonable
concentration to be tested. First, based on the results in Experiment 2, enrofloxacin
could still show bactericidal activity at 1xMIC, which is in agreement with the fact
that bactericidal drugs have MBCs (0.015-0.06 pg/ml) close to MICs (0.008-0.015
ug/ml) (Haritova and Russenova, 2010; Boothe, 2012). As a consequence, 1xMIC can
be used to test for killing effect of a bactericidal agent as well. Second, as
mentioned above, IxMIC of enrofloxacin is easily achievable in clinical settings
(Cester and Toutain, 1997). Last, in spite of the differences in MICs among individual
bacterial populations and hosts, FQ dosing regimen is usually adjusted in accordance
with MIC, possibly up to 8-10xMIC. This dose adjustment can optimize the use of FQs
in terms of preventing bacteria from regrowing and selective pressure, making 1xMIC
the least concentration to reach in most certain conditions (McKellar et al., 2004). In

sum, 1xMIC is a legitimate concentration for both enrofloxacin and doxycycline.
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Bactericidal activity of enrofloxacin against E. coli

Overall, when tested with enrofloxacin alone, bactericidal activities and
bacterial elimination were seen in all £. coli isolates within 24 hours. According to the
killing times of enrofloxacin, it took 2.47+0.40 hours to exhibit 3log kill and 5.83+0.58
hours to show bacterial elimination. These findings are consistent with some studies
showing that enrofloxacin exhibit rapid bactericidal activity and bacterial elimination
within 24 hours (Norcia et al., 1999; Blondeau et al., 2012). As a bactericidal agent,
the pattern observed is the same as ciprofloxacin and tobramycin (Craig and Ebert,
1991). In comparison with other fluoroquinolones, enrofloxacin shares the very rapid

bactericidal activity against Enterobacteriaceae (Grobbel et al., 2007).

Bactericidal activity of enrofloxacin combined with doxycycline at the same

time

When E. coli exposed to enrofloxacin and doxycycline simultaneously, the
number of isolates showing bacterial elimination was lower than that when exposed
to enrofloxacin alone. In terms of killing times, T3K and TE of the enrofloxacin
administered with doxycycline at the same time tend to delay compared to the use
of enrofloxacin alone. Even though there was no statistical significance, it was

obvious that the killing effect of enrofloxacin given concurrently with doxycycline
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was still present at the endpoint. To explain this unclear delay in killing, there are

two possible reasons behind this observation.

For one thing, ciprofloxacin, an active metabolite of enrofloxacin, shows a
strongly antagonistic or suppressive interaction with doxycycline (Chait et al., 2007,
Yeh et al., 2009). This type of interaction results in the overall therapeutic effect to
be lower, not only than the sum effects of the two individuals, but also than the
effect of one drug alone. The combination of enrofloxacin with doxycycline may
yield the same interaction to a certain extent. It is due to the fact that up to 30% of
enrofloxacin can be transformed into ciprofloxacin, which can antagonize doxycycline
as well (Cester and Toutain, 1997). To clarify this suppressive interaction, one of the
underlying mechanisms is nonoptimal regulation of ribosomal genes (Bollenbach et

al., 2009).

In normal condition, bacteria have a negative feedback mechanism to
maintain ribosome and DNA to be close to the optimal level, depending on the
nutrients in the environment. This optimal condition can be interfered by a DNA
synthesis inhibitor, leading to downregulation and nonoptimal control of ribosomal
genes. In our study, the combination of enrofloxacin and doxycycline were
simultaneously added. The entry of enrofloxacin into bacterial cells through porin-
mediated, lipid-mediated and self-promoting pathways, facilitated it to its targets

faster than doxycycline. (Delcour, 2009) This entry, however, drove bacterial cells to
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be under DNA stress and nonoptimal condition. In this nonoptimal condition,
bacterial cells cannot adjust ribosomal protein synthesis through ribosomal gene
regulation, leading to the reduced bacterial growth. However, this nonoptimal
situation can be rectified by a translation inhibitor like doxycycline. That is to say, this
late comer reversed the situation by adjusting downregulated ribosomal genes,
finally resulting in an increase in survival and growth of bacterial cells which had
been exposed to a DNA synthesis inhibitor. However, this nonoptimality from
suppression usually occurs under sub-MICs, but the combination of enrofloxacin with
doxycycline in our study was at 1xMIC each. With this concentration, only a tendency
in delayed killing was found, making the influence of nonoptimality on bacterial
growth not as clear as other studies (Chait et al., 2007; Cottarel and Wierzbowski,
2007; Ocampo et al., 2014), or perhaps there are other mechanisms involved with

this delayed killing effect other than nonoptimal regulation.

Second, more importantly, the killing mechanism of each quinolone may be
different from each other. There are two major pathways contributing to rapid
bacterial cell death. The first one is protein-synthesis dependent pathway, or
chloramphenicol-sensitive pathway, which can be further divided into two pathways
— aerobic and anaerobic pathways. Both aerobic and anaerobic pathways lead to the
common pathway as in other bactericidal agents, the formation of hydroxyl radicals

which are lethal to bacterial cells. The other pathway depends on neither protein
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synthesis nor aerobic condition, called chloramphenicol-insensitive pathway. This
pathway causes lethal effect to bacteria without the production of hydroxyl radicals.
Pertaining to the relationship between these killing mechanisms and drug
interactions, it has been found that nalidixic acid kills bacteria only through aerobic
protein-synthesis dependent pathway, so protein synthesis inhibitors like tetracycline
and chloramphenicol can completely antagonize its killing activity, by directly
reducing the production of lethal hydroxyl products (Wang et al., 2010; Ocampo et
al., 2014). However, with the chemically-structural modification of newer quinolones,
their killing activities are altered and so are their bactericidal mechanisms. As can be
seen in Table 10, ciprofloxacin, moxifloxacin and ciprofloxacin-like compound,
PD161144, can kill bacteria through both protein-synthesis dependent and protein-
synthesis independent pathways. Thus, they are still able to kill bacteria in the
presence of a bacteriostatic agent, but require a higher concentration to do so (Malik
et al., 2007). As for enrofloxacin in combination with doxycycline, at the regular
concentration, the killing effect was still observed, but it was reduced to be lower
than that of enrofloxacin exposure alone. Therefore, it is possible that enrofloxacin
exert its remaining bactericidal effect through protein-synthesis independent

pathway, which cannot be interrupted by the presence of doxycycline.
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Table 10 The different pathways which contribute to lethality of quinolones activities

Killing pathway

Protein-synthesis dependent Protein-
Quinolone References
Aerobic Anaerobic synthesis
independent
Nalidixic acid Yes No No
Malik, 2007 and
Norfloxacin Yes Yes* No
Kohanski, 2007
Ciprofloxacin Yes Yes* Yes
PD161144
(ciprofloxacin- Malik, 2007 and
? ? Yes
like Wang, 2010
compound)
Oxolinic acid Yes No No
Wang, 2010
Moxifloxacin Yes ? Yes

* at a higher concentration

(?) refers to uncertainty about the mechanism
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Effect of 12-hours doxycycline exposure on the killing activity of enrofloxacin

In the general veterinary practice, the use of enrofloxacin and doxycycline
together at the separated time has been done purposely to avoid the antagonism
between the drugs. In order to simulate such condition, E. coli was treated with
doxycycline 12 hours prior to enrofloxacin. The bactericidal activity and bacterial
elimination seen in this combination were lower than those of enrofloxacin alone.
Additionally, T3K and TE were significantly slower than those of enrofloxacin alone.
All of these findings indicate that the antagonistic effect of doxycycline on the
overall killing activity is enhanced by the 12 hours of doxycycline pretreatment.
However, regarding the strategy to avoid antagonism between enrofloxacin and
doxycycline by administering each drug separately at 12 hour interval, the
antagonism found in this study is still inevitable by doing so. Because both drugs
circulate in the blood for 24 hours and can accumulate in various tissues due to their
lipid solubility (Cester and Toutain, 1997; Boothe, 2012; Gutiérrez et al., 2012). To
elaborate on this antagonistic phenomenon, there are a few explanations on this
reduced and delayed killing activity.

First, as addressed in the partially antagonistic interaction between the
simultaneous combination of enrofloxacin and doxycycline, the killing mechanisms
of the combination may be reduced by the inhibitory effect of doxycycline on the
protein-synthesis dependent pathway. Compared with the partial antagonism

between the simultaneous combination and enrofloxacin alone, the magnitude of
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the antagonistic phenomenon in the separated combination is much clearer. Unlike
the simultaneous combination, this clear antagonism occurs probably due to
doxycycline pretreatment which allows the drug itself to reach the target and
perform its inhibitory effect on the protein-synthesis dependent killing pathway for a
longer period before enrofloxacin does its killing duty. This has also happened in the
case of prolonged azithromycin, clarithromycin and erythromycin treatments, which
cause protein synthesis to decrease in a time-dependent manner, ultimately leading
to bactericidal activity (Tateda et al., 1996). However, after 12 hours of doxycycline
pretreatment, the killing effect did not happen, indicating that 1xMIC is enough for
doxycycline to inhibit but not kill £. coli in such time-dependent way (Cunha et al,,
2000).

Second, with reference to the optimal regulation of ribosomal genes, it is less
likely to counteract killing effect in the separated combination. It is due to the fact
that the nonoptimality requires DNA stress condition to take place prior to the
addition of a protein synthesis inhibitor like doxycycline (Bollenbach et al., 2009).

Either way, it does not exclude the possibility that efflux pump triggered by
doxycycline may be in part responsible for decreased killing activity and delayed
killing times of enrofloxacin (Poole, 2005). To sum up, the killing effects of the
separated combination are reduced and killing times are delayed, due to the
prolonged exposure of doxycycline, probably leading to markedly inhibitory effect on

protein-synthesis dependent killing.
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Discrepancy between the simultaneous and separated combinations

In this study, it has been discovered that adding a drug combination at the
same time can produce the different result from that of the separated combination.
This inconsistency has also been found in other studies. For example, antagonism
between penicillin  and chloramphenicol was found in a dog model of
pneumococcal meningitis only when chloramphenicol was administered before
penicillin. However, when both drugs were given simultaneously or when penicillin
was given first, the antagonism was less marked. Not given the initial protocol,
continued administration of both drugs still exhibited bacterial elimination of the
organism in this model (Wallace et al., 1967).

Conversely, as for adding a DNA synthesis inhibitor prior to a protein synthesis
inhibitor, another study showed that the addition of chloramphenicol 15 minutes
after ciprofloxacin exposure could kill £. coli more than adding both drugs at the
same time, but less than ciprofloxacin alone (Zeiler, 1985). This may be because of
the nonoptimal ribosomal regulation by the presence of ciprofloxacin prior to
chloramphenicol. Nonetheless, in our study, this nonoptimality may not be the case
for prolonged enrofloxacin exposure before doxycycline, because enrofloxacin alone
can exhibit bacterial elimination within 12 hours in almost all isolates. Moreover,
based on our pilot study in E. coli ATCC25922, enrofloxacin alone and in
combination with doxycycline at IxMIC exhibited bacterial eradication within two

hours. Therefore, there must be no bacterial cells left at 12 hours of doxycycline
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addition, which is the reason we decided to add doxycycline before enrofloxacin, not
enrofloxacin before doxycycline.

With reference to killing activities and times, even though there is a gap
between the two combinations, both still exhibit bactericidal activity but to a lower
extent with delayed times compared to the use of enrofloxacin alone. Considering in
vivo settings, there are several factors to be taken into account such as immune
system, drug disposition and bacteria themselves (Boothe, 2012). Therefore, using
either of the combinations may take more time to eliminate bacteria due to the
reduced effects and delayed times, especially in immunocompromised patients
whose immune system does not function properly (Githaiga et al., 2005).

To wrap up, the discrepancy between the simultaneous combination and
separated combination is addressed in this study. Moreover, it may raise the concern
about testing drug interaction in which each drug is separately administered, but the

effect of each drug persists through another in a clinical setting.
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Limitations

Despite an effort that has been made so far, there are still some limitations of
this study. For one thing, sometimes the results from an in vitro study may not be
extrapolated to an in vivo study. For example, the antagonism between penicillin
and chloramphenicol derived from time-kill studies and a dog model of
pneumococcal meningitis fails to be addressed in a rabbit model of meningitis
(Wallace et al., 1967, Pillai et al., 2005). There are many reasons behind this gap.

First, the killing activity of an antibacterial drug depends on the amount of
free drug available. In other words, the amount of protein in blood and protein
binding capacity of the drug can alter killing activity, resulting in different MICs and
killing activities (Haritova and Russenova, 2010).

Second, with an attempt to control the effect of some variables on the
antibacterial activity such as cation concentration and pH, CAMHB was chosen and its
pH was measured before conducting time-kill procedures (CLSI, 1999; Pillai et al.,
2005; Amsterdam, 2015). However, with the variation of such factors and increased
amount of bacterial waste product during the experiment, the antibacterial activity
may be altered (Parhad and Rao, 1974).

Third, in vitro killing activities might be overestimated. In the clinical practice,
rapid killing sometimes is unachievable especially in some types of chronic infections
such as osteomyelitis and endocarditis. This is because biofilm can act as a diffusion

barrier to slow antibacterial down, resulting in lower killing activities compared with
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that of logarithmic planktonic cells (Spoering and Lewis, 2001; Brady et al., 2008;
Jung et al,, 2012).

Last, unlike in vivo situation, another point worth considering is the drug
concentration used is fixed while the fluctuation is seen in the blood. In addition, this
time-kill study takes one single dosing of the combination into account because the
killing activity of enrofloxacin can be varied up to the fluctuating concentrations

(Cester and Toutain, 1997).

Conclusions

As an expert in killing bacteria, enrofloxacin has been widely used in the
general veterinary practice and known to be antagonized by a bacteriostatic agent.
However, this antagonistic interaction seems unavoidable, so this study has shed light
on this antagonism using time-kill studies. It has been found that the antagonism is
clearly found in the separated administration of enrofloxacin and doxycycline, but
not much with simultaneous administration (Figure 6).

In this study, it seems that the interaction between enrofloxacin and
doxycycline is suppressive interaction as found in the combination of ciprofloxacin
and doxycycline (Chait et al., 2007). According to killing mechanisms of quinolones,
the ROS production of enrofloxacin can be disrupted by doxycycline through protein-
synthesis dependent pathway (Kohanski et al., 2010). Moreover, the nonoptimal

regulation corrected by doxycycline also promotes bacterial growth to counteract
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bactericidal activity. Therefore, the killing activity of the former drug tends to be
reduced and delayed. However, in today’s clinical practices, an arbitrary strategy to
overcome this antagonism by splitting the combination should be pondered. It is due
to the fact that such disruption can be enhanced by prolonging doxycycline
exposure before adding enrofloxacin, making the antagonism more intense. Besides,
both drugs can deposit and circulate throughout the body for almost 24 hours, so
the antagonism is still inevitable by exploiting such strategy (Cester and Toutain,
1997; Boothe, 2012; Gutiérrez et al., 2012).

To the best of our knowledge, the findings in this study indicate that
bactericidal effect of enrofloxacin can be antagonized by the presence of
doxycycline, although bactericidal activity and bacterial elimination still exhibit at a
reduced extent and delayed rates (Figure 6). However, along with some limitations of
this in vitro study, there are still many in vivo factors to be taken into consideration
such as host immune system, fluctuation of drug concentration and infectious
microbes. This means that although the use of enrofloxacin in combination with
doxycycline is inevitable, it should be judiciously applied especially in patients with

an immunocompromised condition.
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Further studies

In order to expand our understanding of the suppressive interaction between
enrofloxacin and doxycycline, here are some suggestions. As for in vitro studies, the
killing activity of the combination should be tested at a higher MIC or a
concentration achievable in an infected organ of interest. On the basis of the ROS
contributing to bacterial cell death, the amounts of ROS between the combination
and enrofloxacin alone should be compared as well. Aside from the protein-
synthesis dependent pathway, some quinolones can kill bacteria through the
protein-synthesis independent pathway, so it should be also studied. Moreover,
according to the discrepancy observed between the simultaneous and separated
combinations, the drug combination needs to be assessed accordingly, and so does
the effect of prolonged protein inhibition on the killing activity of enrofloxacin.

For clinical translation, undertaking an in vivo study is essential to precisely
predict clinical outcomes. In fact, a course of antibacterial therapy always deals with
multiple/ repeat dosing. However, time-kill study only focuses on the killing effect of
a single dosing, which does not provide enough information for the whole dosing
resimen. With a fluctuation of drug concentration and concentration-dependent
killing activity of enrofloxacin, this suggests that an vivo study with a multiple/ repeat
dosing should be conducted to fulfill missing pieces of our intellectual knowledge

about drug interactions.
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