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Background – Bacterial densities likely fluctuate during infection and may exceed the bacterial density used in

susceptibility testing. As such, investigation of bacterial killing by antibiotics over a range of varying bacterial den-

sities may provide important differences between compounds and could impact drug selection for therapy.

Hypothesis/Objectives – To measure killing of clinical isolates of Staphylococcus pseudintermedius and

Escherichia coli by cefazolin, cefovecin, doxycycline and pradofloxacin at clinically relevant (minimum inhibitory,

mutant prevention, maximum serum and maximum tissue) drug concentrations against varying densities of bac-

teria.

Methods and materials – Bacterial strains collected from dogs with urinary tract infections were studied. High

bacterial densities ranging from 106 to 109 colony forming units (cfu)/mL were exposed to minimum inhibitory,

mutant prevention, blood and tissue drug concentrations, and the percentages (log10) of viable cells killed follow-

ing 30 min, 1, 2, 4, 6, 12 and 24 h of drug exposure were quantified.

Results – Doxycycline exhibited bacteriostatic properties with less killing than the other three agents. For exam-

ple, at a 107 cfu/mL density of S. pseudintermedius, more cells were killed by pradofloxacin (P < 0.0001) and

cefovecin (P = 0.0014) but not cefazolin when compared to doxycycline at the maximum serum drug concentra-

tion following 12 h of drug exposure.

Conclusions and clinical importance – Differences were seen between some drugs in the speed and extent

of bacterial killing; this could be clinically important and may impact drug selection and length of therapy.

Introduction

Bacterial eradication is considered important for clinical

cure from an infectious disease, even though this con-

cept may be more complex for skin infections. Numerous

authors have debated on similarities and differences

between bactericidal and bacteriostatic agents, and

where they might be best used in clinical medicine and

influence clinical outcome.1–3 Noninferiority clinical trials

in humans with mild to moderate community-acquired

infections failed to show differences in outcome in

patients treated with bactericidal versus bacteriostatic

agents and such observations are not surprising as differ-

ences in outcome were not expected (nor were the trials

powered to detect differences). In patients with life-

threatening infections, bactericidal agents alone or in

combination with bacteriostatic agents have been recom-

mended for therapy.4

Differentiating bactericidal agents from each other and

from bacteriostatic agents has involved in vitro kill studies

where log10 reductions in viable cells are used to deter-

mine -cidal versus -static activity. A reduction in viable

cells of >3 log10 or greater differentiates a bactericidal

drug from a bacteriostatic agent where a <2 log10 reduc-

tion is seen. Log reduction values between <2 log10 and

>3 log10 is considered a grey or indeterminate zone.5,6

We have previously argued that clinically relevant drug

concentrations need to be used in in vitro kill assays and

over a range of bacterial densities expected to occur during

acute or chronic infections.7,8 In particular, higher bacterial

densities are known to occur in central nervous sys-

tem,9,10 respiratory11 and urinary tract infections,12 and
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likely others. In a previous report,7 we compared killing of

canine isolates of Staphylococcus pseudintermedius and

Escherichia coli by cefazolin, cefovecin, doxycycline and

pradofloxacin using bacterial densities of 105 colony form-

ing units (cfu)/mL – the bacterial density used for in vitro

susceptibility testing. Bacterial killing was measured over

180 min and differences in killing by the drugs tested were

seen for S. pseudintermedius and E. coli at some of the

various time points. In the present report, we extended

the design to compare bacterial killing over 24 h and at

higher bacterial densities ranging from 106 to 109 cfu/mL7.

Methods and materials

Bacterial strains
The same clinical isolates from dogs as used in a previous study

(three each of S. pseudintermedius and E. coli) were tested.7 They

had been identified by Matrix-assisted laser desorption ionization –
time of flight (MALDI-TOF) (BioMerieux; St Laurent, Quebec,

Canada) and each isolate had to be susceptible to each agent based

on current recommended susceptibility minimum inhibitory concen-

tration (MIC) breakpoints.13

Antimicrobial compounds
Sources of antimicrobial compounds and their preparation and stor-

age were as described previously.7

MIC/mutant prevention concentration (MPC) testing
The MIC/MPC testing using a modified protocol was as summarized

in detail in our earlier publication.7,14,15 Measured MIC and MPC val-

ues for the six strains examined are as reported previously and sum-

marized in Table 1.7

Kill studies
Kill studies were a modification to protocols published previ-

ously.16,17 Bacterial isolates were incubated overnight on blood agar

(BA) plates for 18–24 h at 35–37°C in O2. Following overnight incuba-

tion, an inoculum was transferred to Mueller–Hinton Broth (MHB)

and incubated for 2 h in O2 at 35–37°C; then spectrophotometric

readings (>0.3) verified cell densities >109 cfu/mL which were sub-

sequently confirmed by colony counts.14 Further adjustment of inoc-

ula to achieve cell densities ranging from 106 to 109 cfu/mL were

done in MHB; to this, cefazolin, cefovecin, doxycycline or prad-

ofloxacin was added based on the measured drug MIC or MPC val-

ues or the Cmax or Tissuemax drug concentration for each drug tested

against each strain. In vitro measurements did not take into account

protein binding. A summary of Cmax and Tissuemax concentrations is

presented in Table 1 and is as reported previously.7 For cefovecin,

cefazolin and doxycycline, skin drug concentration was estimated

from previous publications.18,19 Measurements of killing (log10 reduc-

tion in viable cells and % kill) were recorded at 30 min, 1, 2, 4, 6, 12

and 24 h following drug exposure by culturing aliquots on drug-free

blood agar plates and incubating overnight as described and counting

colonies. Colony counts recorded at time 0 at the 106, 107, 108 and

109 cfu/mL densities (respectively) were as follows:

Three separate aliquots were sampled at each time point and

results averaged; as such each data point represents nine indepen-

dent measurements (i.e. three strains x three triplicate samplings).

The log10 and percentage kill reduction of viable cells were calculated

and recorded.

Statistical analysis
Statistical analysis of the data was as described previously.7 Values

of P < 0.05 were considered significant for all analyses.

Results

Exposure of 106 cfu/mL of S. pseudintermedius (Table 2)

to the MIC drug concentration of four drugs tested did

not show any statistically significant differences in bacte-

rial killing between the drugs (refer to Table 2 for all log10
reduction comparisons).

When 106 cfu/mL were exposed to MPC drug concen-

trations of the four drugs, pradofloxacin (P = 0.0001) and

cefovecin (P = 0.0001) killed more cells than doxycycline

did following 24 h of drug exposure.

Exposure of 106 cfu/mL to the Cmax drug concentration

showed statistically significant differences in kill following

4 h of exposure to pradofloxacin versus doxycycline

(P < 0.0006) or cefazolin (P = 0.0042), pradofloxacin ver-

sus doxycycline (P < 0.0001) or cefazolin (P = 0.0007).

Following 12 h of drug exposure, more cells were killed

by pradofloxacin than by doxycycline (P < 0.0001). Fol-

lowing 24 h of drug exposure, more cells were killed by

pradofloxacin than by doxycycline (P < 0.0001) and by

cefovecin (P = 0.007) and cefazolin (P = 0.0005) than

doxycycline.

Exposure of 106 cfu/mL to the Tissuemax drug concen-

tration showed a statistically significant difference in killing

by pradofloxacin versus doxycycline (P = 0.0054) follow-

ing 6 h of drug exposure, pradofloxacin versus doxycycline

(P < 0.0001) following 12 h, cefazolin versus doxycycline

(P = 0.0312) following 12 h, pradofloxacin versus doxycy-

cline (P < 0.0001) at 24 h and cefovecin versus doxycy-

cline (P = 0.0004) and cefazolin versus doxycycline

(P = 0.0018) following 24 h of drug exposure.

Exposure of 107 cfu/mL of S. pseudintermedius

(Table 3) to the MIC drug concentration of the four drugs

tested showed a significant difference between cefove-

cin and cefazolin (P = 0.0116) following 12 h of drug

exposure. At the MPC drug concentration, significantly

more bacterial cells were killed by pradofloxacin than

doxycycline (P = 0.0123) and by cefovecin (P = 0.0118)

and cefazolin (P = 0.0105) than doxycycline following

12 h of drug exposure. Cefovecin killed more cells than

doxycycline (P = 0.0013) following 24 h of drug expo-

sure. At the Cmax drug concentration, pradofloxacin killed

x106 x107 x108 x 109

cefazolin Staphylococcus pseudintermedius 1.4–8.7 1.6–9.7 1.9–8.8 2.1–8.7
Escherichia coli 1.6–4.1 1.6–5.3x107 1.5–4.6 1.6–5.3

cefovecin Staphylococcus pseudintermedius 1.6x106–7.0x107 1.5x107–1.1x108 1.2x108–1.3x109 1.1x109–1.1x1010

Escherichia coli 3.9–8.4 4.3–7.9 4.8–8.5 3.3x109–1x1012

doxycycline Staphylococcus pseudintermedius 3.1–8.4 4.8–7.1 4.7x108–1.2x109 2.9–8.7
Escherichia coli 2.1–5.7 2.2–6.9 2.9–6.3 3.0–5.9

pradofloxacin Staphylococcus pseudintermedius 5.7x106–4.3x107 6.7x107–1.3x108 4.7x108–9x109 7.3x109–1.7x1010

Escherichia coli 2.3–9.2 5.4–9.4 3.9–9.2 9.4x109–1.2x1010

© 2020 The Authors. Veterinary Dermatology published by John Wiley & Sons Ltd on behalf of the European Society of Veterinary

Dermatology and the American College of Veterinary Dermatology., 31, 187–e39.188

J.M. Blondeau and S.D. Fitch



more cells by 4 and 6 h than doxycycline did (P = 0.0999

and P = 0.0081, respectively) and showed a tendency

toward more killing than cefazolin (P = 0.06) at 4 h. Fol-

lowing 12 h of drug exposure, pradofloxacin killed more

cells than doxycycline did (P < 0.0001) as did cefovecin

(P = 0.0014). At 24 h of drug exposure, more cells were

killed by pradofloxacin (P < 0.0001), cefovecin

(P = 0.0002) and cefazolin (P = 0.0045) than doxycycline.

At the Tissuemax drug concentration, more bacterial cells

were killed by pradofloxacin than by doxycycline following

6 h (P = 0.0001) and 12 h (P < 0.0001) of drug exposure.

Additionally, at 12 h, more cells were killed by cefovecin

(P < 0.0001) and cefazolin (P = 0.0017) than by doxycy-

cline (growth). Pradofloxacin (P < 0.0001), cefovecin

(P < 0.0001) and cefazolin (P = 0.0001) killed more cells

following 24 h of drug exposure than doxycycline did.

Exposure of 108 cfu/mL and 109 cfu/mL to the MIC,

MPC, Cmax and Tissuemax drug concentrations of the four

drugs tested did not yield any significant differences in

organism killed by individual drugs (Tables 4 and 5).

Exposure of 106 cfu/mL of E. coli (Table 2) to the

MIC drug concentration of the four drugs tested

showed statistically significant differences in killing of

bacterial cells by cefovecin versus pradofloxacin follow-

ing 6 h (P = 0.0288), 12 h (P = 0.0261) and 24 h

(P < 0.0001) of drug exposure. Statistically significant

differences also were seen for cefovecin versus doxy-

cycline following 12 h (P = 0.0180) and for cefovecin

versus cefazolin following 12 h (P < 0.0001) and 24 h

(P < 0.0001) of drug exposure. For MPC drug concen-

trations, statistically significant differences were not

seen between the study drugs. Exposure to the Cmax

drug concentration yielded statistically significant differ-

ences in killing between the compounds: 1 h prad-

ofloxacin versus doxycycline and cefovecin (P < 0.0001

for both comparisons), and cefovecin versus cefazolin

(P = 0.0386); 2 h pradofloxacin versus cefovecin and

doxycycline (P = 0.0001 for both comparisons), and

cefovecin versus cefazolin (P = 0.0002); 4 h prad-

ofloxacin versus cefovecin and doxycycline (P < 0.001

for both), and pradofloxacin versus cefazolin

(P = 0.0002), doxycycline versus cefovecin (P = 0.0066)

and doxycycline versus cefazolin (P < 0.0001); 6 h prad-

ofloxacin versus doxycycline (P < 0.0001), cefovecin

(P < 0.0001), and doxycycline and cefazolin

(P < 0.0001) versus doxycycline; 12 h pradofloxacin ver-

sus doxycycline (P < 0.0001), and doxycycline versus

cefovecin (P < 0.0001) and cefazolin (P < 0.0001); 24 h

pradofloxacin versus doxycycline (P < 0.0001), and

cefovecin (P < 0.0001) versus doxycycline and cefazolin

(P < 0.0001) versus doxycycline. Exposure of 106 cfu/

mL of E. coli to the Tissuemax drug concentration

showed more killing by pradofloxacin than cefovecin

(P = 0.0143) following 30 min of drug exposure and

more cells killed by pradofloxacin than cefovecin or

doxycycline (P-values from <0.0001 to 0.02) following

1, 2, 4 and 6 h of drug exposure. Cefovecin killed more

cells than doxycycline (P = 0.0015) following 6 h of

drug exposure. Statistically significant differences in kill

were seen between pradofloxacin and doxycycline

(P < 0.0001), cefovecin and doxycycline (P < 0.0001),

and cefazolin and doxycycline (P = 0.02) following 12 h

of drug exposure. Finally, more cells were killed by

pradofloxacin (P < 0.0001) than doxycycline and cefove-

cin killed more cells than doxycycline (P = 0.0045) fol-

lowing 24 h of drug exposure.

Exposure of 107 cfu/mL of E. coli (Table 3) to the

MIC drug concentrations of the four drugs tested did

not show statistically significant differences in kill by

the four agents. At the MPC drug concentration, an

overall effect was seen between pradofloxacin and

doxycycline at all time points (P = 0.0139) and with

cefovecin (P = 0.0543). At the Cmax drug concentration

statistically significant more cells were killed by prad-

ofloxacin than by doxycycline or cefovecin following

30 min, 1, 2, 4, 6, 12 and 24 h after drug exposure (P-

values ranged from <0.0001 to 0.0441). Cefazolin killed

more cells than did doxycycline following 1, 2, 4, 6, 12

and 24 h of drug exposure (P < 0.0001–0.0071). Cefa-

zolin killed more cells than cefovecin did following 1

and 12 h of drug exposure (P-values 0.001 and 0.0057,

respectively) and cefovecin killed more cells than doxy-

cycline following 4, 6, 12 and 24 h of drug exposure

(P < 0.0001 for all exposures).

Table 1. Minimum inhibitory (MIC) and mutant prevention (MPC) concentration values for Staphylococcus pseudintermedius and Escherichia coli

strains and pharmacological parameters for four antimicrobial agents.7

Drug

Isolates

Maximum Serum

Concentration

Maximum

Tissue (skin) Concentration*

RUH-CASP1 RUH-CASP2 RUH-CASP3

MIC MPC MIC MPC MIC MPC

S. pseudintermedius

Cefazolin 0.125 2 0.063 4 0.063 0.25 74 18.5

Cefovecin 2 4 0.25 0.5 0.25 0.5 90 22.5

Doxycycline 0.063 16 2 64 0.063 8 5.7 2.8

Pradofloxacin 0.031 0.125 0.031 0.125 0.125 0.125 1.4 4.5

RUH-CAEC1 RUH-CAEC2 RUH-CAEC3

Maximum serum concentration Maximum tissue concentrationE. coli MIC MPC MIC MPC MIC MPC

Cefazolin 1 64 2 128 1 32 74 18.5

Cefovecin 1 4 0.5 2 1 4 90 22.5

Doxycycline 0.5 64 1 64 1 64 5.7 2.8

Pradofloxacin 0.008 0.125 0.016 0.125 0.016 0.125 1.4 4.5

CASP companion animal S. pseudintermedius, CAEC companion animal E. coli, RUH Royal University Hospital.

*Maximum tissue (skin) concentration were estimated for cefovecin, cefazolin and doxycycline, from skin drug concentrations18,19 and from

serum drug concentrations.37 For pradofloxacin, published data were used.49,50
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Exposure of 108 cfu/mL of E. coli (Table 4) to the

MIC drug concentration of the four drugs tested did

not yield significant differences in killing between any

of the compounds. At the MPC drug concentration,

pradofloxacin killed more cells than cefovecin following

4, 6, 12 and 24 h of drug exposure (P = 0.0004–

0.0441). Pradofloxacin killed more cells than doxycy-

cline at 12 and 24 h of drug exposure (P = 0.0083 and

0.0087). Cefazolin killed more cells than doxycycline

did at 6 h (P = 0.0015) and 12 h (P = 0.0015), and

cefazolin killed more cells than cefovecin did at 6 h

(P = 0.0497) and 12 h (P = 0.0422) following drug

Table 2. Log10 reduction in viable cells (percentage of cells killed) over time for suspensions of Staphylococcus pseudintermedius and Escherichia

coli (106 cfu/mL) exposed to various concentrations of cefazolin, cefovecin, doxycycline and pradofloxacin

Variable

S. pseudintermedius E. coli

Cefazolin Cefovecin Doxycycline Pradofloxacin Cefazolin Cefovecin Doxycycline Pradofloxacin

Minimum inhibitory concentration (MIC)

0.5 h –0.03 (–7.55) –0.05 (–0.66) –0.01 (–3.06) –0.17 (–17.81) –0.09 (–18.13) 0.00 (1.92) 0.05 (19.04) –0.03 (–1.02)
1 h 0.04 (12.78) –0.01 (1.01) 0.07 (18.26) –0.27 (–43.84) –0.05 (–8.54) 0.00 (–1.10) 0.01 (2.86) 0.02 (5.60)

2 h 0.17 (51.05) –0.04 (15.34) 0.06 (15.07) –0.18 (–14.75) –0.44 (–89.59) –0.30 (–37.60) 0.09 (4.25) 0.05 (13.15)

4 h –0.29 (209.45) –0.46 (–24.17) 0.06 (15.46) –0.53 (–69.13) –0.03 (70.14) –1.33 (–91.67) 0.02 (6.96) –0.75 (–81.59)
6 h –0.66 (591.99) –0.65 (–30.50) 0.04 (10.99) –0.99 (–88.04) 0.40 (1290.56) –1.82 (–98.10) 0.09 (35.15) –0.36 (17.40)

12 h –0.33 (1324) –1.37 (–94.76) 0.06 (182.08) –1.65 (–87.08) 1.23 (2635.74) –2.26 (–99.23) 0.18 (55.17) –0.94 (–31.51)
24 h 0.95 (1427.62) –1.44 (–60.87) 0.68 (772.31) 0.28 (–2.92) 2.24 (17438.95) –1.37 (–87.32) –1.79 (196.70) 1.27 (1981.05)

Mutant prevention concentration (MPC)

0.5 h –0.04 (–7.70) 0.01 (9.16) –0.02 (–4.93) 0.09 (29.17) –0.28 (–44.26) –0.02 (–4.55) –0.03 (–6.26) –0.56 (–64.15)
1 h 0.04 (12.18) –0.03 (–5.53) –0.09 (–15.50) –0.03 (–6.34) –1.37 (–89.51) –0.09 (–18.21) –0.09 (–15.53) –1.98 (–92.73)
2 h –0.10 (–10.70) –0.11 (–11.79) –0.22 (–39.33) –0.56 (–71.82) –1.94 (–98.53) –0.38 (–57.91) –0.21 (–36.44) –3.65 (–99.92)
4 h –1.02 (–85.71) –0.76 (–51.04) –0.21 (–36.82) –1.94 (–98.55) –3.15 (–99.86) –1.74 (–97.65) –0.71 (–76.43) –4.54 (–99.97)
6 h –1.67 (96.52) –1.68 (–91.16) –0.43 (–47.46) –2.31 (–99.47) –4.04 (–99.97) –2.62 (–99.71) –1.01 (–86.97) –5.12 (–99.98)
12 h –2.23 (–98.76) –3.12 (–99.85) –0.72 (–77.86) –3.20 (–99.89) –4.89 (–99.99) –2.90 (–99.70) –1.09 (–92.27) –5.94 (–100.00)
24 h –2.54 (–99.05) –3.87 (–99.98) –0.93 (–79.70) –3.69 (–99.94) –5.21 (–99.99) –4.14 (–99.99) –2.15 (–99.19) –5.40 (–99.99)
Cmax

0.5 h 0.11 (31.36) 0.05 (–19.35) 0.04 (10.04) –1.18 (–87.16) –0.49 (–67.08) –0.14 (–27.68) 0.00 (6.07) –1.53 (–87.07)
1 h 0.02 (6.20) –0.14 (–40.29) 0.05 (11.67) –1.46 (–95.32) –1.22 (–98.29) –0.33 (–45.14) 0.05 (13.61) –3.38 (–99.84)
2 h –0.02 (–1.98) –0.27 (–48.70) –0.03 (–7.73) –2.32 (–98.95) –2.56 (–99.70) –0.74 (–74.71) –0.03 (–5.78) –4.51 (–99.99)
4 h –0.20 (–28.82) –0.86 (–83.03 ) –0.04 (–3.40) –3.45 (–99.86) –3.31 (–99.95) –2.76 (–99.81) –0.10 (–17.50) –5.77 (–99.99)
6 h –1.15 (–88.35) –1.85 (–96.64) –0.15 (–24.95) –3.85 (–99.95) –4.06 (–99.99) –3.53 (–99.97) –0.01 (9.99) –6.68 (–100.00)
12 h –2.16 (–98.10) –2.30 (–99.67) –0.36 (–55.28) –4.54 (–99.99) –5.02 (–99.99) –3.94 (–99.95) –0.08 (–9.89) –6.68 (–100.00)
24 h –4.68 (–99.99) –3.68 (–96.43) –0.87 (–85.27) –5.67 (–99.99) –5.57 (–99.99) –5.71 (–99.99) –0.50 (–56.00) –6.68 (–100.00)
Tissuemax

0.5 h 0.08 (21.56) 0.09 (23.60) –0.03 (–5.91) –1.39 (–95.24) –0.28 (–43.46) –0.10 (–12.48) –0.09 (–18.23) –2.85 (–98.88)
1 h –0.09 (–14.77) 0.11 (61.01) 0.03 (8.58) –1.65 (–95.26) –1.06 (–67.31) –0.13 (–24.14) –0.10 (–20.78) –4.02 (–99.99)
2 h –0.09 (–16.47) –0.14 (–12.23) 0.02 (4.89) –2.10 (–98.67) –1.94 (–97.36) –0.22 (–37.50) –0.05 (–3.97) –4.83 (–99.99)
4 h –0.75 (–78.94) –0.83 (–47.54) –0.09 (–18.53) –3.21 (–99.61) –3.00 (–99.68) –2.35 (–99.24) –0.21 (–31.18) –6.17 (–100.00)
6 h –1.91 (–98.28) –1.56 (–90.99) –0.16 (–30.40) –3.62 (–99.72) –3.40 (–99.90) –3.73 (–99.98) –0.58 (–67.72) –6.72 (–100.00)
12 h –3.17 (–96.62) –2.67 (–99.72) –0.01 (14.44) –4.44 (–99.90) –3.75 (–99.98) –4.42 (–99.82) –0.52 (–47.71) –6.72 (–100.00)
24 h –4.07 (–99.94) –4.31 (–99.99) –0.74 (–81.19) –5.26 (–99.99) –4.47 (–99.99) –4.59 (–99.95) –1.24 (–91.03) –6.72 (–100.00)

S. pseudintermedius

Negative values indicate a reduction in viable cells and positive values indicate growth.

MPC drug concentration pradofloxacin versus doxycycline at 24 h P = 0.0009, cefovecin versus doxycycline P < 0.0001.

Cmax drug concentration at 4 h pradofloxacin versus doxycycline P = 0.0006, pradofloxacin versus cefazolin P = 0-.0007; 6 h pradofloxacin versus

doxycycline P < 0.0001, pradofloxacin versus cefazolin P = 0.0042; 12 h pradofloxacin versus doxycycline P < 0.0001; 24 h pradofloxacin versus

doxycycline P < 0.0001, cefovecin versus doxycycline P = 0.0007, cefazolin versus doxycycline P = 0.0005.

Tissuemax drug concentration at 6 h pradofloxacin versus doxycycline P = 0.0054; 12 h pradofloxacin versus doxycycline P < 0.0001, cefazolin

versus doxycycline P = 0.0312; 24 h pradofloxacin versus doxycycline P < 0.0001, cefovecin versus doxycycline P = 0.0004, cefazolin versus

doxycycline P = 0.0018.

E. coli

MIC drug concentration at 6 h pradofloxacin versus cefovecin P = 0.0288; 12 h pradofloxacin versus cefovecin P = 0.0261, cefovecin versus doxycy-

cline P = 0.0180, cefovecin versus cefazolin P < 0.0001; 24 h pradofloxacin versus cefovecin P < 0.0001, cefovecin versus cefazolin P < 0.0001.

Cmax drug concentration at 1 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001, cefovecin versus cefazolin P = 0.0386; 2 h

pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001, cefazolin versus doxycycline P < 0.0001, cefazolin versus cefovecin

P = 0.0002; 4 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001 or cefazolin P = 0.0002, cefazolin versus doxycycline

P = 0.0001, cefovecin versus doxycycline P = 0.0066; 6 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001 or cefazolin

P = 0.0335, cefazolin versus doxycycline P < 0.0001, cefovecin versus doxycycline P < 0.0001; 12 h pradofloxacin versus doxycycline P

< 0.0001, cefovecin versus doxycycline P < 0.0001, cefazolin versus doxycycline P < 0.0001; 24 h pradofloxacin versus doxycycline P < 0.0001,

cefovecin versus doxycycline P < 0.0001, cefazolin versus doxycycline P < 0.0001.

Tissuemax drug concentration at 0.5 h pradofloxacin versus cefovecin P = 0.0143; 1 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin

P < 0.0001; 2 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001; 4 h pradofloxacin versus doxycycline P < 0.0001 or cefo-

vecin P = 0.0007; 6 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P = 0.0219, cefovecin versus doxycycline P = 0.0015; 12 h prad-

ofloxacin versus doxycycline P < 0.0001, cefovecin versus doxycycline P < 0.0001, cefazolin versus doxycycline P = 0.0274; 24 h pradofloxacin

versus doxycycline P < 0.0001, cefovecin versus doxycycline P = 0.0045.
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exposure. At the Cmax drug concentration, prad-

ofloxacin killed more cells than doxycycline did follow-

ing 1 h (P = 0.0020), 2 h (P = 0.0002), 4 h

(P < 0.0001), 6 h (P < 0.001), 12 h (P < 0.001) and

24 h (P < 0.0001) of drug exposure. At the Tissuemax

drug concentration, pradofloxacin killed more cells than

doxycycline did following 2, 4, 6, 12 and 24 h of drug

exposure (P-values from <0.0001 to 0.0336). No other

comparisons were statistically significant for differ-

ences in bacterial killing.

No significant differences in kill were seen between

any of the investigated compounds when 109 cfu/mL

were exposed to the MIC or MPC drug concentrations of

the four agents tested (Table 5). At the Cmax drug

Table 3. Log10 reduction in viable cells (percentage of cells killed) over time for suspensions of Staphylococcus pseudintermedius and Escherichia

coli (107 cfu/mL) exposed to various concentrations of cefazolin, cefovecin, doxycycline and pradofloxacin.

Variable

S. pseudintermedius E. coli

Cefazolin Cefovecin Doxycycline Pradofloxacin Cefazolin Cefovecin Doxycycline Pradofloxacin

Minimum inhibitory concentration (MIC)

0.5 h 0.07 (19.57) 0.00 (1.00) –0.02 (–4.39) 0.06 (14.49) 0.08 (4.68) –0.01 (–2.52) 0.11 (39.07) –0.05 (–12.15)
1 h 0.09 (25.67) 0.01 (10.52) –0.03 (–0.89) 0.00 (0.41) –0.05 (–10.85) 0.00 (–0.88) 0.01 (9.74) –0.06 (–12.54)
2 h 0.19 (72.56) –0.01 (2.05) 0.14 (39.74) 0.08 (21.90) –0.27 (–43.94) –0.21 (–30.93) 0.09 (22.58) –0.05 (–9.29)
4 h 0.29 (124.33) –0.22 (7.75) –0.03 (–3.76) –0.07 (–15.11) –0.08 (76.36) –0.73 (–62.94) 0.10 (24.58) 0.12 (36.02)

6 h 0.44 (355.49) –0.12 (–8.43) –0.06 (–12.01) –0.20 (–30.13) –0.16 (177.90) –0.34 (–51.95) 0.18 (23.70) 0.08 (29.81)

12 h 0.45 (296.69) –1.11 (–64.79) 0.12 (34.00) –0.25 (–32.07) 0.71 (905.53) –0.62 (61.40) 0.34 (127.55) –0.02 (5.50)

24 h 0.61 (313.62) –1.14 (–89.32) 0.60 (363.71) 0.00 (2.99) 1.22 (1704.31) –0.22 (38.34) –1.44 (149.08) –0.15 (1.86)

Mutant prevention concentration (MPC)

0.5 h 0.01 (9.37) –0.02 (–4.88) 0.00 (0.66) 0.01 (14.77) –0.48 (–64.62) –0.07 (–12.58) 0.03 (13.16) –0.55 (–55.40)
1 h 0.06 (17.33) –0.10 (–19.07) –0.04 (–6.68) –0.10 (–19.26) –1.57 (–95.04) –0.05 (–9.96) –0.04 (–8.11) –2.17 (–95.07)
2 h –0.09 (–12.89) –0.15 (–24.27) –0.06 (–9.52) –0.48 (–61.47) –2.21 (–99.34) –0.45 (–62.43) –0.10 (–20.71) –3.32 (–99.65)
4 h –0.55 (–63.21) –0.57 (–33.46) –0.11 (–10.80) –1.18 (–87.57) –3.20 (–99.90) –1.30 (–92.57) –0.45 (–63.45) –3.91 (99.93)

6 h –1.51 (–90.03) –1.20 (–65.90) –0.29 (–46.80) –1.64 (–93.76) –3.88 (–99.97) –2.08 (–98.61) –0.91 (–86.98) –4.13 (–99.98)
12 h –2.40 (–99.52) –2.48 (–99.35) –0.34 (–53.56) –2.36 (–99.31) –3.75 (–99.71) –2.73 (–99.53) –1.32 (–94.94) –5.08 (–99.97)
24 h –2.46 (–89.36) –4.06 (–99.98) –0.83 (–83.72) –3.20 (–96.69) –5.45 (–99.99) –4.19 (–99.99) –3.05 (–99.18) –4.50 (–99.99)
Cmax

0.5 h –0.03 (–2.00) –0.03 (–13.40) –0.03 (–18.28) –0.79 (–82.66) –0.36 (–55.00) –0.16 (–29.05) 0.00 (1.16) –2.30 (–97.04)
1 h –0.05 (–6.91) –0.09 (–17.16) –0.04 (–6.72) –1.34 (–93.51) –1.68 (–97.81) –0.01 (0.94) –0.12 (–20.57) –2.74 (–98.95)
2 h –0.11 (–18.18) –0.30 (–39.17) –0.04 (–0.44) –2.21 (–98.57) –2.48 (–99.58) –1.10 (–89.23) –0.12 (–21.90) –3.96 (–99.98)
4 h –0.58 (–65.09) –0.75 (–47.20) –0.07 (–8.76) –2.97 (–99.69) –3.31 (–99.95) –2.81 (–99.80) –0.27 (–44.12) –4.57 (–99.990
6 h –1.20 (–91.10) –1.57 (–90.15) –0.18 (–31.68) –3.40 (–99.88) –3.73 (–99.99) –3.25 (–99.94) –0.16 (–41.24) –5.61 (–99.99)
12 h –3.11 (–99.91) –3.49 (–99.91) 0.10 (218.22) –4.19 (–99.96) –4.92 (–99.99) –3.52 (–99.97) –0.41 (–55.87) –5.97 (–99.99)
24 h –4.69 (–99.99) –4.80 (–99.99) –1.09 (–91.84) –5.09 (–99.99) –5.52 (–99.99) –5.08 (–99.99) –0.54 (–70.56) –7.39 (–100.00)
Tissuemax

0.5 h –0.01 (–24.80) 0.05 (13.45) 0.00 (4.68) –1.34 (–91.04) –0.30 (–47.280 –0.11 (–16.45) –0.07 (–16.31) –3.39 (–99.95)
1 h –0.03 (–6.44) –0.10 (–18.33) –1.49 (16.01) –1.67 (–93.69) –1.44 (–76.60) –0.12 (–24.52) –0.09 (–18.65) –3.81 (–99.98)
2 h –0.11 (–22.90) –0.18 (–26.34) –1.27 (24.71) –2.25 (–97.58) –1.89 (–98.30) –0.63 (–65.78) –0.08 (–17.10) –4.03 (–99.98)
4 h –0.63 (–72.09) –0.45 (–51.48) 6.40 (25.64) –3.09 (–99.49) –2.84 (–99.74) –2.80 (–99.69) –0.14 (–26.89) –5.28 (–99.99)
6 h –1.43 (–94.36) –1.44 (–89.46) 0.10 (38.43) –3.87 (–99.92) –3.14 (–99.80) –2.88 (–99.60) –0.23 (–41.27) –6.58 (–99.99)
12 h –2.84 (–99.83) –2.87 (–99.60 0.01 (4.82) –4.72 (–99.97) –2.82 (–99.77) –3.54 (–99.96) –0.13 (–25.42) –7.30 (–100.00)
24 h –4.42 (–99.99) –4.23 (–99.99) –0.70 (–65.65) –5.78 (–99.99) –3.03 (–85.93) –4.61 (–99.93) –0.45 (–62.30) –7.79 (–100.00)

S. pseudintermedius

MIC drug concentration following 12 h of drug exposure cefazolin versus cefovecin P = 0.0116.

MPC drug concentration pradofloxacin versus doxycycline at 12 h P = 0.0123, cefazolin versus doxycycline P = 0.0105, cefovecin versus doxycy-

cline P = 0.0118; 24 h cefovecin versus doxycycline P = 0.0013.

Cmax drug concentration at 4 h pradofloxacin versus doxycycline P = 0.0097; 6 h pradofloxacin versus doxycycline P = 0.0081; 12 h pradofloxacin

versus doxycycline P < 0.0001; cefovecin versus doxycycline P = 0.0014; 24 h pradofloxacin versus doxycycline P < 0.0001, cefovecin versus

doxycycline P = 0.0002, cefazolin versus doxycycline P = 0.0045.

Tissuemax drug concentration at 6 h pradofloxacin versus doxycycline P = 0.0001; 12 h pradofloxacin versus doxycycline P < 0.0001, cefovecin

versus doxycycline P < 0.0001, cefazolin versus doxycycline P = 0.0017; 24 h pradofloxacin versus doxycycline P < 0.0001, cefovecin versus

doxycycline P < 0.0001, cefazolin versus doxycycline P < 0.0001.

E. coli

Cmax drug concentration at 0.5 h pradofloxacin versus doxycycline P = 0.0089 or cefovecin P = 0.0051; 1 h pradofloxacin versus doxycycline

P = 0.0006 or cefovecin P < 0.0001, cefazolin versus doxycycline P = 0.0007, cefovecin versus cefazolin P = 0.0010; 2 h pradofloxacin versus

doxycycline P < 0.0001 or cefovecin P < 0.0001, cefazolin versus doxycycline P = 0.0003; 4 h pradofloxacin versus doxycycline P < 0.0001 or

cefovecin P = 0.0441, cefovecin versus doxycycline P < 0.0001, cefazolin versus doxycycline P < 0.0001; 6 h pradofloxacin versus doxycycline

P < 0.0001 or cefovecin P < 0.0001, cefovecin versus doxycycline P < 0.0001, cefazolin versus doxycycline P < 0.0001; 12 h pradofloxacin ver-

sus doxycycline P < 0.0001 or cefovecin P < 0.0001, cefovecin versus doxycycline P < 0.0001, cefazolin versus doxycycline P < 0.0001, cefove-

cin versus cefazolin P = 0.0057; 24 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P = 0.0008, cefovecin versus doxycycline

P < 0.0001, cefazolin versus doxycycline P < 0.0001.

Tissuemax drug concentration at 1 h pradofloxacin versus doxycycline P = 0.0167 or cefovecin P = 0.0172; 2 h pradofloxacin versus doxycycline

P = 0.0021; 4 h pradofloxacin versus doxycycline P < 0.0001; 6 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P = 0.0264; 12 h

pradofloxacin versus doxycycline P < 0.0001 or cefovecin P = 0-.0056, cefovecin versus doxycycline P = 0.0198; 24 h pradofloxacin versus doxy-

cycline P < 0.0001, cefovecin versus doxycycline P = 0.0002.
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concentration pradofloxacin killed more cells following

4 h of drug exposure than cefovecin did (P = 0.0028). At

6, 12 and 24 h following drug exposure, pradofloxacin

killed more cells than doxycycline, cefovecin and cefazolin

(P-values were at <0.0001 for all comparisons). At the Tis-

suemax drug concentration, pradofloxacin killed more cells

than doxycycline, cefovecin or cefazolin (growth) follow-

ing 2, 4, 6, 12 and 24 h of drug exposure (P-values were

<0.0001 for all comparisons).

Discussion

Previous reviews20,21 included the use of 1st and 3rd gen-

eration cephalosporins, fluoroquinolones and tetracycli-

nes (doxycycline) for the treatment of canine skin

infections and, as such, were appropriate to investigate in

this report and our previous study.7 Cefovecin was shown

to be as effective as amoxicillin/clavulanic acid for the

treatment of skin infections in dogs,22 and pradofloxacin

was shown to be efficacious for the treatment of superfi-

cial and deep pyoderma in dogs.23 A previous study

reported on the bactericidal properties of pradofloxacin

against veterinary pathogens including S. pseudinter-

medius and E. coli canine strains.24 Another study

reported on the in vitro activity of cefovecin against

S. pseudintermedius and E. coli strains with MIC90 val-

ues of 0.25 µg/mL and 1 µg/mL, respectively.25 The bac-

tericidal activity of cefovecin also has been reported

previously.26 Previous studies27 have reported on the

bactericidal activity of cefazolin and commented on the

Table 4. Log10 reduction in viable cells (percentage of cells killed) over time for suspensions of Staphylococcus pseudintermedius and Escherichia

coli (108 cfu/mL) exposed to various concentrations of cefazolin, cefovecin, doxycycline and pradofloxacin.

Variable

S. pseudintermedius E. coli

Cefazolin Cefovecin Doxycycline Pradofloxacin Cefazolin Cefovecin Doxycycline Pradofloxacin

Minimum inhibitory concentration (MIC)

0.5 h 0.00 (0.47) 0.01 (4.02) 0.04 (8.37) –0.03 (–3.29) –0.04 (–7.15) –0.03 (5.79) 0.08 (34.16) 0.08 (21.68)

1 h –0.01 (–1.30) 0.09 (25.82) 0.05 (11.210 0.01 (–4.83) –0.17 (–27.56) 0.07 (23.33) 0.02 (13.14) 0.18 (54.39)

2 h 0.06 (15.51) –0.01 (–0.16) –0.01 (–0.66) –0.05 (–8.30) –0.14 (–25.14) –0.06 (–8.31) –0.0 (12.91) 0.09 (25.43)

4 h 0.13 (36.57) 0.07 (20.02) 0.07 (17.27) 0.07 (18.76) –0.04 (23.27) 0.08 (26.12) 0.14 (43.25) 0.15 (43.49)

6 h 0.11 (32.13) –0.08 (–12.33) 0.11 (32.85) 0.02 (3.68) 0.03 (24.48) –0.15 (–27.88) 0.23 (80.77) 0.11 (32.32)

12 h 0.11 (27.75) –0.07 (–27.92) 0.12 (34.16) –0.02 (–3.56) 0.37 (176.68) 0.00 (3.16) 0.20 (63.02) 0.10 (31.13)

24 h –0.09 (–15.89) 0.29 (424.16) 0.17 (50.35) –0.12 (–16.37) 0.37 (140.46) –0.18 (–32.09) 0.16 (57.97) –0.01 (3.87)

Mutant prevention concentration (MPC)

0.5 h –0.01 (–1.73) –0.02 (–5.08) 0.04 (10.62) –0.05 (–11.27) –0.45 (–60.34) –0.13 (–24.48) 0.11 (32.19) –0.53 (–64.26)
1 h 0.03 (6.13) –0.14 (–25.10) 0.11 (31.94) –0.01 (–1.37) –1.33 (–90.58) –0.01 (–0.30) –0.01 (–0.06) –1.25 (–80.57)
2 h –0.02 (–3.84) 0.02 (13.22) 0.03 (9.61) –0.11 (–21.50) –2.01 (–98.60) –0.05 (4.89) 0.09 (54.88) –1.99 (–92.73)
4 h –0.11 (–19.17) 0.01 (1.59) 0.06 (24.79) –0.23 (–37.70) –2.61 (–99.54) –0.26 (–43,26) –0.18 (–31.46) –2.11 (–96.13)
6 h –0.20 (–29.09) 0.11 (31.80) 0.07 (21.17) –0.16 (–31.62) –2.95 (–99.81) –0.34 (–47.76) –0.23 (–29.18) –2.47 (–98.15)
12 h –0.24 (–32.59) –0.08 (–15.06) 0.06 (15/53) –0.09 (–15.57) –3.17 (–99.85) 0.00 (3.26) –0.50 (–57.47) –2.92 (–99.57)
24 h –0.67 (–13.93) –0.40 (–58.38) –0.47 (–60.08) –0.31 (–47.77) –1.44 (–85.53) –0.02 (–3.37) –0.59 (–64.83) –3.10 (–99.65)
Cmax

0.5 h 0.02 (7.93) –0.02 (–3.27) 0.01 (0.74) –0.50 (–66.46) –0.31 (–45.13) –0.14 (–22.37) –0.12 (–23.56) –2.07 (–98.45)
1 h 0.02 (4.84) –0.06 (–12.95) –0.03 (–7.48) –0.82 (–83.62) –1.12 (–92.19) –0.17 (–30.03) –0.09 (–17.05) –3.10 (–99.88)
2 h 0.03 (10.71) –0.14 (–30.35) –0.13 (–24.48) –1.39 (–94.44) –2.20 (–99.20) –0.64 (–74.22) 0.02 (6.40) –3.59 (–99.97)
4 h –0.10 (–9.71) –0.10 (–19.20) –0.01 (–2.76) –1.72 (–96.11) –2.51 (–99.64) –0.83 (–78.70) –0.09 (–13.50) –3.87 (–99.98)
6 h –0.12 (–20.47) –0.07 (–41.19) 0.03 (–5.94) –1.82 (–96.22) –2.67 (–99.75) –1.52 (–94.16) –0.02 (10.78) –4.09 (–99.97)
12 h –0.40 (–51.29) –0.16 (–24.48) 0.02 (7.07) –1.61 (–92.52) –2.46 (–99.11) –2.56 (–99.52) 0.02 (11.00) –4.81 (–99.99)
24 h –1.45 (80.42) –0.34 (–38.86) 0.15 (6.44) –2.40 (–98.26) –1.52 (–88.19) –4.54 (–99.99) –0.04 (7.54) –5.51 (–99.99)
Tissuemax

0.5 h –0.06 (–16.35) 0.00 (4.47) 0.00 (–0.73) –1.08 (–94.30) –0.27 (–39.99) –0.23 (–40.36) 0.03 (52.73) –2.76 (–90.85)
1 h –0.01 (–1.33) –0.02 (–1.27) 0.03 (6.56) –1.47 (–97.86) –0.89 (–61.19) –0.19 (–16.64) –0.10 (8.07) –3.20 (–99.94)
2 h –0.09 (–14.91) –0.04 (–6.15) –0.12 (–23.94) –1.79 (–98.82) –1.93 (–97.42) –0.61 (–62.96) 0.00 (6.38) –3.65 (–99.99)
4 h –0.15 (–27.75) –0.39 (–030.35) 0.04 (15.59) –2.12 (–99.33) –2.34 (–99.15) –1.36 (–84.62) 0.05 (38.98) –3.98 (–99.96)
6 h –0.26 (–37.79) –0.17 (–27.77) –0.01 (0.78) –2.27 (–99.54) –2.61 (–99.20) –1.01 (–80.31) –0.04 (53.83) –4.44 (–99.98)
12 h –0.90 (–57.97) –0.18 (–30.02) 0.03 (9.40) –2.06 (–99.29) –2.21 (–98.27) –2.34 (–95.97) 0.36 (229.89) –4.81 (–99.99)
24 h –1.72 (–57.91) –1.51 (–85.59) –0.02 (–3.47) –1.96 (–99.12) –1.25 (–35.85) –3.74 (–96.02) 0.02 (56.97) –6.54 (–99.99)

E. coli

MPC drug concentration at 4 h pradofloxacin versus cefovecin P = 0.0441; 6 h pradofloxacin versus cefovecin P = 0.0392, cefazolin versus doxy-

cycline P = 0.0015, cefazolin versus cefovecin P = 0.0497; 12 h pradofloxacin versus doxycycline P = 0.0087 or cefovecin P = 0.0039, cefazolin

versus doxycycline P = 0.0015, cefovecin versus cefazolin P = 0.0422; 24 h pradofloxacin versus doxycycline P = 0.0083 or cefovecin

P = 0.0004.

Cmax drug concentration at 1 h pradofloxacin versus doxycycline P = 0.0020 or cefovecin P = 0.0012; 2 h pradofloxacin versus doxycycline

P = 0.0002 or cefovecin P = 0.0011, cefazolin versus doxycycline P = 0.0347; 4 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin

P = 0.0010, cefazolin versus doxycycline P = 0.0045; 6 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P = 0.0011, cefazolin versus

doxycycline P = 0.0005; 12 h pradofloxacin versus doxycycline P < 0.0001, cefovecin versus doxycycline P < 0.017; cefazolin versus doxycline

P = 0.0308; 24 h pradofloxacin versus doxycycline P < 0.001 or cefazolin P < 0.0001, cefovecin versus doxycycline P < 0.0001, cefazolin versus

cefovecin P = 0.0016.

Tissuemax drug concentration at 2 h pradofloxacin versus doxycycline P = 0.0336; 4 h pradofloxacin versus doxycycline P = 0.0086; 6 h prad-

ofloxacin versus doxycycline P = 0.0074; 12 h pradofloxacin versus doxycycline P = 0.0001; 24 h pradofloxacin versus doxycycline P < 0.0001.
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tetracyclines being bacteriostatic.28 The previous deter-

mination of bactericidal or bacteriostatic concentrations

for the various drugs tested is consistent with the find-

ings in this study. Doxycycline is recommended in

humans for staphylococcal and streptococcal bacterial

strains and skin structure infections,29 yet randomized

control trials in dogs are unavailable.21 Likewise, although

cefazolin (and cefalexin) have been investigated for treat-

ment of skin and skin structure infections in humans30,31,

randomized controlled trials are unavailable in companion

animals.21 The pharmacokinetics of cefazolin for prophy-

lactic administration in dogs has been studied.32 Compar-

ing antibiotics for bactericidal versus bacteriostatic

activity as well as speed of kill has clinical relevance, as

commented by others.33,34

In this report, we performed kill measurements using

the same strains as in our previous report and the same

clinically relevant drug concentrations. The major differ-

ences between this report and our previous publication

were the time and intervals over which killing occurred

(i.e. 3 h versus 24 h) and the densities of bacteria used in

the assays. The varying bacterial densities are important

to include as the densities of bacteria present during

infection (6, 7, 8, 9, 10, 11) have been shown to exceed

105 cfu/mL, and testing drugs against the higher bacterial

densities helps to effectively kill cells with reduced sus-

ceptibility, as has been shown to occur in bacterial densi-

ties >107 cfu/mL. These differences have been argued

previously with MIC versus MPC testing.7,8,35,36

Cefazolin, cefovecin and pradofloxacin are all consid-

ered bactericidal agents, whereas doxycycline is consid-

ered bacteriostatic based on the classical definition.5,6

The definition of bactericidal versus bacteriostatic is prob-

lematic as it is based on a standard bacterial inoculum of

105 cfu/mL and does not appear to have relevance when

higher bacterial densities are tested. Additionally, the dif-

ferentiation of bactericidal from bacteriostatic drugs

based on a >3 log10 reduction in viable cells versus <2

Table 5. Log10 reduction in viable cells (percentage of cells killed) over time for suspensions of Staphylococcus pseudintermedius and Escherichia

coli (109 cfu/mL) exposed to various concentrations of cefazolin, cefovecin, doxycycline and pradofloxacin.

Variable

S. pseudintermedius E. coli

Cefazolin Cefovecin Doxycycline Pradofloxacin Cefazolin Cefovecin Doxycycline Pradofloxacin

Minimum inhibitory concentration

0.5 h –0.01 (–1.30) –0.04 (–0.74) –0.05 (–11.41) –0.05 (–5.55) –0.11 (–20.93) –0.11 (–21.92) –0.06 (–7.10) –0.07 (–13.40)
1 h 0.00 (–0.16) –0.05 (–0.31) –0.01 (–0.47) –0.13 (–25.66) –0.09 (–15.90) 0.04 (11.99) 0.06 (16.70) –0.02 (–4.80)
2 h 0.00 (–0.49) 0.06 (27.44) –0.03 (–3.11) 0.08 (1.68) –0.05 (–11.88) –0.05 (–10.27) 0.14 (39.75) –0.03 (–5.86)
4 h 0.07 (17.49) 0.10 (48.24) –0.09 (–17.05) 0.01 (3.15) –0.09 (–10.16) –0.25 (–40.82) 0.38 (166.05) –0.01 (0.06)

6 h 0.04 (10.66) –0.01 (11.90) –0.07 (–12.51) –0.15 (–24.79) 0.13 (34.86) –0.15 (–12.64) 0.33 (179.36) –0.03 (–4.00)
12 h 0.37 (211.77) 0.14 (1.34) –0.30 (–33.03) 0.05 (13.65) 0.23 (73.20) –0.10 (4.10) 0.13 (46.85) –0.10 (–20.24)
24 h –0.05 (–11.48) –0.07 (–37.68) –0.11 (15.89) –0.13 (–24.28) –0.04 (–8.02) –0.18 (–30.73) 0.18 (63.01) –0.13 (–10.99)
Mutant Prevention concentration

0.5 h –0.03 (–2.53) 0.14 (48.09) –0.05 (–2.87) 0.00 (2.69) –0.02 (–3.03) –0.04 (–5.85) 0.16 (49.33) 0.18 (58.26)

1 h –0.03 (–5.22) 0.22 (78.10) –0.04 (–5.64) –0.05 (–9.43) –0.22 (–36.94) 0.13 (48.57) –0.01 (–2.02) 0.16 (48.53)

2 h 0.00 (3.07) 0.15 (50.59) –0.03 (0.28) –0.03 (–3.47) –0.08 (–13.48) –0.09 (–18.80) 0.09 (37.83) 0.11 (32.76)

4 h 0.00 (–1.72) 0.20 (71.48) –0.04 (–4.37) –0.13 (–15.41) –0.13 (–20.95) –0.02 (–2.75) 0.05 (13.00) –0.07 (–29.66)
6 h –0.05 (–2.41) 0.18 (56.50) –0.05 (–10.81) 0.03 (10.49) 0.21 (244.33) –0.05 (0.55) –0.07 (–12.38) –0.14 (–12.01)
12 h 0.08 (–21.51) 0.15 (42.71) –0.27 (–22.52) –0.05 (–6.55) 0.09 (30.63) 0.14 (46.57) –0.04 (1.39) –0.16 (–21.60)
24 h –0.15 (–19.57) 0.05 (33.26) –0.08 (–13.82) –0.15 (–22.26) 0.05 (15.37) –0.06 (–12.17) –0.08 (–15.63) –0.44 (–59.93)
Cmax

0.5 h 0.05 (20.42) 0.01 (–0.17) –0.02 (–0.27) –0.09 (–16.70) 0.06 (14.45) 0.00 (4.30) 0.12 (37.69) –0.48 (–61.12)
1 h 0.06 (15.06) –0.14 (–21.34) 0.09 (27.08) –0.15 (–26.11) 0.03 (10.07) 0.11 (49.33) 0.06 (18.09) –0.63 (–67.51)
2 h 0.09 (24.65) –0.01 (–4.07) 0.03 (10.62) –0.20 (–33.97) 0.03 (11.66) 0.00 (6.64) 0.14 (51.59) –1.26 (–93.04)
4 h 0.05 (20.74) 0.06 (20.06) 0.04 (11.97) –0.40 (–56.04) 0.20 (91.82) 0.10 (26.28) –0.05 (–9.90) –1.97 (–98.48)
6 h 0.06 (14.76) 0.04 (9.16) –0.09 (–11.99) –0.60 (–65.82) 0.07 (19.63) 0.20 (62.89) –0.04 (–5.76) –2.83 (–99.80)
12 h 0.15 (41.35) –0.03 (–4.26) –0.01 (14.52) –0.29 (–38.10) 0.15 (55.44) 0.26 (100.51) 0.14 (38.49) –3.08 (–99.85)
24 h 0.09 (24.00) –0.04 (4.92) 0.02 (7.55) –1.04 (–88.54) 0.01 (23.95) 0.10 (57.90) –0.15 (–11.64) –3.58 (–99.93)
Tissuemax

0.5 h –0.04 (–8.21) 0.00 (18.55) 0.04 (14.59) –0.30 (–47.54) –0.10 (–19.87) –0.08 (–24.16) 0.08 (20.01) –0.87 (–85.73)
1 h –0.02 (–3.91) –0.05 (13.93) 0.04 (15.76) –0.65 (–70.34) –0.10 (–18.48) –0.09 (–17.22) 0.00 (0.91) –1.40 (–94.79)
2 h –0.05 (–10.73) –0.03 (9.38) 0.06 (22.88) –0.91 (–85.87) 0.10 (28.61) –0.06 (–12.95) 0.13 (36.43) –2.20 (–99.66)
4 h 0.05 (13.21) –0.16 (–2.88) 0.09 (29.31) –0.86 (–77.41) 0.00 (1.51) –0.11 (–21.61) 0.05 (13.05) –2.98 (–99.94)
6 h –0.08 (–17.02) –0.11 (5.43) 0.11 (54.44) –1.06 (–82.32) 0.11 (33.71) –0.18 (–29.80) 0.02 (5.95) –3.50 (–99.98)
12 h 0.06 (17.82) –0.11 (3.82) 0.33 (101.77) –0.74 (–64.43) 0.12 (49.27) –0.12 (–23.42) –0.08 (39.97) –4.00 (–99.99)
24 h –0.13 (–24.67) –0.16 (0.57) 0.02 (6.03) –1.30 (93.90) 0.04 (16.09) –0.18 (–31.86) 0.06 (20.05) –4.45 (–99.99)

E. coli

Cmax drug concentration at 4 h pradofloxacin versus cefovecin P = 0.0028; 6 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin

P < 0.0001 or cefazolin P < 0.0001; 12 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001 or cefazolin P < 0.0001; 24 h

pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001 or cefazolin P < 0.0001.

Tissuemax drug concentration at 2 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001 or cefazolin P < 0.0001; 4 h prad-

ofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001 or cefazolin P < 0.0001; 6 h pradofloxacin versus P < 0.0001 or cefovecin

P < 0.0001 or cefazolin P < 0.0001; 12 h pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001 or cefazolin P < 0.0001; 24 h

pradofloxacin versus doxycycline P < 0.0001 or cefovecin P < 0.0001 or cefazolin P < 0.0001.
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log10 reduction (respectively) is arbitrary. In previous work

from our laboratory, agents traditionally considered bacte-

riostatic showed bactericidal properties when tested

against higher bacterial densities.6 Having said that, in

this study, doxycycline displayed bacteriostatic properties

regardless of bacterial densities and/or drug concentra-

tions tested; cefazolin, cefovecin and pradofloxacin were

bactericidal over the densities tested and with killing

more pronounced at MPC, Cmax and Tissuemax drug con-

centrations for all three drugs. For cefazolin and cefove-

cin, longer times of drug exposure were needed to

achieve substantial reductions in viable cells and this is

consistent with time-dependent drugs.

As reported previously, the drug concentration used in

this study was from published reports or estimated from

published reports.18,19,26,37,38 Interestingly, for E. coli at

the 106–108 cfu/mL densities and Cmax drug concentra-

tions, statistically more cells were killed by pradofloxacin

than by doxycycline and cefovecin within the first 1–4 h

of drug exposure and in most instances, these differ-

ences were seen over the 24 h of drug exposure. Statisti-

cally significant differences with any comparisons were

not seen until 4 h of drug exposure at the 109 cfu/mL

density and thereafter at the 6, 12 and 24 h samplings.

Statistically significant differences also were seen

between agents at the Tissuemax, MPC and MIC drug

concentrations depending on the density of bacteria and

the time after drug exposure sampling.

Overall, but not exclusively, statistically significant dif-

ferences in kill were seen more often between doxycy-

cline and cefazolin, cefovecin or pradofloxacin than

between cefazolin, cefovecin and pradofloxacin for

S. pseudintermedius. At the Cmax and Tissuemax drug

concentrations, statistically significant differences were

seen between pradofloxacin and doxycycline at earlier

sampling times (i.e. 4–6 h) but by 12–24 h following drug

exposure, differences also were seen for cefazolin and

cefovecin compared to doxycycline at the 106 cfu/mL and

107 cfu/mL densities. At the MPC drug concentrations,

statistically significant differences were not observed

between any comparisons until 12–24 h following drug

exposure at the 106–107 cfu/mL densities.

In this and our previous report,7 we showed that killing

of S. pseudintermedius and E. coli strains was different

for the four drugs tested and did vary based on the bacte-

rial density and time following drug exposure – generally

being statistically different for pradofloxacin with short

drug exposure times. A limitation of this and similar stud-

ies is that drug concentration remains constant over the

duration of the measurements (i.e. 24 h in this report)

and as such, does not truly reflect in vivo drug dynamics

where drug elimination occurs; drug degradation over

time was not measured. In addition, measurements were

not corrected for protein binding; Dalhoff showed that

high protein binding is associated with reduced antimicro-

bial activity,39 but protein binding <80–85% appears to be

of slight clinical importance.40 Regardless, measure-

ments as reported herein do allow for comparisons

between drugs under controlled conditions which may be

important clinically. Those observations are consistent

with our previous report showing faster killing with prad-

ofloxacin and also are consistent with cefazolin and

cefovecin being time-dependent antibiotics and prad-

ofloxacin being a concentration-dependent drug.

In human medicine, the overall trend has been toward

shorter duration of antimicrobial therapy for uncompli-

cated infections, an approach not considered inferior to

longer durations of therapy.4,41–44 In four guideline publi-

cations for recommended therapies for companion animal

infections,21,45–47 longer durations of therapy are recom-

mended with the acknowledgement that shorter dura-

tions of therapy might be possible but for data being

limited or unavailable. Longer duration of therapy may be

necessary for chronic infections where biofilm formation

may be a contributing factor.48

Determining effective durations of therapy involves

clinical investigation supplemented with in vitro data. As

such, data as reported here and in our previous report add

to the in vitro data showing differences and similarities

between compounds for killing or inhibition of clinically

important pathogens. Such data may contribute to deci-

sions related to therapeutic choices and duration of ther-

apy.
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R�esum�e

Contexte – Les densit�es bact�eriennes fluctuent probablement au cours d’une infection et pourraient

d�epasser les densit�es bact�eriennes utilis�ees dans les tests de sensibilit�e. Ainsi, les recherches de bact�erici-

die par les antibiotiques sur une vari�et�e de densit�es bact�eriennes moyennes pourraient montrer

d’importantes diff�erences entre les compos�es et pourraient impacter le choix des mol�ecules pour le traite-

ment.

Hypoth�eses/Objectifs – Evaluer la bact�ericidie sur des souches bact�eriennes de Staphylococcus pseudin-

termedius et Escherichia coli par la c�efazoline, la c�efov�ecine, la doxycycline et la pradofloxacine �a des con-

centrations (minimales inhibitrices, de pr�evention des mutants, s�eriques maximales et tissulaires

maximales) cliniquement importantes contre plusieurs densit�es bact�eriennes.

M�ethodes et mat�eriels – Les souches bact�eriennes pr�elev�ees de chiens avec infection urinaire ont �et�e
�etudi�ees. Les densit�es bact�eriennes �elev�ees allant de 106 �a 109 cfu (colony forming units)/mL �etaient

expos�ees aux concentrations minimales inhibitrices, de pr�evention des mutant, tissulaires et sanguines

des traitements et les pourcentages (log10) de cellules viables apr�es 30 min, 1, 2, 4, 6, 12 et 24 h

d’exposition au traitement ont �et�e quantifi�es.

R�esultats – La doxycycline a montr�e des propri�et�es bact�eriostatiques avec moins de mort que les trois

autres agents. Par exemple, �a la densit�e de 107 cfu/mL de S. pseudintermedius, plus de cellules �etaient

tu�ees par la pradofloxacine (P < 0.0001) et la c�efov�ecine (P = 0.0014) mais pas par la c�efazoline quand com-

par�e �a la doxycycline �a la concentration s�erique maximale de la doxycycline suivant 12h d’exposition au trai-

tement.

Conclusions et importance clinique – Les diff�erences �etaient observ�ees entres les mol�ecules pour le

temps et la dur�ee de bact�ericidie; ceci pourrait être cliniquement important et pourrait avoir un impact sur

la s�election des mol�ecules et la dur�ee du traitement.

Resumen

Introducci�on – la densidad bacteriana probablemente fluct�ua durante la infecci�on y puede exceder la den-

sidad bacteriana utilizada en las pruebas de susceptibilidad. Como tal, la investigaci�on de la destrucci�on

bacteriana por antibi�oticos en un rango de densidades bacterianas variables puede proporcionar diferencias

importantes entre los compuestos y podr�ıa afectar la selecci�on de f�armacos para la terapia.

Hip�otesis/Objetivos – valorar la destrucci�on de cepas cl�ınicas de Staphylococcus pseudintermedius y

Escherichia coli por cefazolina, cefovecina, doxiciclina y pradofloxacina a concentraciones de f�armaco cl�ıni-

camente relevantes (inhibici�on m�ınima, prevenci�on de mutantes, m�aximo en suero y tejido) contra diferen-

tes densidades de bacterias.

M�etodos y materiales – Se estudiaron cepas bacterianas recolectadas de perros con infecciones del

tracto urinario. se expusieron altas densidades bacterianas de 106 a 109 unidades formadoras de colonias

(ufc/ml) a concentraciones m�ınimas inhibidoras, de prevenci�on de mutantes, y concentraci�on de sangre y

tejidos, y se cuantificaron los porcentajes (log10) de c�elulas viables destruidas despu�es de 30 minutos, 1, 2,

4, 6, 12 y 24 h de exposici�on al f�armaco.

Resultados – la doxiciclina exhibi�o propiedades bacteriost�aticas con menos destrucci�on que los otros tres

agentes. Por ejemplo, a una densidad de 107 ufc/ml de S. pseudintermedius, se destruyeron m�as c�elulas

por pradofloxacina (P <0,0001) y cefovecina (P = 0,0014) pero no cefazolina en comparaci�on con doxiciclina

a la concentraci�on m�axima de f�armaco en suero que por doxiciclina despu�es 12 h de exposici�on al f�armaco.

Conclusiones e importancia cl�ınica – se observaron diferencias entre algunos medicamentos en la velo-

cidad y el porcentaje de la destrucci�on bacteriana; esto podr�ıa ser cl�ınicamente importante y afectar a la

selecci�on de medicamentos y la duraci�on de la terapia.

Zusammenfassung

Hintergrund – Die Bakteriendichte fluktuiert mit großer Wahrscheinlichkeit w€ahrend einer Infektion und

k€onnte die bakterielle Dichte, die f€ur Empfindlichkeitstests verwendet wird, €ubertreffen. Aus diesem

Grund k€onnte die Untersuchung vom Tod der Bakterien mittels Antibiotika €uber einen Bereich von variie-

render bakterieller Dichte wichtige Informationen €uber Unterschiede zwischen den Zusammensetzungen

der Medikamente liefern und auf die Auswahl der Medikamente f€ur eine Therapie einen Einfluss haben.

Hypothese/Ziele – Die Messung abget€oteter klinischer Isolate von Staphylococcus pseudintermedius und

Escherichia coli mittels Cefazolin, Cefovecin, Doxycyclin und Pradofloxacin nach klinisch relevanten Wirk-

stoffkonzentrationen (minimale Hemmstoffkonzentration, Mutantenpr€avention, Maximum im Serum und

Maximum im Gewebe) gegen variierende Bakteriendichten.

Methoden und Materialien – Die Bakterienst€amme wurden von Hunden mit einer Harnwegsinfektion

entnommen und untersucht. Hohe Bakteriendichten von 106 bis 109 Kolonie-bildenden Einheiten (cfu)/mL
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waren einer minimalen Hemmstoffkonzentration, Mutantenpr€avention, Wirkstoffkonzentrationen in Blut-

und Gewebe ausgesetzt und es wurden die Prozentanteile (log10) der get€oteten wachstumsf€ahigen Zellen

30 Minuten, 1, 2, 4, 6, 12 und 24h nach Wirkstoffexposition quantifiziert.

Ergebnisse – Doxycyclin zeigte bakteriostatische Eigenschaften, wobei weniger Bakterien abget€otet wur-

den als mit den anderen drei Wirkstoffen. Zum Beispiel wurden mehr Zellen bei einer Dichte von 107 cfu/

mL an S. pseudintermedius von Pradofloxacin (P < 0,0001) und Cefovecin (P = 0,0014) abget€otet – nicht

jedoch von Cefazolin, im Vergleich zu Doxycyclin bei maximaler Serumwirkstoffkonzentration als von Doxy-

cyclin nach einer 12 st€undigen Wirkstoffexponierung.

Schlussfolgerungen und klinische Bedeutung – Es wurden Unterschiede zwischen einigen Wirkstoffen

in Bezug auf die Geschwindigkeit und das Ausmaß des Abt€otens von Bakterien festgestellt; das k€onnte kli-

nisch wichtig sein und die Auswahl des Wirkstoffes sowie die Dauer der Behandlung beeinflussen.

要約

背景 – 細菌密度は感染期間中に変動する可能性が高く、感受性試験で使用される細菌密度を超える可能

性がある。そのため、様々な細菌密度の範囲にわたる抗生物質による殺菌調査は、化合物間の重要な違

いを提供する可能性があり、治療としての薬物選択に影響を与える可能性がある。

仮説/目的 – 本研究の目的は、さまざまな密度の細菌に対する臨床的に関連する(最小発育阻止、耐性変異

阻止、最大血清および最大組織)薬物濃度で、セファゾリン、セフォベシン、ドキシサイクリンおよびプ

ラドフロキサシンによるブドウ球菌臨床分離株および大腸菌の死滅を測定することであった。

材料と方法 – 尿路感染症の犬から採取された細菌株を調査した。106〜109コロニー形成単位(cfu)/ mLの範

囲の高い細菌密度を最小発育阻止、耐性変異阻止、血中および組織薬物濃度の薬物に暴露し、薬物暴露

30分後、2、4、6、12、および24時間の死滅生細胞の割合(log10)を定量化した。

結果 – ドキシサイクリンは、他の3薬剤よりも弱い殺菌力で静菌特性を示した。たとえば、S. pseudinter-
mediusの107 cfu / mL密度で、12時間の薬物曝露後のドキシサイクリンよりも最大血清薬物濃度のドキシ

サイクリンと比較した場合、プラドフロキサシン(P <0.0001)およびセフォベシン(P = 0.0014)により多くの

細胞が死滅したが、セファゾリンではそうではなかった。

結論と臨床的重要性 – いくつかの薬物では、殺菌速度および程度に違いが見られた。これは臨床的に重

要であり、薬剤の選択と治療期間に影響を与える可能性がある。

摘要

背景 – 细菌密度可能在感染期间发生波动,并可能超过药敏试验中使用的细菌密度。因此,在不同细菌密度

范围内,研究抗生素杀菌能力可发现药物之间的重要差异,并影响治疗时的药物选择。
假设/目的 – 检测头孢唑啉、头孢维星、多西环素和普多沙星在临床相关(最小抑制、突变预防、最大血清

和最大组织)药物浓度下,对不同细菌密度的假中间葡萄球菌和大肠杆菌临床分离株的杀灭作用。
方法和材料 – 对采集自尿路感染犬的细菌菌株进行研究。将 106 至 109 菌落形成单位 (cfu)/mL 的高密度

细菌接触最低抑制、突变预防、血液和组织药物浓度,并定量测定接触药物30 min、1、2、4、6、12 和 24
h 后杀死的活细胞百分比 (log10)。
结果 – 多西环素表现出抑菌特性,与其他 3 种药物相比,杀菌效果较低。例如,当假中间葡萄球菌密度为 107

cfu/mL 时,在接触药物12h 后,与多西环素相比,在最大血清药物浓度下,普多沙星 (P < 0.0001) 和头孢维星

(P = 0.0014) 能杀死更多细胞,但头孢唑啉却不能。
结论和临床意义 – 一些药物在杀灭细菌的速度和程度方面存在差异;这可能具有临床意义,并可能影响药物

选择和治疗持续时间。

Resumo

Contexto – A densidade bacteriana pode flutuar durante uma infecc�~ao e �e poss�ıvel que exceda aquela utili-

zada em testes de suscetibilidade. Sendo assim, exames que avaliam o exterm�ınio de bact�erias por

antibi�oticos utilizando variadas densidades bacterianas pode demonstrar importantes diferenc�as entre

compostos e assim influenciar na escolha de f�armacos a serem utilizados no tratamento.

Hip�otese/Objetivos – Mensurar a eliminac�~ao de Staphylococcus pseudintermedius e Escherichia coli por

cefazolina, cefovecina, doxiciclina e pradofloxacino em concentrac�~oes clinicamente relevantes (inibit�oria

m�ınima, prevenc�~ao de mutantes, s�erica m�axima e tecidual m�axima) contra diversas densidades bacteria-

nas.

M�etodos e materiais – O estudo foi realizado com cepas bacterianas coletadas de c~aes com infecc�~oes do
trato urin�ario. Altas densidades bacterianas variando de 106 a 109 unidades formadoras de colônia (ufc)/mL

foram expostas a concentrac�~ao inibit�oria m�ınima, de prevenc�~ao de mutantes, s�erica e tecidual, e as porcen-

tagens (log10) de c�elulas vi�aveis eliminadas ap�os 30 min, 1, 2, 4, 6, 12 e 24 h de exposic�~ao aos f�armacos

foram quantificadas.

Resultados – A doxiciclina demonstrou propriedades bacteriost�aticas com propriedades bactericidas

menores que os outros três agentes. Por exemplo, em uma densidade de 107 ufc/mL de S. pseudinterme-

dius, mais c�elulas foram mortas por pradofloxacina (P < 0.0001) e cefovecina (P = 0.0014), mas n~ao cefazo-

lina quando comparado �a doxicilina na concentrac�~ao s�erica m�axima do f�armaco e posteriormente �a

doxicilina ap�os 12 horas de exposic�~ao �a droga.
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Conclus~oes e importância cl�ınica – Observou-se diferenc�as entre alguns f�armacos na velocidade e

extens~ao da eliminac�~ao de bact�erias; isto pode ser clinicamente relevante e pode impactar na selec�~ao de

drogas e na durac�~ao do tratamento.
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