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A comparative study on pharmacokinetics of four long-acting enrofloxacin injectable

formulations was investigated in 36 healthy pigs after intramuscular injection according

to the recommended single dose @ 2.5 mg/kg body weight. The drug concentrations in

the plasma were computed using high-performance liquid chromatography (HPLC) with

fluorescence detection. WinNonLin5.2.1 software was used to analyze the experimental

data and compared it under one-way ANOVA using SPSS software with a 95%

confidence interval (CI). The main pharmacokinetic parameters, that is, the maximum

plasma concentrations (Cmax), the time to maximum concentration (Tmax), area under

the time curve concentration (AUCall) and Terminal half-life (T1/2) were 733.84 ± 129.87,

917.00 ± 240.13, 694.84 ± 163.49, 621.98 ± 227.25 ng/ml, 2.19 ± 0.0.66, 1.50 ±

0.37, 2.89 ± 0.24, 0.34 ± 0.13 h, 7754.43 ± 2887.16, 8084.11 ± 1543.98, 7369.42

± 2334.99, 4194.10 ± 1186.62 ng h/ml, 10.48 ± 2.72, 10.37 ± 2.38, 10.20 ± 2.81,

and 10.61 ± 0.86 h for 10% enrofloxacin (Alkali), 20% enrofloxacin (Acidic), Yangkang

and control drug Nuokang® respectively. There were significant differences among Cmax,

Tmax, and AUCall of three formulations compare with that of the reference formulation. No

significant differences were observed among the T1/2 for tested formulations compare

with the reference formulation. The pharmacokinetic parameters showed that the tested

formulations were somewhat better compared to the reference one. The calculated

PK/PD indices were effective for bacteria such as Actinobacillus pleuropneumoniae and

Pasteurella multocida with values higher than the cut-off points (Cmax/MIC90≥10–12 and

AUC/MIC90 ≥ 125). However, they were not effective against bacteria like Haemophilus

parasuis, Streptococcus suis, E. coli, and Bordetella bronchiseptica where lower values

were obtained.
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INTRODUCTION

Fluoroquinolones are essential therapeutic agents used for
the treatment of animal infection (1) against a wide variety
of microorganisms, including Mycoplasma species (2).
Enrofloxacin (ENR) is a third-generation fluoroquinolone
having broad-spectrum antimicrobial activity used in the
veterinary field (3) that enhances the possibility of selecting
resisting bacteria (4). They are widely used in farm animals
because of their antimicrobial activity against a wide range
of pathogens, favorable pharmacokinetic properties, and little
toxicity (5). Quinolones are not allowed to use in poultry,
where eggs are consumed by humans (6). A documentary at the
University of Georgia showed enrofloxacin sensitivity for gram-
negatives was 89%, and gram-positive was 38% (7). Enrofloxacin
is signified for the treatment of respiratory and alimentary
tract infections (8). Enrofloxacin is accepted for the treatment
and control of swine respiratory disease caused by Pasteurella
multocida, Streptococcus suis, Actinobacillus pleuropneumoniae,
and Haemophilus parasuis (9).

The most common diseases encountered by swine pathogens
are porcine pleuropneumonia caused by Actinobacillus
pleuropneumoniae (10); septicemia, colibacillosis and edema
caused by Escherichia coli (11); meningitis, pneumonia,
arthritis, and septicemia encountered by Streptococcus suis
(12); exudative epidermitis caused by Staphylococcus hyicus
(13); atrophic rhinitis and bronchopneumonia caused by
Bordetella bronchiseptica (14). S. suis is also known as a zoonotic
pathogen and may cause severe diseases in humans, such as
endocarditis, septicemia, meningitis, sensorineural hearing loss,
and arthritis (15).

After administration, enrofloxacin partially metabolizes into
ciprofloxacin (CIP) in some species including pigs (16). The
metabolic conversion of enrofloxacin to ciprofloxacin varies
in different animal species, that is, 59% in dairy cows (17),
36% in sheep (18), 47% in buffalo calves (19), 64% in beef
steers (17), and 51.5% in healthy pigs (16). CIP is also effective
against Gram-positive, negative, aerobes, and mycoplasmas.
Although CIP has limited usage in the veterinary field, as
a metabolite of ENR in animals, it reduces animal mortality
and enhances growth (20, 21). Enrofloxacin shows moderate
bioavailability, reasonable protein binding, and better binding
to tissues (4, 22). Although ENR is the classical antibiotics of
the quinolone family, the misuse and overuse of antibiotics have
been recognized as a significant cause of developing resistant
pathogens (23) and may have adverse effects on human health
from its residues in animals, such as allergy and ENR-resistant
strains (20).

The long-acting enrofloxacin injection for livestock and
poultry optimizes various components. It does not affect the
curative effect while reducing the total dose, the treatment
cost, and has the advantages of long-lasting effects, high-
efficiency, safe and reliable preparation. Long-acting injections
of enrofloxacin are suitable for various infectious diseases in
the respiratory system, digestive system, urinary system, and
soft tissues of the skin caused by susceptible bacteria and
mycoplasmas (24).

Generally, PK/PD modeling is used to assess the clinical
efficacy of antimicrobial agents (25). The most commonly used
PK parameters are the maximum plasma concentration (Cmax)
and the area under the plasma concentration-time curve (AUC)
(26). Fluoroquinolones are known as concentration-dependent
drugs, and AUC/MIC and Cmax/MIC are better interpreters for
the antibacterial effect (27, 28). Therefore, it is crucial to calculate
the Cmax and AUC value of enrofloxacin against the pathogens
in swine.

Our study aimed to investigate the pharmacokinetic profiles
of four long-acting ENR injectable formulations in pigs after
intramuscular administration at a single dose of 2.5mg per
kg body weight. To establish the safe and effective therapeutic
management of drugs in pigs, this pharmacokinetics study will
establish appropriate clinical treatment for the new formulations
of enrofloxacin injection for farm animals, especially for pigs.

MATERIALS AND METHODS

Drugs and Reagents
Enrofloxacin (Purity HPLC ≥ 98%), the reference standard
was purchased from Shanghai Yuanye Bio-Technology Co.,
Ltd. (RTECS number: vb1993650, CAS registry number 93106-
60-6). Ten percent enrofloxacin injection (alkali preparation,
purity 98.27%, compositions: enrofloxacin hydrochloride 10 gm,
hydroxypropyl β cyclodextrin 30 gm, sodium thiosulfate 0.2
gm, an appropriate amount of sodium hydroxide, and water
up to 100mL), 20% enrofloxacin injection (acidic preparation,
purity 101.80%, compositions: enrofloxacin 20 gm, propylene
glycol 30mL, hydroxypropyl β cyclodextrin 40 gm, sodium
bisulfite 0.2 gm, EDTA-2Na 0.01 gm, glacial acetic acid about
5ml, and water up to 100ml), and 10% enrofloxacin injection
(mild alkali preparation, purity 101.44%, trade name: Yangkang,
compositions: enrofloxacin 10 gm, arginine 15 gm, and water
up to 100ml) were provided by Shandong Dezhou Shenniu
Pharmaceutical Co., Ltd. The control drug 20% enrofloxacin
injection (mild acidic preparation, purity 98.44%, trade name:
Nuokang R©) was provided by Tianjin Zhongsheng Tiaozhan
Biotechnology Co., Ltd. Ciprofloxacin (Lot No. 522D021, CAS.
85721-33-1) was purchased from National Institutes for Food
and Drug Control, China. Acetonitrile (HPLC grade) was
obtained from Fisher Scientific, Fair Lawn, NJ, USA. Methanol
(HPLC grade) was obtained from Fisher Scientific Company, 112
Colonnade Road, Ottawa ON K2E 7L6, Canada. Formic Acid
was obtained from Shanghai Aladdin Biochemical Technology
Co. Ltd. No 196 Xinjinqiao Road, Pudong, Shanghai, China.
Antibiotic-free standard plasma was purchased from Guangzhou
Hongquan Bio-Technology Co. Ltd, China. Watson’s water was
used for HPLC and to prepare 0.1% formic acid.

Methodology Establishment
Established a sensitive, specific, accurate, and reliable method
for quantitative analysis of biological samples and confirmed the
method. In this study, the protein was precipitated by methanol
to establish an HPLC method for the determination of ENR in
pig plasma.
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Standard Solution Preparation
First stock solution of 1 mg/ml ENR was prepared by adding
25mg ENR into 25ml acetonitrile (HPLC Grade) in a 25ml
capacity volumetric flask. The stock solution was stored at 4◦C
for the preparation of 2nd stock solutions and further use. Second
stock solutions of ENR of 500µg/ml, 50µg/ml, 5µg/ml, and
1µg/ml were made by adding the required amount of mobile
phase. The same procedure was followed to prepare the working
solutions of CIP. All the prepared solutions were kept at 4◦C for
further use and kept at room temperature before use.

Extraction Procedure
An aliquot (400 µl) of plasma containing ENR was placed in
a 2ml centrifuge tube. 400 µl of methanol was added to the
mixture. The mixture was vortexed for 1min at high speed and
then sonicated for 5min. After then, the mixture was centrifuged
for 10min at 12,000 rpm and 4◦C. The upper, aqueous layer
was transferred into an auto-sampler vial through a 0.22µm
microporous membrane using a 1ml syringe. Plasma extracts
were then analyzed for ENR and its metabolite CIP using the
described HPLC conditions.

Chromatographic Conditions
The following chromatographic conditions were used to analyze
the plasma extracts: Mobile phase was acetonitrile: 0.1% formic
acid = 17:83 (v/v); flow rate: 1 ml/min; excitation wavelength:
278 nm; emission wavelength: 465 nm; injection volume: 20µl;
column temperature 30◦C; Column: Agilent SB-C18 column (250
× 4.6mm, 5 um), HPLC under the Agilent 1,290 infinity II
separation system.

HPLC Method Validation
The effectiveness of the HPLC method was validated by
evaluating sensibility, specificity, linearity, stability, accuracy,
and precision. Eight different blank plasma samples with
corresponding standard plasma with ENR standard were
evaluated to justify specificity. The stability of plasma samples
under three different storage conditions was assessed by
determining six replicates of quality control samples (0.1, 1,
5µg/ml) such as storage at room temperature for 24 h, at 4◦C for
24 h, and freeze-thaw cycles (from −20◦C to room temperature,
three times). Accuracy and precision of intra-day and inter-day
were investigated by six replicates of quality control samples on
the same day, and for 3 consecutive days, respectively.

Experimental Animals
All animal experiments were approved by the Animal
Administration and Ethics Committee of Lanzhou Institute
of Husbandry and Pharmaceutical Sciences, Chinese Academy
of Agricultural Sciences. The certificate number was SCXK
(Gan) 2019-002. Total 32 healthy pigs (Duroc × Changbai ×
Dabai) were taken, an average weight of about 27 kg and age
15–16 weeks, randomly divided into four groups, eight pigs
in each group. Half female and half male. During the study,
the pigs were housed in a clean, quiet environment and fed
balanced food, and the water supply was ad-libitum. The average
environment temperature and relative humidity were 20◦C and

60%, respectively. The test site was GLP/GCP Management
Center for Veterinary Drugs, Standard Experimental Animal
Field of the Lanzhou Institute of Husbandry and Pharmaceutical
Sciences of the Chinese Academy of Agricultural Sciences.

Administration of Drugs, Blood Sample
Collection and Blood Sample Processing
The pigs were kept to adapt to the environment for 7 days
before the administration of drugs. The pigs were kept fasted
for 12 h, and weight was measured before drug administration.
According to the clinical recommendation, a dose of 2.5mg per
kg of body weight was administered once intramuscularly. The
blood collection site was the anterior vena cava. Ten percent
ENR injection (alkaline) was administered in group-1, 20%
ENR injection (acidic) was administered in group-2, 10% ENR
injection (Yangkang) was administered in group-3, 20% ENR
injection (Nuokang R©) was administered in group-4. The blood
collection schedule was to be 0 (before administration of drug),
0.083, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 8, 12, 16, 24, 36, 48 60,
and 70th h. The blood collection volume was 5ml. The blood was
collected in a heparinized tube and centrifuged at 4,500 rpm for
10min, and the supernatant was aspirated in another tube. The
plasma was kept at−20◦ C to analyze.

Data Processing and Statistical Analysis
Linear Trapezoidal with Linear Interpolation calculation method
of WINNONLIN noncompartmental analysis program (Version
5.2.1) was used to analyze the experimental data.We obtained the
most important pharmacokinetic parameters, that is, Cmax, Tmax

AUCall, and T1/2 weighting by the 1/Y scheme of the software.
The parameters were compared under one-way ANOVA using
SPSS software with a 95% confidence interval (CI). The p-value
of <0.05 was considered statistically significant.

RESULTS

Method Validation
Eight points (0.025, 0.05, 0.1, 0.2, 0.5 1, 2, 5µg/ml) were
considered for establishing a standard curve of enrofloxacin and
ciprofloxacin in plasma. Calculations of the standard curve were
based on the peak area with the respective concentrations of ENR
and CIP. They showed a good selectivity and linear relationship
with a correlation coefficient (R2) = 0.999 in plasma. The
mean recovery was more than 94% and 90% for ENR and CIP,
respectively. The limit of quantitation (LOQ) was 50 ng/ml in
plasma. The intra-day and inter-day precisions (RSD) were<12.7
and <7.3% respectively. The chromatogram (Figure 1) shows
(A) control blank plasma; (B) ENR in pig plasma measured
at 7.5min; (C) ciprofloxacin in standard plasma measured at
5.8min, and (D) ENR and ciprofloxacin in standard plasma
measured at 7.5min and 5.7min respectively which shows the
suggested method for the detection of ENR and its active
metabolites CIP is specific and accurate.

Pharmacokinetic Analysis
A semi-logarithmic plot of the mean plasma concentration
(ng/ml) in pigs at various time points following IM
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FIGURE 1 | Chromatograms of enrofloxacin in plasma: (A) blank control group in plasma; (B) chromatograms of ENR in pig plasma; (C) chromatograms of

ciprofloxacin in standard plasma; (D) chromatograms of ENR and ciprofloxacin in standard plasma.

FIGURE 2 | Semi-logarithmic plot of the mean plasma concentration (ng/ml) in pigs at various time points following IM administration of tested and reference

formulations of ENR at a single dose of 2.5 mg/kg body weight.

administration of 10% enrofloxacin (Alkali), 20% enrofloxacin
(acidic), 10% enrofloxacin (Yangkang), and reference
formulations (Nuokang R©) at a single dose of 2.5 mg/kg

body weight is shown (Figure 2). The main descriptive
pharmacokinetic parameters, that is, the maximum plasma
concentrations (Cmax), the time to maximum concentration
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(Tmax), area under the time curve concentration (AUCall), and
Terminal half-life (T1/2) of tested and reference formulations of
ENR in pigs are presented in a table (Table 1).

Pharmacodynamic Analysis
The PK/PD indices Cmax/MIC90, and AUC/MIC90 were
calculated (Table 3) for the most prevalent pathogens associated
with swine diseases, that is, Streptococcus suis, Haemophilus
parasuis, Escherichia coli, Pasteurella multocida, Actinobacillus
pleuropneumoniae, and Bordetella bronchiseptica using the mean
values of Cmax and AUC for plasma and the respective minimum
inhibitory concentration (MIC) values reported by different
authors (Table 2). These data concern the inhibitory activity of
various formulations of ENR against some pathogens, causing
severe diseases in pigs.

DISCUSSION

Enrofloxacin reveals a concentration-dependent bactericidal
activity (26). This drug is very lipophilic and shows amphoteric
properties due to the addition of a carboxylic acid and a
tertiary amine (32). It is bactericidal and has outstanding
activity against both Gram-positive as well as Gram-negative
pathogens (33). This antibiotic also can be used to control
some intracellular pathogens (34). The extremely poor water
solubility and wettability of ENR cause difficulties in the design of
pharmaceutical formulations and lead to variable bioavailability
(35). In the two formulations, 10% ENR (Alkali) and 20%
ENR (Acidic), 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) was
used. HP-β-CD is a safe and effective drug carrier commonly
used as a cyclodextrin analog. It improves the physicochemical
and pharmacokinetic properties of drugs, forming inclusion
complexes with drug substrates (36). In 10% ENR (Yangkang)
formulations, arginine was used for mild alkalinity. In ENR
injection, arginine can improve its bacteriostatic function (37).
Arginine provides good stability, safety and efficient, long-acting
and anti-inflammatory action; maintain certain stability when
storing at low-temperature, etc. (38–41).

Comparing with other studies who also administered
enrofloxacin @ 2.5 mg/kg body weight as a single dose in pigs,
we found almost similar results. In our study, we got Tmax 2.19,
1.50, 2.89, and 0.34 h when given 10% enrofloxacin (Alkali),
20% enrofloxacin (acidic), 10% enrofloxacin (Yangkang) and
reference formulations (Nuokang R©) to pigs, respectively which
are mostly similar to other studies, that is, 1 h (42), 2 h (43), 1.27 h

(3). We obtained Cmax 733.84, 917.00, 694.84, and 621.98 ng/ml
when given 10% enrofloxacin (Alkali), 20% enrofloxacin (acidic),
10% enrofloxacin (Yangkang) and reference formulations
(Nuokang R©) which are similar to other studies, that is,
694.7 ng/ml (42), 600 ng/ml (43). AUCall were 7,754.43, 8,084.11,
7,369.42, and 4,194.10 ng h/ml for 10% enrofloxacin (Alkali),
20% enrofloxacin (acidic), 10% enrofloxacin (Yangkang) and
reference formulations (Nuokang R©) to pigs respectively which
are similar to another study, that is, 8,903.2 ng h/ml (42). T1/2

were 10.48, 10.37, 10.20, and 10.61 h for 10% enrofloxacin
(Alkali), 20% enrofloxacin (acidic), 10% enrofloxacin (Yangkang)
and reference formulations (Nuokang R©) respectively which
were longer than the findings of other authors, that is, 6.69 ±

1.71 h (3), 9.3 h (42). We also obtained longer T1/2, better Cmax

and AUCall comparing to the studies in other species, that is,
sheep (44), goat (45), where ENR at a single dose of 2.5 mg/kg
body weight were administered intramuscularly too.

It has been reported that large inter-species differences occur
in the half-life of ENR. It depends on the age and development
of the liver and kidneys of the host animals (46). Breed or
physiological state is also considered for the variability (42).
Sometimes ENR converts into ciprofloxacin in the body, which
also acts as an antimicrobial agent (45). In this study, we did
not find CIP in plasma in contradiction to the findings of other
authors who injected 2.5 mg/kg body weight, intramuscularly,
for 3 days in older pigs (76–86 kg) (16). It may be due to the
younger pigs; we used in our experiment that supports other
studies (3, 42). A negligible amount of ciprofloxacin, an active
metabolite of enrofloxacin were detected in a study where the
authors administered enrofloxacin to younger pigs at a dose of 7.5
mg/kg, subcutaneously (22). The low doses that we administered

TABLE 2 | Minimum inhibitory concentration values for ENR (ng/mL) against

respective pathogens associated with swine diseases.

Microorganism MIC50/90

(Nanogram)

References

Actinobacillus pleuropneumoniae ≤16/≤16 (29)

Pasteurella multocida ≤16/≤16 (29)

Streptococcus suis 250/500 (29)

Haemophilus parasuis ≤30/1000 (30)

E. coli 125/250 (3)

Bordetella bronchiseptica 250/500 (31)

TABLE 1 | The main pharmacokinetic parameters of tested and reference formulations of ENR after a single intramuscular administration (2.5 mg/kg body weight) in pigs

(Mean ± SD, n = 8 in each group).

Pharmacokinetic parameters 10% ENR (Alkali) 20% ENR (Acidic) 10% ENR (Yangkang) 20% ENR (Nuokang®) (Reference) P-values

Tmax (h) 2.19 ± 0.0.66c 1.50 ± 0.37b 2.89 ± 0.24d 0.34 ± 0.13a <0.001

Cmax (ng/ml) 733.84 ± 129.87ab 917.00 ± 240.13b 694.84 ± 163.49ab 621.98 ± 227.25a 0.039

AUCall (h*ng/ml) 7754.43 ± 2887.16b 8084.11 ± 1543.98b 7369.42 ± 2334.99b 4194.10 ± 1186.62a 0.014

T1/2 (h) 10.48 ± 2.72 10.37 ± 2.38 10.20 ± 2.81 10.61 ± 0.86 0.997

a,b,c,dDifferent superscripts within a row indicate a significant difference (p < 0.05).
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may be another reason why we didn’t find ciprofloxacin. We
found longer T1/2 in our study compared to other studies. The
longer T1/2 may interrupt the primary metabolic pathways to
metabolize enrofloxacin to ciprofloxacin (22).

Most common pathogens isolated from swine are
reported as Streptococcus suis (16.9%), Haemophilus parasuis
(9.7%), Escherichia coli (6.3%), Pasteurella multocida
(3.4%), Actinobacillus pleuropneumoniae (0.3%), Bordetella
bronchiseptica (1.5%), Salmonella enteria (2.3%), and
Erysipelothrix rhusiopathiae (0.9%) (47).

To select the dosage regimens for therapeutic use, three
criteria should be satisfied, that is, (a) bacteriological and clinical
cure; (b) Least possibility for the strains becoming resistant; (c)
No adverse effects on the host (48). Clinically Cmax/MIC for
plasma is generally considered for the measurement of treatment
efficiency (43). MIC values of the most common gram-negative
pathogens are below 60 ng/ml including Actinobacillus and
Pasteurella species, but some species like Salmonella and E. coli
haveMIC levels in ranges of 30–125 ng/ml (43). Fluoroquinolone
antibacterial agents show concentration-dependent effects, that
is, killing rate and killing degree. The killing of bacteria
depends on the drug concentration. Pharmacodynamics and
Pharmacokinetic properties of fluoroquinolones show the key
breakpoint that determines the efficacy of these drugs is
Cmax/MIC≥10–12 and AUIC (AUC/MIC) ≥125 (49). This
breakpoint also prevents the development of resistant bacteria
against fluoroquinolones (50). These findings mainly come
from the study of gram-negative bacteria. But recently,
researchers evaluated the efficacy of various fluoroquinolones for
Streptococcus pneumoniae and proposed that the AUC:MIC need
to successfully treat Gram-positive bacteria somewhat lower (i.e.,
30–50) (51).

MIC90 values of enrofloxacin for pathogens in swine
ranges from 16 ng/ml to 500 ng/ml even up to 1,000 ng/ml
for some resistant pathogens (Table 2). The mean Cmax/MIC
and AUC/MIC ratios of all tested and reference formulations
of enrofloxacin against Actinobacillus pleuropneumoniae and
Pasteurella multocida showed the breakpoints more than
reported values (Cmax/MIC90 ≥ 10–12 and AUC/MIC90 ≥ 125)
indicating that the administration of 2.5mg/kg enrofloxacin of
these formulations may have an adequate antibacterial effect
and could be considered as an appropriate dose for treatment
against these pathogens. But the Cmax/MIC90 and AUC/MIC90

of all tested and reference formulations of enrofloxacin with the
recommended doses were not satisfactory for the key breakpoint
against Haemophilus parasuis, Streptococcus suis, E. coli, and
Bordetella bronchiseptica in swine (Table 3).

Some manufacturing companies recommend enrofloxacin
injections as a single dose of 2.5 mg/kg body weight, that
is, Nuokang R© produced by Tianjin Zhongsheng Tiaozhan
Biotechnology Co., Ltd. China. This drug is known as a long-
acting drug. In this experiment, we have used this drug as a
reference drug. Another companies ‘Shandong Dezhou Shenniu
Pharmaceutical Co., Ltd. China also started to produce three new
formulations of enrofloxacin injection with the same dose. After
testing all these new formulations and reference formulation,
this study ensured longer T1/2, indicating a long-term effect,
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but the obtained Cmax and AUC were insufficient to kill
some microorganisms.

On the other hand, the low antibiotic concentrations can
develop antibiotic-resistant bacteria (52) and these bacteria may
create side effects on humans and animals (53). The infections
caused by resistant organisms are more challenging to treat
than infections caused by the non-resistant organism (54).
Antibiotic resistance leads to higher treatment costs, prolonged
curation, and increased mortality (55). The optimization of
the dosage regimen is essential not only for the treatment but
also for reducing antimicrobial resistance (26). As enrofloxacin
shows a concentration-dependent bactericidal action, and the
peak concentration/MIC and AUC/MIC ratios are considered
the indicators of efficacy (56), it is essential to optimize the
dose regimen by considering both the pharmacokinetics and
pharmacodynamics parameters of the tested and reference drugs.
The administration of ENR should ensure correspondingly
effective concentrations in plasma against the pathogens, causing
diseases in swine (44).

The values of PK/PD indices are preliminary used to
optimize dosing regimens and dosing intervals on a rational
base, followed by validation in clinical studies for systemically
acting antimicrobial agents (57). A valued dosing strategy
for infectious diseases requires a thorough understanding
of the complex connections among germs, drugs, and the
immune system of the host (58). Fluoroquinolone antibiotics
have a rapid bactericidal effect and show a significant post-
antibiotic impact (59). Post-antibiotic effects also affect dosing
strategies (60). The existence of post-antibiotic effects, that is,
the inhibition of bacterial growth after limited exposure of
microorganisms to antibiotics (61), can improve the therapeutic
effect when the marginal pharmacokinetic/pharmacodynamic
index value is high and can extend the dosing interval (60).
Factors that influence the accuracy of efficacy predictions
based on PK/PD indices are related to inoculation effect,
microbial growth rate (generation time), the growth phase
of an invading organism, the response of the host to the
pathogen (immune system, drug diffusivity, pH at the site of
the infection), infection site (exudate nature, tissue perfusion,
natural barriers), etc. (62). For this reason, the calculated ratios
are surrogate markers of efficacy. Further studies in a clinical
context would be necessary to evaluate the results obtained in
this research.

CONCLUSION

The pharmacokinetic parameters showed the tested formulations
10% enrofloxacin (Alkali), 20% enrofloxacin (Acidic), and 10%

enrofloxacin (Yangkang) is somewhat better comparing to the
reference formulation 20% enrofloxacin (Nuokang R©) in the
swine model. All tested and reference formulations of ENR,
administered at a single dose of 2.5 mg/kg IM, could be used to
treat swine diseases caused by Actinobacillus pleuropneumoniae
and Pasteurella multocida. But the dose of these formulations
would not be effective against some important pathogens like
Haemophilus parasuis, Streptococcus suis, E. coli, and Bordetella
bronchiseptica because the Cmax/MIC90 values were nearly 3–16
times lower than 10 and the AUC/MIC90 values were nearly 4–
30 times lower than 125. It can be concluded that the dose of
both tested and reference formulations was not sufficient to treat
the pigs infected by the pathogens having more MIC90 scores.
Further studies are required to optimize the dosage regimen
and establish the safety of the dosage of tested and reference
formulations in clinical applications.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Administration and Ethics Committee of Lanzhou Institute
of Husbandry and Pharmaceutical Sciences, Chinese Academy
of Agricultural Sciences. The certificate number was SCXK
(Gan) 2019-002.

AUTHOR CONTRIBUTIONS

JZ and SAh: conceptualization. SAh and JS: methodology
and validation. FC: investigation. SAr and JS: resources. SAh:
writing—original draft preparation. JZ, BL, and XZ: supervision.
JZ: funding acquisition. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by a fund for the China Agriculture
Research System (No. CARS-37).

ACKNOWLEDGMENTS

The authors would like to thanksMrs. Guo Lihua from Shandong
Dezhou Shenniu Pharmaceutical Co., Ltd. China for supplying
enrofloxacin injections for the experiment.

REFERENCES

1. Schulz J, Kemper N, Hartung J, Janusch F, Mohring SAI, Hamscher G.
Analysis of fluoroquinolones in dusts from intensive livestock farming and the
co-occurrence of fluoroquinolone-resistant Escherichia coli. Sci Rep. (2019)
9:1–7. doi: 10.1038/s41598-019-41528-z

2. Lalmuanthanga C, Deore MD, Gatne MM, Khobragade SB. Pharmacokinetic
studies on long acting and conventional enrofloxacin in cow calves. Indian Vet
J. (2005) 82:943–6.

3. Wang J, Hao H, Huang L, Liu Z, Chen D, Yuan Z. Pharmacokinetic and
pharmacodynamic integration and modeling of enrofloxacin in swine for
Escherichia coli. Front Microbiol. (2016) 7:36. doi: 10.3389/fmicb.2016.00036

Frontiers in Veterinary Science | www.frontiersin.org 7 January 2021 | Volume 7 | Article 604628

https://doi.org/10.1038/s41598-019-41528-z
https://doi.org/10.3389/fmicb.2016.00036
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Ahmad et al. Pharmacokinetics of Enrofloxacin Injection

4. Trouchon T, Lefebvre S. A review of enrofloxacin for veterinary use. Open J

Vet Med. (2016) 6:40–58. doi: 10.4236/ojvm.2016.62006
5. Grobbel M, Lübke-Becker A, Wieler LH, Froyman R, Friederichs

S, Filios S. Comparative quantification of the in vitro activity
of veterinary fluoroquinolones. Vet Microbiol. (2007) 124:73–
81. doi: 10.1016/j.vetmic.2007.03.017

6. Peris-Vicente J, García-Ferrer D, Mishra P, Albiol-Chiva J, Durgbanshi
A, Carda-Broch S, et al. Procedure for the screening of eggs and
egg products to detect oxolonic acid, ciprofloxacin, enrofloxacin, and
sarafloxacin using micellar liquid chromatography. Antibiotics. (2019)
8:226. doi: 10.3390/antibiotics8040226

7. Divers SJ, Stahl SJ. Mader’s Reptile and Amphibian Medicine and Surgery-E-

Book. 3rd ed. Marietta, GA: Elsevier Health Sciences (2019).
8. Varga M. Textbook of Rabbit Medicine E-Book. 2nd ed. Glasgow: Elsevier

Health Sciences (2014).
9. Papich MG. Enrofloxacin. In: M. G. B. T.-S. H. of V. D, editors. Saunders

Handbook of Veterinary Drugs, Small and Large Animal. 4th ed. St. Louis, MO:
W.B. Saunders. (2016), p. 287–9.

10. Gutiérrez-Martín CB, Blanco NG del, Blanco M, Navas J, Rodríguez-Ferri EF.
Changes in antimicrobial susceptibility of Actinobacillus pleuropneumoniae

isolated from pigs in Spain during the last decade. Vet Microbiol. (2006)
115:218–22. doi: 10.1016/j.vetmic.2005.12.014

11. Fairbrother JM, Nadeau É. Colibacillosis. (2019) 807–834.
doi: 10.1002/9781119350927.ch52

12. Varela NP, Gadbois P, Thibault C, Gottschalk M, Dick P, Wilson J.
Antimicrobial resistance and prudent drug use for Streptococcus suis. Anim
Health Res Rev. (2013) 14:68–77. doi: 10.1017/S1466252313000029

13. Andresen LO. Differentiation and distribution of three types of
exfoliative toxin produced by Staphylococcus hyicus from pigs
with exudative epidermitis. FEMS Immunol Med Microbiol. (1998)
20:301–10. doi: 10.1016/S0928-8244(98)00026-1

14. Zhao Z, Wang C, Xue Y, Tang X, Wu B, Cheng X, et al. The occurrence of
Bordetella bronchiseptica in pigs with clinical respiratory disease. Vet J. (2011)
188:337–40. doi: 10.1016/j.tvjl.2010.05.022

15. Holmer I, Salomonsen CM, Jorsal SE, Astrup LB, Jensen VF, Høg BB, et al.
Antibiotic resistance in porcine pathogenic bacteria and relation to antibiotic
usage. BMC Vet Res. (2019) 15:1–13. doi: 10.1186/s12917-019-2162-8

16. Anadon A, Martinez-Larranaga MR, Diaz MJ, Fernandez-Cruz ML, Martinez
MA, Frejo MT, et al. Pharmacokinetic variables and tissue residues of
enrofloxacin and ciprofloxacin in healthy pigs. Am J Vet Res. (1999) 60:1377–
82.

17. Idowu OR, Peggins JO, Cullison R, Von Bredow J. Comparative
pharmacokinetics of enrofloxacin and ciprofloxacin in lactating dairy
cows and beef steers following intravenous administration of enrofloxacin.
Res Vet Sci. (2010) 89:230–5. doi: 10.1016/j.rvsc.2009.12.019

18. Mengozzi G, Intorre L, Bertini S, Soldani G. Pharmacokinetics of enrofloxacin
and its metabolite ciprofloxacin after intravenous and intramuscular
administrations in sheep. Am J Vet Res. (1996) 57:1040–3.

19. Kumar N, Singh SD, Jayachandran C. Pharmacokinetics of enrofloxacin
and its active metabolite ciprofloxacin and its interaction with diclofenac
after intravenous administration in buffalo calves. Vet J. (2003) 165:302–
6. doi: 10.1016/S1090-0233(02)00248-4

20. Lei Z, Liu Q, Yang B, Xiong J, Li K, Ahmed S, et al. Clinical efficacy and
residue depletion of 10% enrofloxacin enteric-coated granules in pigs. Front
Pharmacol. (2017) 8:294. doi: 10.3389/fphar.2017.00294

21. Sneeringer S, MacDonald JM, Key N, McBride WD, Mathews K. Economics of

Antibiotic Use in US Livestock Production. Washington, DC: USDA, Econ Res
Rep. (2015).

22. Messenger KM, Papich MG, Blikslager AT. Distribution of enrofloxacin and
its active metabolite, using an in vivo ultrafiltration sampling technique
after the injection of enrofloxacin to pigs. J Vet Pharmacol Ther. (2012)
35:452–9. doi: 10.1111/j.1365-2885.2011.01338.x

23. Paterson IK, Hoyle A, Ochoa G, Baker-Austin C, Taylor NGH.
Optimising antibiotic usage to treat bacterial infections. Sci Rep. (2016)
6:1–10. doi: 10.1038/srep37853

24. Wu H, Li J, Zhao Z. Long-Acting Enrofloxacin Injection for Livestock and

Poultry and Method Of Preparing the Same. (2008) Available online at: https://
www.surechembl.org/document/CN-101347432-B (accessed June 22, 2011).

25. Toutain PL, Del Castillo JRE, Bousquet-Mélou A. The pharmacokinetic-
pharmacodynamic approach to a rational dosage regimen for antibiotics. Res
Vet Sci. (2002) 73:105–14. doi: 10.1016/S0034-5288(02)00039-5

26. Sang KN, Hao HH, Huang LL, Wang X, Yuan ZH. Pharmacokinetic-
pharmacodynamic modeling of enrofloxacin against Escherichia coli

in broilers. Front Vet Sci. (2016) 2:1–13. doi: 10.3389/fvets.2015.
00080

27. Ball P, Baquero F, Cars O, File T, Garau J, Klugman K, et al. Antibiotic
therapy of community respiratory tract infections: Strategies for optimal
outcomes and minimized resistance emergence. J Antimicrob Chemother.

(2002) 49:31–40. doi: 10.1093/jac/49.1.31
28. Schentag JJ, Gilliland KK, Paladino JA. What have we learned from

pharmacokinetic and pharmacodynamic theories? Clin Infect Dis. (2001)
32:S39–46. doi: 10.1086/319375

29. Blondeau JM, Fitch SD. Mutant prevention and minimum inhibitory
concentration drug values for enrofloxacin, ceftiofur, florfenicol, tilmicosin
and tulathromycin tested against swine pathogens Actinobacillus

pleuropneumoniae, Pasteurella multocida and Streptococcus suis. PLoS

ONE. (2019) 14:e0210154. doi: 10.1371/journal.pone.0210154
30. Nedbalcová K, Zouharová M, Šperling D. The determination of minimum

inhibitory concentrations of selected antimicrobials for porcine Haemophilus

parasuis isolates from the Czech Republic. Acta Vet Brno. (2017) 86:175–81.
doi: 10.2754/avb201786020175

31. Prüller S, Rensch U, Meemken D, Kaspar H, Kopp PA, Klein G, et al.
Antimicrobial susceptibility of Bordetella bronchiseptica isolates from swine
and companion animals and detection of resistance genes. PLoS ONE. (2015)
10:e0135703. doi: 10.1371/journal.pone.0135703

32. Vancutsem PM, Babish JG, SchwarkWS. The fluoroquinolone antimicrobials:
structure, antimicrobial activity, pharmacokinetics, clinical use in domestic
animals and toxicity. Cornell Vet. (1990) 80:173–86.

33. Wolfson JS, Hooper DC. The fluoroquinolones: Structures, mechanisms of
action and resistance, and spectra of activity in vitro. Antimicrob Agents

Chemother. (1985) 28:581–6. doi: 10.1128/AAC.28.4.581
34. Mitchell MA. Enrofloxacin. J Exot Pet Med. (2006) 15:66–

9. doi: 10.1053/j.jepm.2005.11.011
35. Seedher N, Agarwal P. Various solvent systems for solubility

enhancement of enrofloxacin. Indian J Pharm Sci. (2009)
71:82–7. doi: 10.4103/0250-474X.51958

36. Ding Y, Pang Y, Vara Prasad CVNS, Wang B. Formation of inclusion complex
of enrofloxacin with 2-hydroxypropyl-β-cyclodextrin. Drug Deliv. (2020)
27:334–43. doi: 10.1080/10717544.2020.1724210

37. Shuping W, Yong, T, Jiaming Z, Zhenzhen W LC. Veterinary Enrofloxacin

Injection and Preparation Method Thereof. (2015) Available online at: https://
patents.google.com/patent/CN104586757A/en (accessed May 6, 2015).

38. Borriello G, Richards L, Ehrlich GD, Stewart PS. Arginine or nitrate enhances
antibiotic susceptibility of Pseudomonas aeruginosa in biofilms. Antimicrob

Agents Chemother. (2006) 50:382–4. doi: 10.1128/AAC.50.1.382-384.2006
39. Stechmiller JK, Childress B, Cowan L. Arginine supplementation and wound

healing. Nutr Clin Pract. (2005) 20:52–61. doi: 10.1177/011542650502000152
40. Tapiero H, Mathé G, Couvreur P, Tew KD. I. Arginine. Biomed Pharmacother.

(2002) 56:439–45. doi: 10.1016/S0753-3322(02)00284-6
41. Almaaytah A, Qaoud MT, Mohammed GK, Abualhaijaa A, Knappe

D, Hoffmann R, et al. Antimicrobial and antibiofilm activity of UP-
5, an ultrashort antimicrobial peptide designed using only arginine and
biphenylalanine. Pharmaceuticals. (2018) 11:1–18. doi: 10.3390/ph11010003

42. Bimazubute M, Cambier C, Baert K, Vanbelle S, Chiap P, Albert A, et al.
Penetration of enrofloxacin into the nasal secretions and relationship between
nasal secretions and plasma enrofloxacin concentrations after intramuscular
administration in healthy pigs. J Vet Pharmacol Ther. (2009) 33:183–
8. doi: 10.1111/j.1365-2885.2009.01123.x

43. Wiuff C, Lykkesfeldt J, Aarestrup FM, Svendsen O. Distribution of
enrofloxacin in intestinal tissue and contents of healthy pigs after oral and
intramuscular administrations. J Vet Pharmacol Ther. (2002) 25:335–42.
doi: 10.1046/j.1365-2885.2002.00430.x

44. Haritova A, Lashev L, Pashov D. Pharmacokinetics of enrofloxacin in lactating
sheep. Res Vet Sci. (2003) 74:241–5. doi: 10.1016/s0034-5288(03)00003-1

45. Rao GS, Ramesh S, Ahmad AH, Tripathi HC, Sharma LD, Malik JK.
Pharmacokinetics of enrofloxacin and its metabolite ciprofloxacin in goats

Frontiers in Veterinary Science | www.frontiersin.org 8 January 2021 | Volume 7 | Article 604628

https://doi.org/10.4236/ojvm.2016.62006
https://doi.org/10.1016/j.vetmic.2007.03.017
https://doi.org/10.3390/antibiotics8040226
https://doi.org/10.1016/j.vetmic.2005.12.014
https://doi.org/10.1002/9781119350927.ch52
https://doi.org/10.1017/S1466252313000029
https://doi.org/10.1016/S0928-8244(98)00026-1
https://doi.org/10.1016/j.tvjl.2010.05.022
https://doi.org/10.1186/s12917-019-2162-8
https://doi.org/10.1016/j.rvsc.2009.12.019
https://doi.org/10.1016/S1090-0233(02)00248-4
https://doi.org/10.3389/fphar.2017.00294
https://doi.org/10.1111/j.1365-2885.2011.01338.x
https://doi.org/10.1038/srep37853
https://www.surechembl.org/document/CN-101347432-B
https://www.surechembl.org/document/CN-101347432-B
https://doi.org/10.1016/S0034-5288(02)00039-5
https://doi.org/10.3389/fvets.2015.00080
https://doi.org/10.1093/jac/49.1.31
https://doi.org/10.1086/319375
https://doi.org/10.1371/journal.pone.0210154
https://doi.org/10.2754/avb201786020175
https://doi.org/10.1371/journal.pone.0135703
https://doi.org/10.1128/AAC.28.4.581
https://doi.org/10.1053/j.jepm.2005.11.011
https://doi.org/10.4103/0250-474X.51958
https://doi.org/10.1080/10717544.2020.1724210
https://patents.google.com/patent/CN104586757A/en
https://patents.google.com/patent/CN104586757A/en
https://doi.org/10.1128/AAC.50.1.382-384.2006
https://doi.org/10.1177/011542650502000152
https://doi.org/10.1016/S0753-3322(02)00284-6
https://doi.org/10.3390/ph11010003
https://doi.org/10.1111/j.1365-2885.2009.01123.x
https://doi.org/10.1046/j.1365-2885.2002.00430.x
https://doi.org/10.1016/s0034-5288(03)00003-1
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Ahmad et al. Pharmacokinetics of Enrofloxacin Injection

given enrofloxacin alone and in combination with probenecid. Vet J. (2002)
163:85–93. doi: 10.1053/tvjl.2001.0594

46. Cox SK, Cottrell MB, Smith L, Papich MG, Frazier DL, Bartges J. Allometric
analysis of ciprofloxacin and enrofloxacin pharmacokinetics across species. J
Vet Pharmacol Ther. (2004) 27:139–46. doi: 10.1111/j.1365-2885.2004.00560.x

47. Zhang B, Ku X, Yu X, Sun Q, Wu H, Chen F, et al. Prevalence and
antimicrobial susceptibilities of bacterial pathogens in Chinese pig farms from
2013 to 2017. Sci Rep. (2019) 9:1–11. doi: 10.1038/s41598-019-45482-8

48. AliAbadi FS, Lees P. Antibiotic treatment for animals: effect on bacterial
population and dosage regimen optimisation. Int J Antimicrob Agents. (2000)
14:307–13. doi: 10.1016/S0924-8579(00)00142-4

49. Wright DH, Brown GH, Peterson ML, Rotschafer JC. Application of
fluoroquinolone pharmacodynamics. J Antimicrob Chemother. (2000) 46:669–
83. doi: 10.1093/jac/46.5.669

50. Forrest A, Nix DE, Ballow CH, Goss TF, Birmingham MC,
Schentag JJ. Pharmacodynamics of intravenous ciprofloxacin
in seriously ill patients. Antimicrob Agents Chemother. (1993)
37:1073–81. doi: 10.1128/AAC.37.5.1073

51. Wispelwey B. Clinical implications of pharmacokinetics and
pharmacodynamics of fluoroquinolones. Clin Infect Dis. (2005)
41:127–35. doi: 10.1086/428053

52. Gullberg E, Cao S, Berg OG, Ilbäck C, Sandegren L, Hughes D, et al. Selection
of resistant bacteria at very low antibiotic concentrations. PLoS Pathog. (2011)
7:1–10. doi: 10.1371/journal.ppat.1002158

53. Polveiro RC, Vidigal PMP, Mendes TA de O, Yamatogi RS, Lima MC,
Moreira MAS. Effects of enrofloxacin treatment on the bacterial microbiota
of milk from goats with persistent mastitis. Sci Rep. (2020) 10:1–
13. doi: 10.1038/s41598-020-61407-2

54. Blair JMA, Webber MA, Baylay AJ, Ogbolu DO, Piddock LJV. Molecular
mechanisms of antibiotic resistance. Nat Rev Microbiol. (2015) 13:42–
51. doi: 10.1038/nrmicro3380

55. Founou RC, Founou LL, Essack SY. Clinical and economic impact of
antibiotic resistance in developing countries: A systematic review and meta-
analysis. PLoS ONE. (2017) 12:1–18. doi: 10.1371/journal.pone.0189621

56. Intorre L, Cecchini S, Bertini S, Cognetti Varriale AM, Soldani G, Mengozzi
G. Pharmacokinetics of enrofloxacin in the seabass (Dicentrarchus
labrax). Aquaculture. (2000) 182:49–59. doi: 10.1016/S0044-8486(99)
00253-7

57. Toutain PL, Pelligand L, Lees P, Bousquet-Mélou A, Ferran AA, Turnidge JD.
The pharmacokinetic/pharmacodynamic paradigm for antimicrobial drugs in
veterinary medicine: recent advances and critical appraisal. J Vet Pharmacol

Ther. (2020) 1–29. doi: 10.1111/jvp.12917
58. Ahmad I, Huang L, Hao H, Sanders P, Yuan Z. Application of PK/PD

modeling in veterinary field: dose optimization and drug resistance
prediction. Biomed Res Int. (2017) 2017:1408737. doi: 10.1155/2017/1408737

59. Davis JL, Papich MG. Antimicrobial Therapy. 2nd ed. St. Louis, MO: Elsevier
Inc. (2013).
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