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ABSTRACT

Intraperitoneal ceftriaxone administration in hleglthorses results in high and prolonged
peritoneal concentrations. Recent findings sugdgleat intraperitoneal ceftriaxone might
increase survival rates in horses affected by qatis. The present study aimed to evaluate
plasma and peritoneal concentrations of ceftriaxafter intraperitoneal administration in
horses with septic peritonitis. Twenty-six horsegespnting clinical, laboratorial and
sonographic findings compatible with the diseaseewrcluded. All horses received daily
intraperitoneal ceftriaxone (25 mg/kg bwt) in aduit or not with other antibiotics and
support therapies. High-performance liquid chrorgeaphy was used to determine plasma
and peritoneal ceftriaxone concentrations beforaé after 12 and 24 hours of ceftriaxone
administration. Mean plasma concentrations 12 a#dh@urs after administration were
respectively 1.84+0.43 and 0.37+0.07 pg/mL, and mmparitoneal concentrations were
5.7£2.84 and 0.42+0.13 pg/mL. Ceftriaxone conceisinawas lower in comparison with
previous studies in healthy horses, and presemddruthe MIC for enterobacteria (g /
mL) and forgram positive isolates<{ 0.5 pg/mL) at 24 hours. The variation of the risul
obtained between healthy horses and with septicitopégrs demonstrated that
pharmacokinetics/dynamics are different betweesdhmtients, and suggests the use of an
interval of dose of 12 hours.

Keywords: abdominal infection, HPLC, MIC, peritoneum
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INTRODUCTION

Peritonitis presents variable survival rates. Idificult to compare the therapeutic
success rates since there is a wide variationdlusion criteria between similar studies. In
general, studies that include horses without idinpgoeritonitis, as well as cases associated
with the gastrointestinal tract and colic surgessnain with high mortality rates in spite of the
use of conventional combination of antimicrobiakaty and supportive care, demanding the
adoption of more effective therapeutic strategig#st][ Intraperitoneal administration of
antimicrobials is a technique that promotes hight@eeal drug concentrations [5]. Even
though this route is routinely used in the treattngnperitonitis in humans [6-9], is not
commonly used in horses.

Ceftriaxone is a third-generation cephalosporinhwat broad antibacterial spectrum
that has a well-established clinical efficacy [18]-1ts activity is time-dependent and the best
therapeutic outcome is obtained using a dosingnregi that provides longer drug
concentrations above the minimal inhibitory concatn (MIC) (enterobacteria 1pg / mL,
and< 0.5 pg/mL forgram positive isolates) at the site of infection [14].

Intraperitoneal ceftriaxone administration does mmtuce peritoneal inflammation
[15], results in high and prolonged peritoneal @nrations in healthy horses [16], and is
effective in the treatment of peritonitis in hor$&g]. Nevertheless, to date, no profile of the
plasma and peritoneal concentrations of the celina in horses with septic peritonitis is
available in the scientific literature. The presestidy aimed to evaluate plasma and
peritoneal concentrations of ceftriaxone afterapéritoneal administration in horses with

septic peritonitis.

MATERIALSAND METHODS
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The present study was conducted in accordancetigtiprinciples of ethics and well-
being in animal experimentation and was approvethbyEthics Committee on Animal Use
(CEUA) of the School of Veterinary Medicine and Al Science of UNESP, Brazil

(protocol 53/2016).

Animals

The study included horses admitted to the Schodledérinary Medicine and Animal
Science of UNESP, Botucatu, Sdo Paulo, Brazil, betw2016 and 2018 with septic
peritonitis. A total of 26 horses were included (héles and 10 females), with mean age of
10.2 £ 6.7 years and mean body weight of 377.4 B8 $@. The breeds were: 9 Quarter
horses, 9 mixed breed, 2 Mangalarga, 1 miniatuteyjsitano, 1 Arabian, 1 American Paint,1
Criollo, and 1 Friesian. Animal sampling was corieet, due to the unpredictability of the

natural and post-operative cases of infectioudqoatis in horses.

Inclusion criteria

The included horses presented a set of signs thetacterized peritonitis: apathy,
anorexia, pyrexia, reluctance to move, and presehe@ abdominal tension line; peritoneal
fluid with nucleated cell court 10.0004L [18, 19]; and/or presence of free or phagocytized
bacteria; peritoneal fluid protein concentratior2,5 g/dL and fibrinoger 100 mg/dL [18-
20]; and sonographic findings (thickening of the intesiti wall and
increased echogenicity of peritoneal fluid) assedavith the diagnosis of septic peritonitis.

In horses included after laparotomy, clinical sigiespecially persistent pyrexia)
associated with sonographic findings and respomgbe treatment were used to include the
cases, since the surgical procedure increasesatedleell count and protein concentrations

[21].
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Microbiological culture

Peritoneal fluid was cultured according to Alonsak [17], in a defibrinated sheep
(5%) and MacConkey agar media. It was maintainetbunerobic conditions at 37°C, for 72
hours. Simultaneously, an aliquot of the same nadteras cultured under microaerophilic
conditions at 37°C. Further, the peritoneal fluallected in appropriate media was cultured
under anaerobic conditions in defibrinated sheepdlagar (5%) using anaerobic generator
(Anaerogen ™, Oxoid, Hampshire, England), mainthifee 5-7 days. The microorganisms
isolated under aerobic, microaerophilic, and arf@erconditions were examined based on
conventional phenotypic characteristics [22].

Susceptibility to ceftriaxone was extrapolated frahe Clinical and Laboratory
Sandards Institute — CLSI [23], using the values of ceftriaxone MI@r fenterobacteria of

<1pg/mL, and fogram positive isolates of 0.5 pg/mL.

Plasma and peritoneal ceftriaxone concentrations
Sample collection
Blood and peritoneal fluid samples were collectatb itubes containing ethylene

diamine tetra-acetic acid (EDTA). Sample collectiomere performed before, 12 and 24h
after intraperitoneal ceftriaxone administratiomeTperitoneal fluid samples were collected
under sterile conditions from the ventral midliffettte abdomen through a 21 G hypodermic
needle. Plasma samples were obtained through lldtenacic vein punction. Both samples
were centrifuged (1.087 x g for 10 min), then deddnto duplicates and frozen at - 80 °C for

subsequent determination of ceftriaxone concentuati
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Determination of ceftriaxone concentration

Plasma and peritoneal fluid concentrations of @ftme were determined using high-
performance liquid chromatography (HPLC; Watersiahite System, Milford, MA, USA)
equipped with an ultraviolet (UV)-Vis detector [1B4]. Chromatographic separation was
performed using a Waters SunFire C18 column (26 mm; 5 uM) protected by a Waters
SunFire C18 guard column (4.6 x 20 mm; 5 uM) mae at 40 °C. The mobile phase
consisted of methanol (mobile phase A) and 20 mNhamum acetate (mobile phase B) in
gradient mode. The selected gradient started witte &f mobile phase B, which was
increased to 20% within 10 min and this compositias maintained for 1 min. The initial
conditions were re-established within 2 min anddhdiring 2 min more to assure column
equilibration. The total run time was 15 min, witlretention time of 6.15 min and 9.15 min
for ceftriaxone and cefoperazone (internal standaebspectively. The flow rate was 0.7
mL/min and the injected sample volume was 20 ule UN-Vis detector was operated at 260
nm. The ratio of the analyte peak area to the aealt of the I.S. was used for quantification
of the drug [24]. The method validation was conddcin accordance with the (US) FDA

Guidance for Industry [25] and Brazilian Health &illance Agency [26].

Treatment

Supportive therapy based on fluid and electrolgglacement, analgesia, and anti-
inflammatory drugs was provided at admission. Imiatetly after confirmation of peritonitis,
antibiotic therapy was initiated according to tlemduct of the veterinarian responsible for the
case. All horses received daily intraperitonealrapg with ceftriaxone (Eurofarma, Sao

Paulo, Brazil) (25 mg/kg bwt). The most common agged drugs were flunixin meglumine
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(1.1 mg/Kg IV or IM SID), gentamicin (6.6 mg/Kg I8ID), amikacin (15 mg/Kg IV SID)
and metronidazole (15 mg/Kg IV or PO TID).

Ceftriaxone was administered intraperitoneally otaxdance to that described by
Alonso et al. [17]. Ceftriaxone dosage (25 mg/Kgt)bwas diluted in 250 mL of warmed
0.9% saline solution. The administration was cdrdat under pressure within 2 minutes.
Plasma and peritoneal protein concentrations

Plasma and peritoneal fluid protein concentratiowgre determined using

refractometry [27] before and after 24 h of ceitomae administration.

Statistical analysis

After assessing normality using the Shapiro Wilke tiplasma and peritoneal
concentrations of the proteins were compared usiradysis of repeated measures over time
(Proc Mixed) using the time point as a fixed effexstd comparisons were made using pdiff.

Plasma and peritoneal concentrations of ceftriaxameee analyzed using descriptive
statistics. When the results of liquid chromatogsaprere undetectable, the considered value
was the limit of detection (0.24/mL). The results are shown as mean * standaod efthe
mean (SEM), and statistically significant differengas considered when P <0.05.

One horse (Animal 2) that presented outlier cefore plasma and peritoneal

concentrations was excluded of the mean calculation

RESULTS
Microbiological culture

Among the 26 included horses, 19 (73,1%) showerbdygtive abdominocentesis at
admission. Among these, 13 (68,4%) presented isalaf microorganisms. Only one isolate

presented mixed culture, whereas the others, emblatsingle agent. Totaling 13 isolates.
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Among the isolated bacteria, 7 (50%) we&seherichia coli, 4 (28,6%)3reptococcus spp and
3 (21,4%)Saphylococcus spp.
Ceftriaxone concentration

Peritoneal fluid collection was productive at 121d@4 hours after administration to
57,7% (15/26 horses). At the time point 12 hours administration all samples had
concentrations above the detection limit of the (824 g/ mL), and the mean peritoneal
fluid ceftriaxone concentration obtained was 5.84#2ug/mL. After 24 hours, 53,3% (8/15
horses) had undetectable peritoneal concentrafie®@4 pg/mL). Among the detectable
concentrations, a mean of 0.42+0.13 pg/mL was oéthi

All horses had detectable plasma concentratiod dours, with mean concentration
of 1.84+0.43 pg/mL. At 24 hours, 50% (13/26 horsdg) not show detectable plasma

concentrations. The mean obtained concentratiorOvd?a0.07 pg/mL.

Plasma and peritoneal protein concentration
No differences were obtained between admissiorsifpda 6,57 + 0,19; peritoneal:
4,10 £ 0,43 g/dL) and the time point 24 hours afteftriaxone administration for plasma

(6,83 + 0,20 g/dL) and peritoneal (3,26 + 0,49 g/dtotein concentrations.

DISCUSSION

This is the first report that describes both plasand peritoneal concentrations of
ceftriaxone after intraperitoneal administration harses with septic peritonitis. Recently,
using the same included animals that were usedis study, our group [17] described
favorable results using the adjuvant intraperitboeéiriaxone (25 mg/kg bwt) every 24 hours

in the treatment of peritonitis in horses, withaaerage survival rate of 77%. It is interesting
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to emphasize that Alonso et al. [17] included peitis cases secondary or not to
gastrointestinal tract injuries and abdominal stygend secondary to intestinal rupture
and/or faeces contamination. Currently, when répgrtsurvival rates associated with
peritonitis, the variation in inclusion criteria theen similar studies makes it difficult to
compare therapeutic success rates. In many repihtdiigher survival rates, peritonitis is not
related to the gastrointestinal tract, peritorsases associated with gastrointestinal tract, colic
surgery and intestinal perforations are excludedgd331]. In Alonso et al study [17], if the
group of animals that presented intestinal perionatvas excluded, the survival rate would
have achieved 86,05%. Despite the slow advancherreatment of peritonitis, in general,
studies with wider inclusion criteria remains witligh mortality rates with the use of
conventional combination of antimicrobials [1,3,4].

As this is a clinical study, it was difficult toastdardize the approach and diagnosis of
peritonitis, which varied according to the etiology the disease and the individual
manifestation of the cases. Possibly the degrgeenfoneal inflammation and the dynamics
of diffusion and elimination of the drug varied amting to the peritoneal lesion intensity,
which is a limitation of this study. Also, animalsat presented peritonitis in the postoperative
time were not included immediately after surgeryt m the clinical manifestation of the
disease, with possible no influence of intraopeeatabdominal lavage in ceftriaxone
concentrations, since the peritoneum is capabkbebrbing large quantities of liquid in one
or two days [32]. The peritonitis aetiology, indlual plasma and peritoneal ceftriaxone
concentrations and outcome are presented in table 1

In order to provide optimal antimicrobial therapythe diseased horses, three aspects
have to be considered: pharmacokinetics-PK (redasiolubility, protein binding, clearance

mechanism); clinical information (site of infectioseverity of illness, body composition,

10
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likely pathogens, local resistance patterns); ahdrmpacodynamics-PD (time course of
bacterial killing, post antibiotic effect-PAE, pietcal infection models) [33-34].

Ceftriaxone is a hydrophilic drug that has highelsvof binding to proteins and renal
clearance, [10,11,16,35,36]. Regarding the clingspects, the site of infection was the
abdominal cavity. However, the severity of theads and body composition varied between
patients, and the groups of pathogens visierobacteria, Sreptococci and Saphylococci.
Among PD aspects, the time course of bacteriaingilis highlighted, sinc@-lactams is a
class of time-dependent antibiotics, whereby sulbisiily increasing drug concentrations
have minimal effects on the overall rate and extéritacterial killing. Instead, maintaining a
free drug concentration above the MIC of the orgamior a portion of the dosing interval has
been shown to best predict microbiological efficatiie percentage of time that free drug
remains above the MIC over a 24-hour periéd X wic) to provide maximal bactericidal
effect is a PD index that varies accordingttactam subclass, with typical values>60%
to 70% for cephalosporins acting agaibster obacteria andStreptococci. whereadT > yc of
40-50% againsBaphylococci species [34,37].

Comparing the plasma concentrations between honss septic peritonitis and
healthy horses [16] after daily intraperitonealtcakone administration (25 mg/kg), both
studies showed mean plasma concentrations aboveestimated MIC 12 hours after
administration, and values below the MIC 24 hodtsrantraperitoneal administration. It is
noteworthy, however, that plasma concentrationshefhorses with peritonitis were lower
than those obtained in healthy horses [16] 24 haftes intraperitoneal administration.

Regarding peritoneal concentrations, healthy hoitbed received intraperitoneal
ceftriaxone maintained concentrations above the MIC4 hours [14], while in the present
study, the mean ceftriaxone peritoneal concentratias above the MIC 12 hours after

administration and below the MIC at the time poi#t hours. Peritoneal and plasma

11
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concentrations of the horses with peritonitis wiekeer than those obtained in healthy horses
[16] at both times of evaluation.

It is believed that there was a higher drug elimomarate due to the increase in
vascular permeability secondary to inflammatior@ation [10]. Additionally, due to the fact
that the presence of infection results in signiftdéduid extravasation and in a high probability
of augmented renal clearance, standard therapyrttlatde volume resuscitation can further
alter antibiotic PK, with hydrophilic, renally clesd agents ag-lactams being most
susceptible [26, 30].

The increased vascular permeability may also haesulted in superior
diffusion/distribution of the drug to the abdominesues affected by the septic process. In
this sense, the favorable outcome obtained inrtregrhent [17] may have resulted from the
more pronounced absorption by the tissues andrgnali ceftriaxone to bacteria. However,
this study did not evaluate the concentrationdiefdrug in the tissues nor the PK of the drug
to access distribution.

Since ceftriaxone binds to proteins and has a figed free form concentration
dependent [11,13,36], its binding may have contadduo the minor availability of free drug
and consequent lower concentrations in horses pétitonitis, as these horses have higher
concentrations of proteins in the peritoneal fl@d10 + 0.43 g/dL) compared to healthy
horses (<2.3 g/dL).

The optimal antimicrobial concentration in the @iss and blood is poorly understood,
often defined as the concentration above the MIGwéler, there are many examples of
effective prophylaxis with antibiotic concentratonbelow the MIC and failures of
prophylaxis with concentrations above the MIC [37].

The variation in the results obtained between hgalftorses [16] and horses with

septic peritonitis demonstrates that PK/PD areerhfit between these conditions. The
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undetectable concentrations after 24 hours of adirétion suggests the necessity to change
the dose regimen, with administration taking plagery 12 hours; or the conducting of new
tests using higher doses with a 24 hours interivdbees. It is also important to point out that
a high survival rate was achieved by Alonso et[HI], despite the lower concentrations
achieved with the 25 mg/kg bwt dose regimen evdriz@urs in this study.

The estimative of thdT > yc was hampered as a result of the limited sample
collection for ceftriaxone concentrations evaluatet two isolated time points (12 and 24
hours). Since there is no time point of evaluatietween 12 and 24 hours, it is not possible
to know if ceftriaxone presentedf@ > yic of 60-70%, necessary for cephalosporins to be
effective againsEnterobacteria andStreptococci species [34,37]. Based in the present results
it is possible to ensure @ > yic of 50%, a compatibléT > \c necessary to suppress
Saphylococcus induced infections. It is suggested, based orhitgk survival rates that the
target was accomplished.

Human antibiotic therapy is guided by the Clini€alLaboratory Standards Institute
(CLSI), which provides information and standardiatof the MIC for the most common
used antimicrobials. It is also important to highli that there are no available studies about
the MIC values and the necesséify> ywic to control peritoneal infection in horses. Thus,
veterinary antibiotic therapy is based on humardgines. It is described th&scherichia
coli, one of the potential causes of peritonitis inslesy has a MIC of 0.003mg/mL in cats [13]
and cattle [39]. However, in the absence of a $igedIC for the main etiological agents of
peritonitis in horses, the most widespread and dsghvalue for the group of
Enterobacteriaceae (1mg/mL) was selected as tleditoad/IC in this study (CLSI), situation
that based in the high survival rate, could undéineated thdT > yc.

Another possible situation that may have contridutethe outcome of the horses is

that
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despite the fact that ceftriaxone presents a $hE (nearly 1 hour for gram negatives and 2
hours for gram positives), it was administeredsaagiation with aminoglycosides in most of
the presented cases, situation that results inrgigme and prolonged PAE (2 to 6 hours)
[10,34,40,41].

The main limitations of this study were the lacktiofie points of evaluation, and the
fact that ceftriaxone was used in association witier antibiotics, anti-inflammatory drugs
and parenteral solutions, since horses sampleccases naturally infected. Although no
combinations of compounds capable of interactiaih weftriaxone [42] were used, the effect
of this associations is unknown, and there aretudiess in horses about drug interaction with
ceftriaxone. This association also hampered thesassent of the survival rates and the

determination of the ceftriaxone effectiveness spdy.

CONCLUSIONS
Intraperitoneal ceftriaxone administration (25 mg/KWwt) in horses with septic

peritonitis resulted in lower ceftriaxone plasmal geritoneal concentrations compared to
previous studies in healthy horses. At the timenpadf 12 and 24 h, ceftriaxone
concentrations were respectively above and undeiMIC for the most prevalent bacteria
related to peritonitis. The variation of the resuttbtained between healthy and diseased
horses demonstrated that pharmacokinetics/dynaanecslifferent between these conditions.
Even though previous studies demonstrated thatrastmation of ceftriaxone (25 mg/Kg bwt)
using the interval of doses of 24 hours is effextior the treatment of peritonitis in horses,

our data suggest that the dose interval may belsedtto twice a day.
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Tablel

Peritonitis aetiology, plasma and peritoneal catone concentrations 12 and 24 hours
after ceftriaxone administration and outcome ofttbeses with septic peritonitis and
treated with intraperitoneal ceftriaxone (n=26)tB@tu, SP, Brazil, 2016-2018.

Plasma ceftriaxone Peritoneal ceftriaxone
Animal Peritonitis aetiology concentrations (ug/mL) concentrations (ug/mL) Outcome
12h 24h 12h 24h

1 Colitis 0,408 u uc u Discharged
2%% Sand impaction 1,457 15,720 47,578 179,635 basged

3 Sand impaction 0,339 U 0,508 U Discharged

Sand impaction and gastric
4 ) 1,667 0,249 2,031 0,280 Discharged
ulceration

5 Fecalith removal* 0,343 NC 0,187 NC Died

6 Correction of colon displacement* 4,010 0,564 uc v Discharged

7 Correction of colon displacement* 2,182 0,269 uc uc Discharged

8 Correction of colon displacement* 2,084 0,487 ucC uc Discharged

9 Jejunal granulomas excision* 1,724 U uc uc Disgled

10 Surgical cecal impaction* 0,242 U uc uc Discleatg
11 Surgical cecal impaction* 2,186 0,643 uc uc baged
12 Surgical sand impaction* 0,393 U uc uc Disgjeal
13 Surgical sand impaction* 1,241 U 1,495 U Disgledr
14 Abdominal wall abscess 1,518 0,519 1,391 0,209 ied D

15 Funiculitis 0,337 0,276 0,391 U Discharged
16 Vaginal rupture 2,321 U 3,761 0,198 Discharged
17 Abdominal perforation 1,160 U 26,110 0,508 Daged
18 Umbilical herniorrhaphy* 1,260 U 1,035 U Disched

19 Umbilical herniorrhaphy* 1,738 U 2,200 U Disched

20 Incisional herniorrhaphy* 1,112 U uc uc Dischexdlg
21 Removal of a vesical urolithiasis* 2,804 U uc \ Discharged
22 Grade |V rectal rupture 0,295 U 1,063 0,780 Besged

Small intestine perforation
23 ) 2,602 0,391 0,730 U Died
secondary to a foreign body*

Jejuno-jejunal anastomoses

24 ) NC NC NC NC Euthanised
failure*

25 Tiflostomy dehiscence* 10,664 1,926 34,660 2,091 Euthanised

26 Jejunal perforation* 1,469 0,283 4,839 U Disgledr

*Horses subjected to surgery; **outlier (excluded the ceftriaxone concentrations analysis);
UC=unproductive collection; NC=Not collected (animdied); U=Undetectable (<0,24ug/mL);

IV=Insuficient volume for analysis.



Highlights
e Peritonitis remains with high mortality rates in horses
e Intraperitoneal ceftriaxone administration in healthy horses results in high
and prolonged peritoneal concentrations
e Intraperitoneal ceftriaxone might increase survival rates in horses
e No profile of the plasmatic and peritoneal concentrations of the ceftriaxone

in horses with septic peritonitis is available



