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SUMMARY 
The pharmacokinetic behaviour of an amoxicillin/clavulanic acid combi- 
nation (25 mg kg-'), and both drugs alone (amoxicillin 20 mg kg-~), clavu- 
lanic acid 5 mg kg-~), was studied after intravenous (i.v.) administration of 
single doses to 10 goats. The objective was to determine whether there 
were differences in the plasma kinetics of these drugs when administered 
in combination or alone. The plasma concentration-time data were ana- 
lysed by compartmental pharmacokinetics and non-compartmental 
methods. The disposition curves for both drugs alone and in combination 
were best described by a biexponential equation (two-compartment open 
model). The elimination half-lives of amoxicillin were 1.05+0.09 h alone 
and 1.13+0.19 h in combination, and those of clavulanic acid were 0.87_+ 
0.07 h and 0.85_+0.09 h, respectively. The apparent volumes of distribution 
of amoxicillin and clavulanic acid were similar in the two treatments. Body 
clearances of amoxicillin were 0.12_+0.01 l h q .  kg alone and 0.11+ 
0.01 l h -~. kg in combination, and of clavulanic acid were 0.12_+ 
0.02 1 h -~ • kg alone and 0.12_+0.01 1 h -~ • kg in combination with amoxicil- 
lin. The half-lives and body clearances of amoxicillin and clavulanic acid 
did not differ significantly when administered alone and in combination. 
It was concluded that the i.v. administration of amoxicillin and ciavulanic 
acid as a combination product did not alter the disposition kinetics of 
either drug. 

I~"a'ORDS: Pharmacokinetics; amoxicillin; clavulanate; goats; intravenous. 

INTRODUCTION 
Amoxicillin is a broad spectrum antibiotic of the penam penicillin group, useful 
for treating urinary tract, respiratory and skin bacterial infections in animals. In 
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dogs, the systemic availability of amoxicillin (60-70%) is about twice that of  ampic- 
illin (20-40%), so that plasma amoxicillin concentrations are often twice or more 
than those that occur after the same oral dose of ampicillin (Prescott & Baggot, 
1993). However, this antibiotic has the disadvantage of  inactivation by bacterial [3- 
lactamases or penicillinases (Sykes & Matthew, 1976; Rolinson, 1986). 

The addition of a penicillinase inhibitor, such as clavulanic acid, results in a 
drug combination that broadens the antibacterial spectrum of amoxicillin. Clavul- 
anic acid is a natural substance produced by Streptomyces clavuligerus, and has slight 
antibacterial activity but a very high affinity for many [3-1actamases. This com- 
pound is structurally similar to penicillins and reacts with [3-1actamases resulting in 
a progressive inactivation of  the enzyme (Brodgen et al., 1981; Rolinson, 1986). 
The inactivation of  [3-1actamases by clavulanate protects susceptible [3-1actam anti- 
biotics, such as penicillin G, ampicillin, amoxicillin, ticarcillin, carbenicillin and 
certain cephalosporins from hydrolytic destruction, maintaining their antimi- 
crobial activity against many [3-1actamase-producing bacteria (Reading & Cole, 
1977; Wise et al., 1978; Farrel & Brookes, 1980; Hunter  et al., 1980). Amoxicillin is 
combined with potassium clavulanate in a 4:1 ratio. The combination is not 
destroyed by gastric or intestinal secretions and is rapidly absorbed. Combinations 
of  amoxicillin and clavulanic acid showed increased effectiveness against an exper- 
imental model of  acute bacterial cystitis in cats infected with Esche~chia coli with in 
vitro resistance to amoxicillin (Senior et al., 1985) and in the treatment of skin 
infections under  both experimental and clinical conditions in dogs (Bywater et al., 
1985). The pharmacokinetic behaviour of  this combination has been studied in 
man (Weber et al., 1986) and in several animal species (Mizen et aL, 1981; Cooper, 
1985). However, no references have been found on the disposition kinetics of  
amoxicillin/clavulanic acid in goats. The objective of the present study was to 
compare the pharmacokinetics of amoxicillin and clavulanic acid in goats after 
intravenous (i.v.) administration of  the amoxicillin/clavulanic acid combination 
and each drug alone in order to determine whether the presence of  clavulanic 
acid alters the disposition kinetics of  amoxicillin. 

MATERIALS AND METHODS 

A n i m a l s  
Ten Murciano-Granadina goats weighing between 38 and 43 kg were used as 

experimental animals. All animals were female, milk-producing (in lactation 
phase), and in good health. The animals were stabled and fed an antibiotic-free 
diet for at least 30 days preceding the study. Water was available ad libitum. 

Study design 
A crossover study was conducted in three phases separated by 30 days. In the 

first phase, the combination, an aqueous solution of amoxicillin:clavulanic acid 
(4:1 ratio), was administered i.v. to the animals at a dosage of  25 mg kg -~ body 
weight (20 mg kg -L of sodium amoxicillin and 5 mg kg -~ of  potassium clavulanate; 
generously supplied by Antibioticos, S.A. Laboratories). In the second and third 
phases, aqueous solutions of  amoxicillin ( 2 0 m g k g  -~) or clavulanic acid 
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(5 mg kg-~), respectively, were injected into the left jugular vein. All animals were 
fasted 24 h before each injection. Blood samples were collected from the contrala- 
teral jugular vein into heparinized 'Vacutainer' tubes at 0 (pre-treatment), 0.05, 
0.10, 0.15, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 4, 5, 7 and 9 h after drug adminis- 
tration. The samples (5 ml) were centrifuged at 1500 g fo r  15 min and the plasma 
was separated and stored for one day at -40°C until assayed. 

Analyt ical  method 
Plasma concentrations of  amoxicillin and clavulanic acid were analysed by high 

performance liquid chromatography (HPLC) using a Waters HPLC unit equipped 
with a 721 model integrator, a Lambda-Max LS 481 model detector and two 510 
model pumps, according to the method of Foulstone & Reading (1982). The 
column used was a p.Bondapack C~8 (Waters) with a guard-pack precolumn with 
the same filling. The mobile phase was 6% methanol plus phosphate buffer with 
pH adjusted to 3.2 and the flow rate was 2 ml min -1. The concentrations were 
scanned by a UV detector at 227 nm for amoxicillin and 311 nm for clavulanic 
acid, and 0.005 absorbance units full scale (AUFS). In the clavulanic acid assay, 
the plasma samples were derivatized (Foulstone & Reading, 1982) using imidazole 
reagent (8.25 g imidazole in 24 ml distilled water with the pH adjusted to 6.8 by 
the addition of 5 M HC1 and the volume made up to 40 ml with distilled water). 
The sample (0.4 ml) to be assayed was added to the imidazole reagent (0.1 ml) 
and, after a 10 min reaction period at room temperature, 25 gl were injected onto 
the HPLC column. The limits of  detection were 0.45 gg/ml  for amoxicillin and 
0.09 gg ml -~ for clavulanic acid. 

Pharmacokinetics 
The concentration-time data for amoxicillin and clavulanic acid were initially 

analysed by the method of  residuals (Gibaldi & Perrier, 1982) and PKCALC com- 
puter programme (Shumaker, 1986) to obtain the best estimates of the para- 
meters. Refinement of the estimates was carried out using the MULTI computer  
programme and Gauss-Newton damping algorithm (Yamaoka et al., 1981). Wag- 
ner's criterion (1983) was used to calculate the weighting coefficients (1/Cp w) 
according to the expression: 

2- log (SD)=Ioga+W. logC 

where sD is the standard deviation, a is the intercept with the ordinate, Wis the 
slope of the linear regression (weighting coefficient) and C is mean concentration 
in plasma. 

The pharmacokinetic parameters were calculated from the final equations 
obtained (Gibaldi & Perrier, 1982) and the area under  the plasma concen- 
tration-time curve (AUC) was calculated using the trapezoidal logarithmic 
method with extrapolation to infinite time. The symbols, equations and defi- 
nitions used in this pharmacokinetic study were standard (Aronson et al., 1988). 

Statistical analysis 
The usual statistical parameters were calculated and the Kolmogorov-Smirnov 
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test was employed  to verify the homogene i ty  of  the data and to test for between- 
animal differences in the parameters.  The  Mann-Whi tney  test and Student ' s  t test 
were used to test parameters  for significant differences when amoxicillin and 
clavulanic acid were adminis tered alone or  in combina t ion  to goats (Powers, 
1990). 

RESULTS 

The  pharmacokinet ics  o f  both amoxicillin and clavulanic acid given i.v. and separ- 
ately could best be described by the following biexponent ia l  equations: 

C=192.09. e-ll s26%96.46 • e -°G54' (amoxicillin) 

C=61.51 • e-8'718%28.55 • e -°7:~1' (clavulanic acid) 

The  biexponent ia l  equat ions that best described the kinetics of  amoxicillin and 
clavulanic acid given in combina t ion  were: 

C=149.31 • e-"~23~2'+102.38 • e -°61:j4~ (amoxicillin) 

C=67.79. e-1°°6:~~%29.12 • e -°'s238t (clavulanic acid) 

where concent ra t ions  are expressed in mg 1 -~ and time in h. The  mean  (+s~) 
plasma concent ra t ions  following the administrat ion of  bo th  antibiotics given 
alone are plot ted in Fig. 1. The  mean  (+SD) plasma concen t r a t i on - t ime  data for 
the antibiotics given in combina t ion  are plot ted in Fig. 2. 
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Fig. 1. Plasma concentrations (mean~_sD) of amoxicillin and clavulanic acid in goats following 
intravenous administration at a dosage of 20 mg kg -t of amoxicillin and 5 mg kg -~ of clavulanic 
acid. (0), Amoxicillin; (A), clavulanic acid. 
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T h e  p h a r m a c o k i n e t i c  p a r a m e t e r s  (mean_+sD) fo r  e a c h  a n t i b i o t i c  a n d  m a n n e r  o f  
a d m i n i s t r a t i o n  ( a l o n e  o r  in c o m b i n a t i o n )  b a s e d  o n  c o m p a r t m e n t a l  p h a r m a c o k i -  
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Fig. 2. Plasma concentrations (mean+sl~) of amoxicillin/clavulanic acid combination in goats 
following intravenous administration at a dosage of 25 mg kg -~ (20 nag kg -~ of amoxicillin and 
5 nag kg -I of clavulanic acid). (Q), Amoxicillin; (A), clavulanic acid. 

Table  I 
Pharmacok ine t i c  parameters  (mean--sD)  o f  amoxic i l l in  in goats  g iven 

intravenous ly  a lone  and as amox ic i l l in / c lavu lan ic  acid c o m b i n a t i o n  at a d o s a g e  
o f  20 m g  kg  -~ 

Parameters Alone Combination 

Q (nag 1 -l) 192.09+6.22 149.31+23.25 
C_, (m~ 1-1) 96.46+5.51 102.38+13.28 
~-i (h- ')  11.83_+1.41 9.24_+5.35 
L., (h -i ) 0.65+0.06 0.62+0.10 
tl '.,zl (h) 0.06-+0.02 0.09-+0.04 
t~ ,,~,=, (h) 1.07_+0.09 1.12_+0.19 
1~,,,., (1 kg -~ ) 0.19_+0.02 0.18-+0.02 
~, (1 kg -~) 0.16+0.02 0.16-+0.02 
AUC (mg.  h 1 -I) 163.18+22.15 186.17-+21.33 
MRT (h) 1.47-+0.19 1.52_+0.20 
CL (1 h -~ • kg) 0.12_+0.01 0.11_+0.01 

Ct: Intercept  of  the ordinate by the fastest disposition slope minus the intercept  of the next 
fastest disposition slope. C_,: Intercept  of the slowest disposition slope with the ordinate.  ~.t: 
Distribution rate constant. ~..,: Elimination rate constant, tw2~t: The distribution half-life 
associated with the initial slope ()vt) of a semilogarithmic concent ra t ion- t ime curve, tw,.,z,," 
The apparent  elimination half-life associated with the terminal slope (L.,) of a 
semilogarithmic concent ra t ion- t ime ctu've, i{,r,.,: The apparent  volume of  distribution 
calculated by the area method.  V,,: The apparent  volume of distribution at steady state. AUC: 
The area under  the plasma concent ra t ion- t ime curve from zero to infinity. CL: The total 
body clearance of drug fi-om the plasma. MRT: Mean residence time. 
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Table II 
Pharmacokinetic parameters (mean-+sD) of  clavulanic acid in goats given 

intravenously alone and as amoxicillin/clavulanic acid combination at a dosage 
of  5 mg kg -1 

Parameters Alone Combination 

C~ (mg 1-1) 61.51+3.71 67.79+6.12 
(rag l -l) 28.55+2.93 29.11+3.21 

~.~ (h-') 8.72+1.23 10.06_+1.68 
(h -~) 0.80_+0.04 0.82_+0.09 

tl/2Xl (h) 0.08_+0.01 0.07_+0.01 
tl/2k2 (h) 0.87_+0.07 0.85-+0.09 
Varea (1 kg-I ) 0.15 -+0.01 0.14-+0.01 
V,~ (1 kg -I) 0.13-+0.02 0.12-+0.01 
AUC (mg. h 1-1) 42.93_+5.10 42.60_+5.31 
MRT (h) 1.01_+0.02 1.04_+0.13 
CL (1 h -l • kg) 0.12_+0.01 0.12_+0.01 

Cl: Intercept of the ordinate by the fastest disposition slope minus the intercept of the next 
fastest disposition slope. Gz: Intercept of the slowest disposition slope with the ordinate. ~.~: 
Distribution rate constant. ~2: Elimination rate constant, tl/2Xl: The distribution half-life 
associated with the initial slope (~-l) of a semilogarithmic concentration-time curve, tl/2~.2: 
The apparent elimination half-life associated with the terminal slope (?~z) of a 
semilogarithmic concentration-time curve. V,r,,,: The apparent volume of distribution 
calculated by the area method. V~: The apparent volume of distribution at steady state. AUC: 
The area under the plasma concentration-time curve from zero to infinity. CL: The total 
body clearance of drug from the plasma. MRT: Mean residence time. 

netic analysis and non-compar tmen ta l  me thods  are p resen ted  in Tables I and  II. 
T h e r e  were significant differences between each t r ea tmen t  in some o f  the pharm-  
acokinetic parameters .  For  amoxicillin, the significant differences (P<0.05) were 
in the zero-time in te rcept  of  the ord ina te  by the initial disposition slope (Cm), and 
the non-compar tmen ta l  pa rame te r  area u n d e r  the co n cen t r a t i o n - t im e  curve 
(AUC). For  clavulanic acid, significant differences (P<0.05) were fo u n d  in the 
initial disposition rate constant  (~,l) and the zero-time in te rcept  of  the initial dis- 
position phase (C1). 

DISCUSSION 

Using Akaike's in format ion  cr i ter ion (Yamaoka et al., 1978), it was fo u n d  that  the 
amoxicill in and  clavulanic acid plasma concen t ra t ion  vs t ime data after  i.v. admin- 
istration o f  bo th  drugs alone and in combina t ion  were best fitted to a two-com- 
pa r tme n t  ope n  mode l  in goats. This conclusion is in ag r eem en t  with that  f o u n d  in 
previous studies carr ied ou t  in various animal  species (Mizen et al., 1981; Bol ton et 
al., 1984; Senior  et al., 1985) and in man  (Brodgen et al., 1981; Weber  et al., 1986). 

For  bo th  antibiotics, no  significant differences between the drugs a lone and in 
combina t ion  were found  in the appa ren t  vo lume o f  distr ibution at steady-state 
(V~) and  the appa ren t  vo lume o f  distr ibution (Var,~) calculated by the area 
me thod .  In o the r  species it had  been  found  that  V~rca values for  amoxicil l in were 
grea ter  than in the presen t  study (0.19 1 kg-~): 0.49 1 kg -1 in horses (Montesissa et 
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al., 1988), 1.51 I kg -I in pigeons (Dorrestein et al., 1987), 0.95 1 kg -I in goats and 
0.67 1 kg -1 in sheep (Craigmill et al., 1992). The V, .... and V~ values (0.21 and 
0.16 1 kg -l, respectively) found for clavulanic acid combined with ticarcillin in 28- 
day-old foals (Wilson et al., 1991) were close to the data presented here (0.15 and 
0.13 1 kg -1 respectively). 

Significant differences (P<0.05) were found in amoxicillin and clavulanic acid 
half-lives (tl/2k2) within each treatment; amoxicillin had a longer half-life, 1.07 h, 
than clavulanic acid, 0.87 h. A shorter half-life for amoxicillin than in the present 
study was reported previously in lactating dairy cows (0.75 h) after i.v. adminis- 
tration of 10 mg kg -~ (Ziv & Nouws, 1979) and in sheep (0.77 h), but a longer half- 
life was reported in goats (1.11 h) (Craigmill et al., 1992). 

The values for the kinetic terms describing the disposition of clavulanate indi- 
cated that the drug had a significantly more rapid, but limited, distribution than 
amoxicillin and had a slight (but not significant) effect on the haft-life of amoxicil- 
lin when the combination was used. The half-lives reported in 3- and 28-day-old 
foals of 0.73 and 0.45 h, respectively, for clavulanic acid combined with ticarcillin 
(Wilson et al., 1991) were shorter than those found in the present study for goats. 
In humans, the half-life of clavulanic acid was 1.3 h after i.v. infusion at a dosage 
of 1.87 mg kg -1 body weight (Hampel et al., 1988). Mean residence time (MRT), 
which is the statistical moment  analogy to haft-life, was similar for each drug 
whether administered alone or in combination. 

The values of body clearances obtained for amoxicillin, 0.121h -l .  kg, were 
lower than those reported by Montesissa et al. (1988) in horses (239 ml h -1 • kg), 
Khanikor et al. (1986) in buffalo calves (0.342 1 h -l • kg), Craigmill et al. (1992) in 
goats (0.6061h -~. kg) and sheep (0.6841h -1. kg) and Rutgers et aL (1980) in 
dairy cows (0.361h -~. kg). For clavulanic acid, Wilson et al. (1991) reported a 
higher value (0.313 1 h -1 • kg) of body clearance in foals than was found in goats 
(0.12 I h -1 • kg). 

The present results indicate that the pharmacokinetics of an amoxicillin/ 
clavulanic acid combination and both drugs alone injected i.v. in goats, did not 
differ significantly. In both treatments the half-life of clavulanic acid were signifi- 
cantly shorter than that of amoxicillin, but clearances values (C1) of the drugs 
were not significantly different. 

In conclusion, clavulanic acid administered as amoxicillin:clavulanate combi- 
nation did not change the disposition kinetics of amoxicillin in goats, but broad- 
ens its antibacterial spectrum of action (Brodgen et aL, 1981). 
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