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We assessed the concentrations of 2 antibiotic combinations, amoxicillin-clavulanic acid and trimethoprim-sulfamethoxazole 
when compounded in reverse osmosis [RO] (pH 6.0), tap (pH 6.7), and acidifi ed water (pH 2.6) over 7 d, and pre- and post-
pelleting, post-gamma irradiation and shipping, and monthly until 180 d post-milling in feed. Amoxicillin concentrations in 
RO and tap water varied between 1.18 and 1.29 mg/ml, and 1.09 and 1.22 mg/ml, respectively. The concentration of amoxicillin 
declined immediately and remained between 0.43 and 0.50 mg/ml in acidifi ed water. Clavulanic acid exhibited a slow time-
dependent decrease in concentration to 0.05 mg/ml at day 7 in RO water, immediately declined and varied from 0.02 to 0.05 
mg/ml in tap water, and was undetectable in acidifi ed water. Trimethoprim and sulfamethoxazole concentrations were near 
expected in RO, tap, and acidifi ed water. In food, amoxicillin, trimethoprim, and sulfamethoxazole concentrations were each 
reduced to approximately 60% of expected after pelleting, but remained stable thereafter for 180 d. The initial clavulanic 
acid concentration in feed was less than 10% of expected and was undetectable after 1 mo. Plasma drug concentrations were 
determined in C57BL/6NCrl mice at 4 h after commencement of the dark and light cycles following administration of antibi-
otic food for at least 72 h. Plasma amoxicillin and sulfamethoxazole concentrations were 3- and 10-fold greater, respectively, 
during the dark period. Plasma levels of clavulanic acid and trimethoprim were consistent at both time points. These results 
indicate that the antibiotic concentration can be infl uenced by compounding in feed and water, and differs in plasma during 
the light and dark phases of the photoperiod.

Abbreviations: ESI, electrospray ionization; HPLC, high-pressure liquid chromatography; MIC, minimal inhibitory concentra-
tion; RO, reverse osmosis

Amoxicillin–Clavulanic Acid and Trimethoprim–
Sulfamethoxazole in Rodent Feed and Water: 

Effects of Compounding on Antibiotic Stability

‘Off-label’ use of human or animal medications is common 
in both companion animal and laboratory animal populations. 
Unlike treating pets, the individual dosing of many oral or inject-
able medications for the prescribed duration is often not feasible 
in laboratory rodents. Laboratory animal specialists frequently 
must treat large populations of rodents and have developed ef-
fi cient ways of delivering oral antibiotics or other medications, 
including compounding medication into feed and administer-
ing medication through the drinking water.3,5 These methods 
of administration are highly effi cient when the medication is 
distributed during scheduled cage, feed, or water bottle changes. 
In addition, drug administration by gavage or by intravenous 
or intramuscular injection, may require more than momentary 
restraint, cause distress, or be subject to complications, such as 
inadvertent intrapulmonary administration, for example.

Several types of antibiotic-containing rodent feed are com-
mercially available. In addition, various vendors compound 
antibiotics into rodent feed at the customer’s direction. Anti-
biotics are available for administration in drinking water for 
poultry and livestock, and their effectiveness and stability has 
been evaluated.30 Several antibiotics have been evaluated for 
off-label use in rodents; however, the number of pharmaceu-
ticals evaluated is limited.5,6,9 In contrast, many antibiotics or 

antibiotic combinations are produced for oral administration, 
generally as suspensions, for children and companion animals. 
Although the availability of these agents dramatically increases 
the laboratory animal specialist’s armamentarium, most have 
not been evaluated for off-label use.

Amoxicillin, amoxicillin–clavulanate (amoxicillin trihydrate 
and clavulanic acid potassium salt), and trimethoprim–sul-
famethoxazole are broad-spectrum antibiotics that have 
been used in food and water to treat laboratory rodents for 
Corynebacterium- associated hyperkeratosis or to prevent pneu-
mocystosis.17,31,42 The addition of antibiotics to food has been 
demonstrated to be effi cacious in mice infected with Helicobacter 
sp. and Pasteurella pneumotropica.9,10,15 Genetically modifi ed or 
immunocompromised mice can receive prophylactic or thera-
peutic antibiotics in water or food.31,42 Although these methods 
of drug administration are used routinely in vivaria, the effect 
of compounding the medication into either feed or water has 
not been evaluated critically. Moreover, limited information is 
available that demonstrates that the antibiotic concentrations 
attained in plasma reach levels expected to be effi cacious for 
respective pathogen(s).

Compounding antibiotic into water may be infl uenced by the 
water type (for example, tap, acidifi ed, or purifi ed by reverse-
osmosis) or the dilution used. Similarly, antibiotic stability in 
feed may be affected by pelleting (which subjects the ingredients 
to moisture, elevated temperatures, and pressure), shipping 
and storage, and postproduction processing such as gamma 
irradiation. The provision of an inadequate antibiotic dose for 
prolonged duration increases the risk that the animals’ autoch-
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thonous fl ora will develop antibiotic resistance.26,27 In addition, 
the compounding or off-label manipulation of medication into 
a secondary matrix such as food or water may compromise 
the chemical stability, purity, and subsequent potency of the 
active ingredient.13,17,24,25,37 The American Veterinary Medical 
Association and Food and Drug Administration have addressed 
these issues.2,35

In the current study, we assessed the concentrations of 2 
common broad-spectrum antibiotic combinations, amoxicil-
lin–clavulanic acid and trimethoprim–sulfamethoxazole, when 
compounded in reverse-osmosis (RO), tap, and acidifi ed water 
over a 7-d period under simulated conditions of use. We also 
conducted experiments to quantify antibiotic stability in an-
tibiotic-compounded rodent feed before and after pelleting, 
before and after gamma irradiation and shipping, and after 
prolonged storage under typical vivarium storage conditions. 
Further, we determined the plasma antibiotic concentrations in 
mice during both the dark and light phase of the photoperiod 
after their consumption of antibiotic-compounded rodent feed 
combinations. 

Materials and Methods
Analysis of antibiotic stability in drinking water. Amoxicillin–

clavulanic acid. Three individual bottles of combined amoxicillin 
and clavulanic acid powders (Amoxicillin and Clavulanate 
Potassium for Oral Suspension, Penn Labs, Philadelphia, PA), 
which provide 400 and 57 mg, respectively, per 5 ml on recon-
stitution, were prepared with tap water as instructed by the 
manufacturer to create a liquid suspension for oral use.3 Anti-
biotic dilutions were performed with municipal tap water (pH 
7.0), acidifi ed water (pH 2.6) obtained from a bottle fi ller and 
proportioner (model BFS-674, Edstrom Industries, Waterford, 
WI) providing 5-μm fi ltered tap water acidifi ed with hydro-
chloric acid, or RO-purifi ed water at 18 M�-cm resistivity and 
0.05-μm ultramicrofi ltered (pH 6.0; PureLab Ultra Analytical, 
Siemens Water Technologies, Warrendale, PA). Aliquots (6 ml) 
of the oral suspension were removed and diluted to 500 ml 
with either acidifi ed water, tap water, or RO-purifi ed water 
and used to generate 3 bottles per water type. Nine clean poly-
sulfone water bottles (Thoren Caging Systems, Hazleton, PA) 
were fi lled with the diluted antibiotic solution (3 containing 
each water type) providing a fi nal expected concentration of 
0.95 mg amoxicillin and 0.135 mg clavulanic acid per milliliter. 
The dose was extrapolated from the twice-daily dosage of 100 
mg amoxicillin per kilogram body weight for mice, assuming 
a C57BL6/J mouse drinks 6 ml of water daily.32 The bottles 
were inverted 4 to 5 times, and 3 ml were removed from each 
bottle for sample analysis (0-h sample). Each bottle subse-
quently was placed on a wire-bar lid containing pelleted rodent 
diet (Purina 5058, Purina Mills International, Richmond, IN) 
inside a polysulfone shoebox cage (model 9, Thoren Caging 
Systems) containing autoclaved aspen chip bedding (PWI, 
St-Hyacinthe, Quebec, Canada) on an individually ventilated 
cage rack (Maxi-Miser Positive Individually Ventilated System, 
Thoren Caging Systems). Macroenvironmental conditions 
were maintained between 30% and 70% relative humidity and 
22.2 ± 1.0 °C with 10 to 15 air changes per hour. Water bottles 
were inverted 4 to 5 times prior to collection of additional 3-ml 
samples at 48, 72, 120, and 168 h after reconstitution. Samples 
were frozen at –20 °C and analyzed by high-pressure liquid 
chromatography and electrospray ionization mass spectroscopy 
(HPLC ESI–MS) as described in a later section. 

Trimethoprim–sulfamethoxazole. Three individual bottles of 
trimethoprim and sulfamethoxazole suspension (Sulfamethoxa-

zole and Trimethoprim Oral Suspension, Hi-Tech Pharmacal, 
Amityville, NY), providing 200 and 40 mg, respectively, of the 
2 antibiotics per 5 ml, were shaken gently and inverted 4 or 5 
times.29 A 10-ml aliquot of the oral suspension was removed 
and diluted to 500 ml with either acidifi ed, tap, or RO-puri-
fi ed water and used to generate 3 bottles per water type. Nine 
clean polysulfone water bottles were fi lled with the diluted 
antibiotic solution (3 containing each water type) with a fi nal 
expected concentration of 0.80 mg sulfamethoxazole and 0.16 
mg trimethoprim per milliliter. The concentration in water was 
extrapolated from a once-daily dose of 160 mg trimethoprim per 
kilogram body weight for mice, assuming a C57BL6/J mouse 
consumes 6 ml of water daily.32 Bottles were inverted 4 to 5 
times, stored, and sampled at the same frequency and methods 
described earlier. 

Analysis of antibiotic stability in feed. Commercially avail-
able, closed-formula, gamma-irradiated, rodent feed (Purina 
5058, Purina Mills International) was fi nely ground and used 
as the base diet to which each of the 2 antibiotic combinations 
was added. Feed was custom-mixed and pelleted to contain 
0.15% amoxicillin and clavulanic acid powdered oral suspension 
(Amoxicillin and Clavulanate Potassium for Oral Suspension, 
Penn Labs) with a calculated fi nal expected concentration of 800 
μg amoxicillin and 150 μg clavulanic acid per gram of food. The 
concentration was extrapolated from the twice-daily dose of 100 
mg amoxicillin per kilogram body weight for mice, assuming 
that a C57BL6/J mouse eats 4 g of food daily.12,32 Commercially 
formulated compounded feed containing 1.2 mg sulfamethoxa-
zole and 0.24 mg trimethoprim per gram of food was obtained 
(TestDiet, Purina Mills International). The concentration corre-
sponded to 160 mg trimethoprim per kilogram body weight for 
mice, assuming that a C57BL6/J mouse consumes 4 g of food 
daily.32 Representative process samples (approximately 10 g) of 
each diet were obtained after the antibiotic was mixed into the 
ground feed but before pelleting and immediately after pellet 
extrusion. Samples were express-shipped on dry ice and stored 
at –20 °C. The remainder of each diet (approximately 10 kg) was 
placed into a clear plastic bag, boxed, trucked by commercial 
ground carrier to a gamma irradiator, exposed to 1 to 4 mRad, 
and subsequently trucked to our institution. Upon arrival, ap-
proximately 30 pellets of each feed type were removed, placed 
into a sealed plastic bag, and stored at –20 °C. The remainder of 
each feed was stored in the facility’s feed storage room at 21.1 ± 
2.0 °C and 30% to 60% relative humidity. Thereafter, samples of 
10 to 15 pellets of each diet were removed from the plastic bag 
monthly, with the last sample taken at 180 d after milling. Pellets 
were placed into airtight plastic bags and frozen at –20 °C. All 
feed samples were evaluated for antibiotic concentration deter-
mination by HPLC ESI–MS as described in a later section. 

Determination of plasma antibiotic concentrations in mice. We 
used 32 male C57BL/6NCrl mice (age, 4 to 6 mo; weight, 19 to 
30 g; Charles River Laboratories, Wilmington, MA) as described 
in a protocol approved by Memorial Sloan-Kettering Cancer 
Center’s Institutional Animal Care and Use Committee. Mice 
were housed in accordance with the Guide for the Care and Use of 
Laboratory Animals23 on a 12:12-h light:dark cycle, provided ad 
libitum access to acidifi ed (pH, approximately 2.5) water, and 
irradiated feed (Purina Diet 5058, Purina Mills International) 
in solid-bottom polysulfone ‘shoebox’ cages containing aspen-
chip bedding changed weekly and maintained in individually 
ventilated isolation caging (Thoren Caging Systems) unless oth-
erwise indicated. Sentinel mice exposed to soiled bedding from 
the room in which the mice were housed routinely tested nega-
tive for ecto- and endoparasites, mouse hepatitis virus, Sendai 
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virus, Theiler mouse encephalomyelitis virus, pneumonia virus 
of mice, mouse parvovirus, mouse minute virus, lymphocytic 
choriomeningitis virus, mouse rotavirus, Ectromelia, reovirus 
type 3, K virus, mouse adenovirus, polyoma virus, cilia-as-
sociated respiratory bacillus, mouse cytomegalovirus, mouse 
thymic virus, Hantaan virus, Mycoplasma pulmonis, Clostridium 
piliforme, Salmonella spp., and Citrobacter rodentium. 

Mice were housed individually for a minimum of 2 wk and 
were fed antibiotic-containing feed that had been milled within 
30 d of use for at least 72 h prior to plasma collection. Each 
animal had ad libitum access to feed containing either 0.15% 
amoxicillin–clavulanic acid (n = 8), or 0.12% sulfamethoxa-
zole–0.024% trimethoprim (n = 8). At 4 h after either the dark 
or light phase began, animals were euthanized with carbon 
dioxide, and cardiac blood collection was performed. We chose 
time points 12 h apart, occurring 4 h after lights were turned on 
or off to maximize the likelihood of animals exhibiting typical 
light:dark-cycle behaviors with minimal human interruption. 
Blood samples were placed into a tube containing powdered 
dipotassium ethylenediaminetetraacetic acid (Microtainer, Bec-
ton Dickenson and Company, Franklin Lakes, NJ) on ice and 
centrifuged at 2000 × g at 4 °C. Plasma was transferred to 0.5-ml 
polypropylene tubes and stored frozen at –80 °C until analyzed 
by HPLC ESI–MS as described in a later section. 

Determination of antibiotic concentration in feed, water, and 
plasma samples by using HPLC ESI–MS. For each feed type, the 
prepelleted feed sample and samples from each collection date 
were granulated and mixed thoroughly (Oster blender, Jarden 
Consumer Solutions, Boca Raton, FL). A 1-g aliquot of the pow-
der was transferred to a 15-ml polypropylene tube, mixed with 
3 ml methanol, and agitated gently. The samples of feed contain-
ing amoxicillin and clavulanic acid were sonicated for 15 min in 
an ice bath, mixed, and centrifuged at 1860 × g for 5 min at 4 °C. 
The samples of feed containing trimethoprim–sulfamethoxazole 
were sonicated for 60 min at room temperature, mixed, and 
centrifuged at 1860 × g for 5 min at 4 °C. The supernatants from 
all samples were centrifuged and fi ltered at 13225 × g and 4 °C 
through a 45-μm nylon membrane fi lter (Spin-X Centrifuge Tube 
Filter, Corning, Corning, NY). Supernatants were diluted with 
methanol prior to analysis by HPLC ESI–MS. 

A Gemini C18 HPLC column (5 μm, 50 × 3.0 mm; Phenomenex, 
Torrance, CA) was used for the separation of either amoxicillin 
from clavulanic acid or trimethoprim from sulfamethoxazole 
in water, feed, and plasma samples.38,39,47 An inline mass spec-
trometer using electrospray ionization technology (Applied 
Biosystems, Foster City, CA) was used for the quantitative 
analysis of antibiotic concentrations in each sample. A set of 
amoxicillin–clavulanic acid and trimethoprim–sulfamethoxa-
zole standards (Amoxicillin trihydrate, clavulanate lithium, 
trimethoprim, and sulfamethoxazole; USP, Rockville, MD) were 
used to generate standard curves with a detection limit of 5 
pg/ml for clavulanic acid, 100 pg/ml for amoxicillin, 0.2 pg/ml 
for trimethoprim, and 0.1 pg/ml for sulfamethoxazole.

Statistical analysis. The mean antibiotic concentration in RO-
purifi ed water at time 0 was compared with the corresponding 
mean antibiotic concentration in tap and acidifi ed water, and 
differences in mean plasma antibiotic concentrations during the 
night and day were analyzed by using Student t tests (2-sample, 
assuming equal variances; Excel, Microsoft Corporation, Red-
mond, WA). Analysis of variance (ANOVA) was performed for 
each antibiotic–matrix combination by using a statistical soft-
ware application (JMP 6.0, SAS, Cary, NC). An overall analysis 
of variance was performed on data collected over 7 d within 
each water type for water studies or over 6 mo for food stud-

ies. If the results were signifi cant (P ≤ 0.05), Dunnett post hoc 
comparison was performed to compare the mean value at 48, 
72, 120, and 168 h with that at time 0 for water studies. For feed 
samples, Dunnett post hoc tests were used to compare the mean 
value before pelleting with that at 1, 2, 3, or 4 mo after receipt. 

Results
Stability of amoxicillin and clavulanic acid in water. The con-

centrations of both amoxicillin and clavulanic acid remaining 
at 0, 48, 72, 120, and 168 h in the 3 types of drinking water are 
illustrated in Figures 1 A to C. The expected initial concentra-
tions of amoxicillin and clavulanic acid were 0.96 and 0.14 
mg/ml, respectively. The actual concentration of amoxicillin in 
RO (Figure 1 A) and tap water (Figure 1 B) was relatively stable, 
ranging between 1.18 and 1.29 mg/ml and 1.09 and 1.22 mg/ml, 
respectively, over the course of the 7 d period. When added to 
acidifi ed water (Figure 1 C), the concentration of amoxicillin 
declined immediately but subsequently remained stable at 
0.43 to 0.50 mg/ml over the evaluation period. At time 0, the 
concentration of amoxicillin in acidifi ed water was signifi cantly 
(P < 0.05) lower than in RO-purifi ed water, but there were no 
discernible differences in concentration in RO-purifi ed and tap 
water at the same time point. At time 0, the concentrations of 
clavulanic acid in acidifi ed and tap water were signifi cantly (P < 
0.05) lower than in RO-purifi ed water. Clavulanic acid exhibited 
a statistically signifi cant (P < 0.05) time-dependent decrease in 
concentration beginning at 72 h, with only 40% of the calculated 
concentration remaining at 7 d in RO-purifi ed water (Figure 1 
A). In tap water, clavulanic acid exhibited an immediate and 
sustained decrease in concentration, ranging from 0.02 to 0.05 
mg/ml during the evaluation period (Figure 1 B). Similarly, but 
to a greater degree, clavulanic acid degraded in acidifi ed water 
and was not detectable at any time point (Figure 1 C). 

Stability of trimethoprim and sulfamethoxazole in water. 
Despite mixing, water bottles contained suspended particulate 
matter and sediment prior to sample collection. The concentra-
tions of both trimethoprim and sulfamethoxazole acid remaining 
at 0, 48, 72, 120, and 168 h in the 3 types of drinking water are 
illustrated in Figures 2 A to C. The expected initial concentrations 
of trimethoprim and sulfamethoxazole were 0.16 and 0.80 mg/
ml, respectively. There were no differences in mean antibiotic 
concentration of trimethoprim or sulfamethoxazole among the 
3 water types at time 0. The concentrations of both trimethoprim 
and sulfamethoxazole in RO-purifi ed, tap, and acidifi ed water 
fl uctuated over the 7-d period. Results ranged from 0.09 to 0.19 
mg/ml trimethoprim and 0.40 to 1.43 mg/ml sulfamethoxazole 
in all types of water, with no clear directional trend. In acidifi ed 
water, statistically signifi cant (P < 0.05) decreases in sulfa-
methoxazole were found at 48, 72, and 120 h when compared 
with the concentration at time 0. In light of the high degree of 
variability observed, these differences likely resulted from the 
unequal distribution of the antibiotic suspension. 

Stability of amoxicillin and clavulanic acid in feed. The 
concentrations of amoxicillin and clavulanic acid in feed are 
illustrated in Figure 3 A. The concentration of amoxicillin was 
approximately 60% of the expected concentration (0.80 mg/g) 
at all time points; however, the concentrations remained simi-
lar over the course of the 180 d testing period. Clavulanic acid 
concentrations measured were considerably lower (less than 
10%) than expected (0.15 mg/g), and the concentration declined 
further after irradiation and ground shipping, decreasing to an 
undetectable level after 1 mo of storage.

Stability of trimethoprim and sulfamethoxazole in feed. The 
concentrations of sulfamethoxazole and trimethoprim in feed 
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are illustrated in Figure 3 B. The measured concentrations of 
both sulfamethoxazole and trimethoprim were 58% and 63% 
less than expected (1.2 mg/g and 0.24 mg/g, respectively) after 
pelleting. The concentration of sulfamethoxazole varied from 
0.51 to 0.74 mg/g, and the concentration of trimethoprim var-
ied from 0.12 to 0.16 mg/g during the 6-mo period. Although 
not statistically signifi cant, there was a decreasing trend in the 
concentrations of both antibiotics over the sampling period.

Antibiotic concentrations in plasma. The plasma concen-
trations of clavulanic acid, amoxicillin, trimethoprim, and 
sulfamethoxazole are presented in Table 1. There were no 
signifi cant differences in clavulanic acid concentrations mea-
sured during the day or night. Mean plasma concentrations of 
amoxicillin were signifi cantly higher at night compared with 
levels measured during the day. Mean plasma concentrations of 
trimethoprim were not signifi cantly different when measured at 
night or during the day. Mean sulfamethoxazole concentrations 
in plasma were signifi cantly (P < 0.05) increased at night. 

Discussion
In this report, we examined the effects of compounding amox-

icillin–clavulanic acid and trimethoprim–sulfamethoxazole into 
secondary matrices including tap, acidifi ed, and RO-purifi ed 

water, as well as rodent feed. Additional experiments were 
conducted to evaluate the plasma antibiotic concentrations in 
mice administered custom-compounded feed containing the 
respective antibiotic concentrations. 

Our results demonstrated that amoxicillin and clavulanic acid 
rapidly degraded in acidifi ed water. The initial concentration 
of amoxicillin was similar in tap and RO water, albeit slightly 
higher than expected. This fi nding was likely the result of 
amoxicillin’s poor solubility in water. The specifi c mechanism(s) 
responsible for the concentration declines of clavulanic acid 
diluted in RO-purifi ed, tap, and acidifi ed water, and amoxicillin 
diluted in acidifi ed water, are unknown. Water temperature and 
pH, chemical properties and reactivity, light sensitivity, and the 
dilution of stabilizing agents found in the suspension may each 
play a role in degradation. The manufacturer’s storage recom-
mendations for the reconstituted amoxicillin and clavulanic 
acid suspension include refrigeration and disposal after 10 d.3 
A study that evaluated the effect of storage at room temperature 
on a reconstituted oral suspension of amoxicillin trihydrate 
and clavulanic acid (Augmentin) formulated for human use 
(the concentration and ratio of amoxicillin–clavulanic acid are 
the same as used in the present study) demonstrated greater 
than a 10% decrease in amoxicillin concentration after 7 d and 
greater than a 20% decrease in the concentration of clavulanic 

Figure 1. Concentration (mg/ml; mean ± 1 standard deviation; n = 
3) of clavulanic acid (solid bar) and amoxicillin (cross-hatched bar) 
over 168 h in (A) reverse-osmosis-purifi ed, (B) tap, and (C) acidifi ed 
water. ND, none detected. *, P ≤ 0.05 compared with the value at the 
0-h time point.

Figure 2. Concentration (mg/ml; mean ± 1 standard deviation; n = 3) of 
trimethoprim (solid bar) and sulfamethoxazole (cross-hatched bar) over 
168 h in (A) reverse-osmosis-purifi ed, (B) tap, and (C) acidifi ed water. 
*, P ≤ 0.05 compared with the value at the 0-h time point.
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acid within 4 d of reconstitution.19

Amoxicillin is slightly soluble (4 mg/ml) in water and metha-
nol, and its stability in water is greatest at pH 5.5; in contrast, 
the dissolution of amoxicillin is least between pH 4 and 6.33,38,20 
These characteristics may account for the observed stability of 
amoxicillin in both RO-purifi ed (pH 6.0) and tap water (pH 6.7). 
Clavulanic acid is moisture-sensitive, freely soluble in water, 
poorly stable in aqueous solution, and is optimally stable at a 
pH of 6.0 to 6.3.33,36,39 This description supports our fi nding that 
clavulanic acid was most stable in RO-purifi ed water (pH 6.0) 
and is consistent with the slower decrease in concentration that 
occurred over time in this matrix. In contrast, a rapid decrease in 
clavulanic acid occurred in tap water and acidifi ed aqueous so-
lutions. The dilution of the inert stabilizing agents present in the 
manufacturer’s preparation and resulting exposure of clavulanic 
acid to room temperature, acid pH, or solubilized or insoluble 
ions in tap and acidifi ed water may result in degradation. The 
use of amoxicillin and clavulanic acid in rodent water bottles 
should be reviewed with regard to the water type used. In most 
circumstances, the use of amoxicillin alone would be warranted 
because the combination is considerably more expensive, and 
clavulanic acid is considerably less stable. 

The concentrations of both trimethoprim and sulfamethoxa-
zole in RO, acidifi ed, and tap water were near expected levels 

but highly variable over the measurement period. We speculate 
that this variability resulted from our inability to adequately 
distribute the suspension in water. This outcome is consistent 
with their low solubilities in water (sulfamethoxazole is “practi-
cally insoluble”; trimethoprim solubility is 0.4 mg/ml).20,40 The 
observation of particulate aggregates and sediment in some 
trimethoprim- and sulfamethoxazole-containing water bottles 
support this fi nding. Although the bottles were shaken prior to 
each sampling period, the variability in antibiotic concentration 
indicates that the antibiotics were not evenly distributed. The 
provision of these antibiotics in feed would be expected to be 
more uniform and allow more consistent dosing. 

Because time, temperature, and gamma irradiation have 
previously been identifi ed as potential causes for declines in 
drug concentration, we wanted to examine whether manufac-
turing, shipping, and storage affected the anticipated antibiotic 
concentrations in custom custom-compounded feed.19,22,41 The 
current study demonstrated that amoxicillin, trimethoprim, and 
sulfamethoxazole concentrations were reduced from expected 
concentrations but remained stable in feed for 180 d post-mill-
ing. The modest amount of degradation noted likely resulted 
from the addition of water during mixing, which occurred prior 
to repelleting and sampling. The production of antibiotic-con-
taining rodent feed consists of grinding a pelleted base feed, 
adding the desired antibiotics and water, mixing, repelleting, 
and drying at 90 °F.28 Sample concentrations of clavulanic 
acid before and after pelleting were similar. These fi ndings 
support our supposition that degradation occurred secondary 
to water exposure during mixing, because pre- and postpellet-
ing samples both were collected after water was added. The 
specifi c reasons why the concentration of clavulanic acid in 
feed decreased further after irradiation and shipment were 
not identifi ed; however, the inherent instability of clavulanic 
acid in the presence of water or moisture likely is involved.46 
Collectively, these results demonstrate that compounded feed 
may actually contain less than the anticipated concentrations 
of the compounded antibiotic.

Mice that received compounded antibiotics in feed exhibited 
both light:dark phase- and antibiotic-specifi c differences in 
plasma antibiotic concentrations. In general, individual mice 
exhibited variability in the respective antibiotic concentrations. 
This fi nding likely is related to the time of feed consumption 
relative to blood collection as well as to the cycle of the photo-
period. The plasma levels of amoxicillin and sulfamethoxazole 
were signifi cantly greater in the samples collected during the 
dark phase. In contrast, plasma concentrations of clavulanic acid 
and trimethoprim were similar during the light and dark phases. 
Because mice are more active and ingest larger quantities of 
feed at night, the amoxicillin and sulfamethoxazole results were 
as expected.14 However, the quantity of feed ingested is only 
1 factor that can infl uence the plasma concentration attained. 
Presystemic degradation, as well as pharmacokinetic proper-
ties of these drugs, including their absorption, distribution, 
metabolism, and elimination characteristics, likely infl uenced 
this fi nding.4,18,24 These factors may explain why minimal dif-
ferences in the plasma concentration of clavulanic acid and 
trimethoprim were apparent. 

The mean plasma concentrations measured for all 4 antibiotics 
were below the lower range of the minimal inhibitory concen-
tration (MIC) for many pathogens as determined by in-vitro 
susceptibility testing that was conducted to support antibiotic 
registration for human use.3,29 Strains of bacteria considered 
to be ‘susceptible’ to these drugs include Escherichia coli and 
Klebsiella spp. (MIC, 0.05 and 0.95 μg/ml for trimethoprim and 

Figure 3. (A) Concentration (%; mean ± 1 standard deviation; n = 3) of 
clavulanic acid (solid bar) and amoxicillin (cross-hatched bar) in feed. 
*, P ≤ 0.05 compared with value before pelleting. (B) Concentration (%; 
mean ± 1 standard deviation; n = 3) of trimethoprim (solid bar) and 
sulfamethoxazole (cross-hatched bar). *, P ≤ 0.05 compared with the 
value before pelleting. 
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sulfamethoxazole, respectively), gram-negative enteric aerobes 
(MIC, ≤8 and 4 μg/ml for amoxicillin and clavulanic acid, 
respectively), nonmeningitidis Streptococcus pneumoniae and 
Staphylococcus spp. (MIC, ≤2 and 1 μg/ml and ≤4 and 2 μg/ml, 
respectively, for amoxicillin and clavulanic acid). The plasma 
antibiotic concentrations measured fell well below these MIC 
ranges; however, plasma levels attained may inhibit bacteria at 
the low levels attained, given that dilutions were not performed 
to determine the absolute MICs.3,29

These results suggest that mice routinely administered 
antibiotics via feed may be receiving a suboptimal or nonef-
fi cacious antibiotic dose and may be at risk for emergence of 
antibiotic resistance.7,8,11,16,19,45,46 The MICs of individual murine 
pathogen(s) of concern should be taken into account to defi ni-
tively ensure that effi cacious plasma levels and treatment times 
are achieved and maintained.44 The American Veterinary Medi-
cal Association’s position statement on compounding and the 
Food and Drug Administration allow, but limit, compounding 
to drugs for which both safety and effi cacy have been demon-
strated in the target species.4,34,35 In addition, dosing regimens 
should be selected to minimize the potential of adverse effects. 
A recent report demonstrated that mice given trimethoprim 
and sulfamethoxazole exhibit decreased breeding effi ciency 
and hypothyroidism.1

Appreciable levels of clavulanic acid were not expected in 
the plasma, because we noted that its concentration in feed 
decreased markedly after shipment to the extent that the drug 
was undetectable at 30 d after milling. The low plasma con-
centrations present may refl ect the small amount of residual 
drug, because feed used for plasma antibiotic concentration 
was manufactured within a month of its administration. In 
addition, the concentration measured in feed may have been 
affected by extraction effi ciency. However, preliminary extrac-
tion effi cacy studies with spiked feed did not suggest a marked 
matrix effect (data not shown). We further expected that the 
concentrations of trimethoprim and clavulanic acid in plasma 
to be greater in samples collected during the dark phase of the 
light cycle. Pharmacokinetic properties of these drugs, includ-
ing their absorption, distribution, metabolism, and elimination 
characteristics, likely infl uenced this fi nding. 

Effective administration of antibiotics is required for the 
eradication of pathogenic bacteria and is an important factor 
in the emergence of antibiotic-resistant strains. Drug-resistant 
organisms proliferate in hospitals because of the dense popula-
tion of immunosuppressed patients, personnel acting as fomites, 
and the widespread use of antibiotics.26 Similar conditions are 
found in laboratory animal facilities that house high-density 
immunosuppressed rodents and that employ husbandry and 
research staff who may serve as fomites transmitting infectious 
agents. Although widespread drug-resistant laboratory animal 
pathogens have not yet been identifi ed, the selective pressure of 
widespread and suboptimal antibiotic use increases the likeli-
hood of developing a resistant organism.7,8,11,16,27,45 

Guidelines for medicated food or water formulations that 
minimize suboptimal plasma antibiotic concentrations may 
more appropriately be based on consumption during the period 
when mice are least likely to ingest food or water voluntarily. 
Given our fi ndings, the concentration of a specifi c antibiotic 
should be adjusted in the matrix to attain the plasma antibiotic 
concentration needed for optimal bactericidal activity over a 
24-h period. 

In summary, our results indicate that the concentrations of 
antibiotics can vary markedly when custom-compounded in 
feed and water. Mice given antibiotics in food may not achieve 
plasma concentrations that are likely necessary for optimal 
effi cacy. Custom-compounded water or feed for laboratory 
rodents should be examined closely prior to use to ensure that 
the compounded medication retains its potency, stability, and 
effi cacy. In addition, susceptibility testing of murine pathogens 
should be conducted to ensure that the plasma antibiotic con-
centration attained and its concentration over time are effective 
to ensure current and future laboratory rodent health. 
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