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Background: Neonatal calves are at risk of developing abomasal ulceration, but there is a lack of pharmacokinetic data for potential anti-ulcerative therapies, such as pantoprazole, in ruminant species.

Objective: The study objectives were to estimate plasma pharmacokinetic parameters for pantoprazole in neonatal dairy calves after intravenous (IV) administration. A secondary objective was to quantify the concentrations of pantoprazole in edible tissues after IV dosing.

Methods: Pantoprazole was administered to 9 neonatal Holstein calves at a dose of 1 mg/kg IV. Plasma samples were collected over 24 h and analyzed via HPLC-MS for determining pantoprazole concentrations. Pharmacokinetic parameters were derived via non-compartmental analysis. Tissue samples were collected at 1, 3, and 5 days after administration and analyzed via HPLC-MS.

Results: Following IV administration, plasma clearance, elimination half-life, and volume of distribution of pantoprazole were estimated at 4.46 mL/kg/min, 2.81 h, and 0.301 L/kg, respectively. The global extraction ratio was estimated at 0.053 ± 0.015. No pantoprazole was detected in the edible tissues 1, 3, or 5 days after administration. A metabolite, pantoprazole sulfone was detected in all the edible tissues 1 and 3 days after administration.

Conclusion: The reported plasma clearance for pantoprazole is less than that reported for alpacas but higher than reported in foals. The elimination half-life in calves appears to be longer than observed in foals and alpacas. While pantoprazole sulfone was detected in the tissues after IV administration, further research is needed as to the metabolism and potential tissue accumulation of other pantoprazole metabolites in calves. Future pharmacodynamic studies are necessary to determine the efficacy of pantoprazole on abomasal acid suppression in calves.
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INTRODUCTION

Abomasal ulceration is a multifactorial disease that is a common cause of morbidity and mortality throughout the beef and dairy industries. Reported prevalence of abomasal ulcers varies significantly owing to differences in the examined population, but ulcers can be found in cattle of all ages and management systems, with the highest prevalence in veal calves (1). Antemortem diagnosis is difficult as clinical signs are often subtle and can range from non-specific anorexia and abdominal pain to more obvious teeth grinding and melena. Abomasal ulceration can also contribute to peritonitis, which is a serious condition that can lead to sudden death (1–4). While the exact mechanism(s) leading to abomasal ulceration in ruminants are currently unknown, it can be assumed that the underlying cause is the disturbance of the equilibrium of protective and aggressive mechanisms on the gastric mucosa (5). Factors contributing to ulceration include age, weather, housing, stress, trauma, mineral deficiencies, bacterial overgrowth, and the use of non-steroidal anti-inflammatory drugs (NSAIDs) (2). Abomasal pH and gastric epithelial cellular damage caused by hydrochloric acid (HCl) secretion by parietal cells is also believed to play a role in ulcer formation (6).

Pantoprazole is a substituted benzimidazole that irreversibly binds to H+/K+ ATP pumps in gastric parietal cells to prevent the secretion of gastric acid (7). Pantoprazole is labeled in humans to effectively reduce acid secretion and increase gastric pH (8). In veterinary medicine, intravenous pantoprazole has also been demonstrated to effectively increase gastric pH in neonatal foals as well as adult alpacas (9, 10). In addition, subcutaneous administration in alpacas was shown to reach similar plasma levels as the intravenous administration and increase the pH of the third compartment (10). These studies in other large animal and production animal species, suggest the potential use of pantoprazole for the treatment of abomasal ulcers in ruminants. Acid neutralization, protection of the damaged mucosa, and prevention of acid secretion are amongst the accepted therapeutic interventions for gastric ulceration (11). Oral administration of antacids like aluminum or magnesium hydroxide can bind hydrochloric acid, absorb pepsin, and bind bile acids. These agents have been shown to cause a transient increase in abomasal pH of milk fed calves, but require oral administration, and absorption could be compromised by diseases such as ileus (12). Therefore, it could be more advantageous to use a parenterally administered drug, such as pantoprazole in hospitalized calves. Currently there are no labeled gastro-protectant products approved for use in food animals in the United States, so use of any drug is an extra-label manner.

The primary objective of this study was to determine the pharmacokinetic properties of a single intravenous (IV) administration of pantoprazole in neonatal calves. A secondary objective of this study was to look at tissue disposition after IV administration of pantoprazole.



MATERIALS AND METHODS


Experimental Animals

This study was completed at the Iowa State University Food Animal and Camelid Hospital. Nine male Holstein calves were enrolled in the study. The age of these calves at enrollment was 2 days, the calves weighed 44.2 ± 4.3 kg and were procured from a single source farm. Approval for the study was secured from the Institution Animal Care and Use Committee (IACUC # 19-301) at Iowa State University. The calves were group housed in a climate-controlled environment. Criteria for enrollment in this study included a physical assessment by a veterinarian that yielded vital signs within the normal limits for a bovine calf, no previous history of medical illness as well as no history of a previously administered medication. Prior to and during the study, all calves were fed a diet that either met or exceeded the National Research Council (NRC) requirements for maintenance and growth of bovine calves. Study calves were fed a commercial milk replacer diet, with ad libitum access to water.

Twenty-four hours prior to initiation of the study, the calves were restrained and an IV jugular catheter was aseptically placed, and 2 h prior to the study a second IV jugular catheter was placed as previously described (13). The skin was aseptically prepared utilizing four alternating scrubs of chlorhexidine surgical scrub and 70% isopropyl alcohol. Prior to catheter placement, the skin at the catheter site was infiltrated with 2% lidocaine. The calf was restrained by study personnel and a 14-gauge catheter was placed in each jugular vein. An injection port was placed and the catheters were sutured to the skin and wrapped for security.



Experimental Design and Sample Collection

Pantoprazole sodium (West-Ward, Eatontown, NJ, United States) was reconstituted to a 4 mg/mL concentration per manufacturer's recommendations and the calves were administered a single 1.0 mg/kg rapid IV bolus of pantoprazole via a catheter inserted in the left jugular vein. Blood collection was achieved through a catheter in the right jugular vein utilizing a previously described push-pull technique (14) at 0, 10, 20, 30, 45, 60, and 90 min as well as 2, 3, 4, 8, 12, 18, and 24 h after drug administration. Heart and respiratory rates, as well as rectal temperature were measured at time 0 and again at 24 h.

The pantoprazole dose (1.0 mg/kg) was determined based on a previous study investigating a similar dose in alpacas (10), as well as a retrospective study describing use of the drug in cattle, sheep, and goats (15). At each sampling time point, blood was collected from the catheter using a 12-mL syringe and placed into sodium heparin tubes (BD Vacutainer, Franklin Lakes, NJ). The samples were then centrifuged at 1,500 × g for 10 min. The plasma was pipetted off and transferred to cryovials which were then stored at −80°C until analysis.



Plasma Sample Analysis

Plasma concentrations of pantoprazole were determined using ultra high-pressure liquid chromatography (UHPLC) with mass spectrometry detection after precipitation of plasma proteins with acetonitrile. The UHPLC consisted of an UltiMate 3,000 Pump, Column Compartment and Autosampler (Thermo Scientific, San Jose, CA, United States) coupled to an Orbitrap mass spectrometer (Q Exactive Focus, Thermo Scientific, San Jose, CA, United States). Bovine plasma samples were briefly thawed and centrifuged (2000 × g) prior to analysis. Plasma samples, plasma spikes, plasma QC's, and bovine plasma blanks, 50 μL, were added to 50 μL of water and then mixed with 400 μL of acetonitrile to precipitate plasma proteins. The acetonitrile contained pantoprazole-d3 (Toronto Research Chemicals, Ontario, Canada) as an internal standard at a concentration of 50 ng/mL. The samples were vortexed for 5 s and centrifuged for 10 min at 7,500 rpm (6,000 × g) to sediment the protein pellet. The supernatant was poured off into dry down tubes and evaporated at 40°C with a flow of nitrogen in a Turbovap. The contents were reconstituted with 200 μL of 25% acetonitrile in water. The samples were transferred to auto sampler vials fitted with a glass insert and centrifuged at 2,400 rpm (2,000 × g) prior to analysis.

Separation was achieved with a Hypersil Gold Vanquish column, 50 × 2.1 mm, 1.9 μm particles (Thermo Scientific, San Jose, CA, United States) maintained at 45°C. The analysis was performed starting at a solvent composition of 7.5% B which was increased linearly to 95% B in 4 min after injection. The solvent composition was maintained at 95% B for 1 min prior to equilibration to 7.5% B. The flow rate during this time period was 0.45 mL/min. Pantoprazole and pantoprazole-d3 eluted from the Hypersil Gold column at 3.38 ± 0.05 min. Parallel reaction monitoring in the positive electrospray ion mode was used for analyte detection. The precursor ions were determined by the instrument software from the molecular formulas. These were pantoprazole C16H15F2N3O4S or m/z of 384.082 and pantoprazole-d3 C16H12D3F2N3O4Sor m/z 384.101. Three or four fragment ions were used for quantitation of each analyte species. The fragment ions for pantoprazole were at 138.055, 153.078, and 200.037m/z, while ions at 138.055, 139.061, 156.097, and 203.056 m/z were characteristic of pantoprazole-d3 fragmentation.

Sequences consisting of plasma blanks, calibration spikes, quality control samples, and bovine plasma samples were analyzed and then batch processed with a processing method developed in the Xcalibur software (Thermo Scientific, San Jose, CA, United States). The processing method automatically identified and integrated each peak in each sample and calculated the internal standard based calibration curve using a weighted (1/X) linear fit. Plasma concentrations of pantoprazole in unknown samples were calculated by the Xcalibur software based on the calibration curve. Results were then viewed in the Quan Browser portion of the Xcalibur software. Twelve calibration spikes were prepared in blank bovine plasma covering the concentration range of 1.0 to 5,000 ng/mL. Calibration curves exhibited a correlation coefficient (r2) exceeding 0.999 across the concentration range. QC samples at 1.5, 15, 150, 750, and 3,000 ng/mL were within ± 15% of the nominal value with most of the QC's within ± 7.5% of the nominal value. Duplicate QC's at 150, 750, and 3,000 ng/mL were analyzed with each set of samples. The limit of quantitation (LOQ) of the analysis was 1.0 ng/mL with a lower limit of detection (LOD) of 0.2 ng/mL.



Tissue Sample Collection

The calves were euthanized in groups of three, on days 1, 3, and 5 post pantoprazole administration. All calves were euthanized using a penetrating captive bolt followed by an injectable potassium chloride solution per the American Veterinary Medical Association's euthanasia guidelines (16). Samples of kidney, liver, fat, and muscle were collected from the calves immediately after euthanasia and were then stored at −80°C until analysis.



Tissue Sample Analysis

Tissue concentrations of pantoprazole were determined using ultra high-pressure liquid chromatography (UHPLC) with mass spectrometry detection. The UHPLC consisted of an UltiMate 3,000 Pump, Column Compartment and Autosampler (Thermo Scientific, San Jose, CA, United States) coupled to an Orbitrap mass spectrometer (Q Exactive Focus, Thermo Scientific, San Jose, CA, United States). The tissue samples analyzed were muscle, kidney, liver, and fat. Tissue samples were thawed and homogenized in a Waring blender prior to extraction and analysis. Tissue samples, tissue spikes, and blanks, 2 grams of tissue homogenate, were extracted with 20 mL of a 4:1 mixture of acetonitrile:water in a 50 mL centrifuge tube. Tissue samples from calves of similar age, with no history of drug administration were used as blanks for control. An internal standard, d3-pantoprazole, was added to the tissue homogenate, prior to extraction with 20 μL of a 50 ng/μL solution. The solvent extraction was performed on a multi-tube vortex mixer at 2,000 rpm for 15 min after the addition of the acetonitrile mixture. Subsequently the extracted samples were centrifuged for 5 min at 3,000 rpm and filtered thru glass fiber filters into 15 mL centrifuge tubes. A portion (500 μL) of each extract was diluted with 1,000 μL of water and samples were centrifuged at 2,500 rpm prior to LC-MS/MS analysis.

For LC-MS/MS analysis the injection volume was set to 2.0 μL. The mobile phases consisted of A: 0.1% formic acid in water and B: 0.1% formic acid in methanol at a flow rate of 0.35 mL/min. The mobile phase began at 7.5% B with a linear gradient to 95% B in 4.0 min, which was maintained for 1 min at 0.45 mL/min, followed by re-equilibration to 7.5% B also at 0.45 mL/min. Separation was achieved with a HypersilGoldC18 column, 50 x 2.1 mm, 1.9 μm particles, Thermo Scientific, San Jose, CA, United States) maintained at 45°C. Pantoprazole and d3-pantoprazole each eluted at 3.37 ± 0.02 min. Parallel reaction monitoring in the positive electrospray ion mode was used for analyte detection. The precursor ions were determined by the instrument software from the molecular formulas. These were pantoprazole C16H15F2N3O4S or m/z of 384.082 and d3-pantoprazole C16H12D2F2N3O4S or m/z 387.101. Three or four fragment ions were used for quantitation of each analyte species. The fragment ions for pantoprazole were at 138.05, 153.08, and 200.04 m/z, while ions at 138.05, 139.06, 156.09, and 203.06 m/z were characteristic of d3-pantoprazole fragmentation. Sequences consisting of tissue blanks, calibration spikes, quality control samples, and bovine tissue samples were batch processed with a processing method developed in the Xcalibur software (Thermo Scientific, San Jose, CA, United States). The processing method automatically identified and integrated each peak in each sample and calculated the calibration curve based on a weighted (1/X) linear fit. Nine calibration spikes were prepared in blank bovine tissue covering the concentration range of 0.01 to 10 μg/g. Three QC samples were also prepared in each tissue matrix at 0.075, 0.30, and 3.0 μg/g. Tissue concentrations of pantoprazole and in unknown samples were calculated by the Xcalibur software based on the calibration curve. Results were then viewed in the Quan Browser portion of the Xcalibur software. Calibration curves exhibited a correlation coefficient (r2) exceeding 0.997 across the concentration range. All QC samples in each tissue matrix were within the ± 15 % criteria for acceptability with the majority being within ± 5 % of the nominal value. The limit of quantitation (LOQ) of the pantoprazole analysis was 0.01 ug/g with a limit of detection (LOD) of 0.002 ug/g.

Fifteen metabolites of pantoprazole were screened for in most of the kidney and liver extracts. All these metabolites were screened in full scan mode on the Q Exactive instrument. These metabolites were divided into three groups. The first group consisted of 7 metabolites arising thru glutathione conjugation of pantoprazole and are identified as M1-M6 and M8 by 16 Zhong et al. (17) Another group consisted of pantoprazole sulfone, pantoprazole sulfide, and 4'-O-demethylpantoprazole. These three potential metabolites are at m/z of 400.077, 368.087, and 370.067 resulting from the addition and loss of an oxygen from pantoprazole for the first two metabolites and loss of a methylene group for the third potential metabolite. These three potential metabolites were screened by full scan mode and parallel reaction monitoring. The last set of metabolites consisted of 4'-O-demethylpantoprazole sulfide, 4'-O-demethylpantoprazole sulfone, Pantoprazole sulfone N-oxide, Pantoprazole N-oxide, and Hydroxy pantoprazole. The last two metabolites share the same exact mass of 400.077 with pantoprazole sulfone. The potential metabolites of the first group, M1-M6 & M8, were not present in any of the liver or kidney extracts. A consistent, moderate intensity, chromatographic peak was obtained at the 400.077 mass. This peak was not present in extracts of tissue controls spiked with pantoprazole. This peak could consist of one of three metabolites; pantoprazole sulfone, pantoprazole N-oxide, or Hydroxy pantoprazole. Chromatograms of the potential metabolites are shown in Supplemental Figures 1 and 2.

The mass spectra and retention time of the peak at 3.45 min in Supplemental Figure 3 matched that of a standard of pantoprazole sulfone. Therefore, all the tissue samples were re-extracted as outlined previously in our methods. Pantoprazole sulfone (Toronto Research Chemicals, Ontario, Canada) became the analyte spiked into blank tissue samples to generate calibration spikes and QC samples. Parallel reaction monitoring in the positive electrospray ion mode was used for analyte detection. The precursor ion of pantoprazole sulfone, C16H15F2N3O5S or m/z of 400.077 was detected by parallel reaction monitoring. Four fragment ions were used for quantitation of pantoprazole sulfone were at 122.06, 152.07, 168.07, and 336.12 m/z. The calibration range for pantoprazole sulfone was 0.001 to 5 μg/g in each tissue. Three QC samples were also prepared in each tissue matrix at 0.075, 0.30, and 3.0 μg/g. Calibration curves exhibited a correlation coefficient (r2) exceeding 0.997 across the concentration range. All QC samples in each tissue matrix were within the ± 15 % criteria for acceptability with the majority being within ± 5 % of the nominal value. The limit of quantitation (LOQ) of the pantoprazole analysis was 0.002 μg/g with a limit of detection (LOD) of 0.0005 μg/g.



Pharmacokinetic Analysis

Pharmacokinetic parameters were then determined from plasma concentration data. Pharmacokinetic modeling was performed via standard industry modeling software (PKanalix, Monolix Suite 2020R1, Lixoft, France). Standard time vs. concentration data for pantoprazole were determined via liquid chromatography-mass spectrometry from the blood collected at 14 time points ranging from 0 to 24 h after administration.

Standard PK parameters were generated for individual calves, as follows:

1. Maximum concentration extrapolated to time zero, C0 (pantoprazole);

2. Maximum pantoprazole concentration, Cmax (pantoprazole);

3. Area under pantoprazole concentration–time curve, AUClast and AUCinf;

4. Area under the moment curve, AUMCinf;

5. Pantoprazole mean residence time, MRT = AUMCinf/AUCinf;

6. Pantoprazole terminal half-life, T1/2 (λz)) = ln (2)/λz;

7. Pantoprazole systemic clearance, CL = Dose/AUCinf;

8. Volume of distribution of pantoprazole at steady-state, Vss = CL × MRT.

For data analysis, a linear/log trapezoidal rule was used to estimate the area under the pantoprazole time-curves. Summary statistics on the individual PK parameters were performed thereafter to derive the geometric mean, median and (min–max) range.

The global extraction ratio (Ebody) was calculated as reported by Toutain and Bousquet-Melou (18), with:

Ebody =Systemic clearance/Cardiac output

First calculated for each individual calf, and then combined for a mean value. With the calf cardiac output calculated as previously reported (13, 18) as follows:

Cardiac output=180×BW(kg)−0.19.




RESULTS


Animal Health

All the animals in the study were deemed healthy and had vital parameters within the normal limits for neonatal calves at the time of enrollment. Intravenous catheter placement was well-tolerated and no signs of thrombophlebitis were observed during the course of the study. Administration of pantoprazole was handled without any visual observations of clinical manifestations of adverse effects.



Pharmacokinetics

No calf had detectable pantoprazole in plasma at time zero. The individual time-course of pantoprazole total concentrations in plasma can be found in Figure 1. Among individual calves, there appears to be limited variation of time vs. concentration data for pantoprazole.


[image: Figure 1]
FIGURE 1. Mean plasma pantoprazole concentration (logarithmic scale) vs. time (hr) profiles for neonatal calves (n = 9) following intravenous (IV) single dose administration of 1.0 mg/kg of pantoprazole.


Table 1 summarizes the pharmacokinetic parameters for pantoprazole when administered IV. The systemic clearance was 4.46 mL kg−1 min−1. The AUC% extrapolation was estimated to be inferior to 20% (0.24%), while the steady-state volume of distribution (Vss) was 0.257 L/kg. The plasma elimination half-life T1/2 (λz) was estimated at ~2.8 h. The average extraction ratio was calculated to be 0.053 ± 0.015.


Table 1. Pantoprazole pharmacokinetic parameters following a single intravenous (1 mg/kg) administration to neonatal Holstein calves.
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Tissue Concentrations

No concentrations of pantoprazole were detected in muscle, liver, kidney or fat from any calves at 1, 3, or 5 days after administration. Analysis of the tissues for pantoprazole sulfone, a metabolite of pantoprazole, revealed detectable levels in all tissues in calves 1 and 3 days post-administration. One day after administration, the highest concentrations of pantoprazole sulfone were found in kidney, followed by liver, then fat, with muscle having the lowest concentration of the metabolite. Three days after administration revealed the same distribution. Five days after administration, the highest concentrations of pantoprazole sulfone were found in kidney, followed by liver, then the muscle. The level of pantoprazole sulfone in the fat 5 days post administration was below our limit of detection in all three calves. For our calves sacrificed at day five post administration, one calf was below the limit of detection in all tissues, one was below the limit for muscle and fat, and one was below the limit for fat. Table 2 gives a summary of these findings.


Table 2. Tissue concentrations of pantoprazole sulfone (μg/g) in collected tissues 1, 3, and 5 days after intravenous administration of pantoprazole (1 mg/kg) from study calves.
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DISCUSSION

To our knowledge, this is the first report of pharmacokinetics of pantoprazole in neonatal calves. Although the cohort sampling could potentially be a source of bias for this study, it was thought to be minimal as calves had acclimated to the pen prior to the study, and the pen used for the study was from the same block of stalls in the temperature, humidity and ventilation-controlled barn. The age and size of the calves utilized for this study were similar in the age of calves presented to the author's hospital for medical treatment that could potentially benefit from pantoprazole.

In the United States, there are currently no approved parenterally administered gastroprotectants for food animal species. However, patients in the author's hospital are commonly prescribed such drugs during hospitalization. There are two major classes of parenterally administered gastroprotectants commonly used in large animal species: histamine-2 receptor antagonists (H2RA) and proton pump inhibitors (PPI). H2RAs, such as ranitidine and famotidine, decrease the production of gastric acid by binding to H2 receptors on parietal cells (19). These drugs can be administered intravenously in cattle, however a recent study showed that famotidine only had a transient effect on abomasal pH that decreased with subsequent doses (20). H2RA also require multiple daily administrations (20), which could lead to treatment challenges. Omeprazole is a PPI similar to pantoprazole that has been shown to reduce abomasal pH in milk fed calves though subsequent doses may have a reduced effect (21). Intravenous omeprazole has been shown effective in reducing gastric pH in a variety of species however the intravenous formulation is no longer available, or has very limited availability for food animal veterinary use. Pantoprazole is also a PPI with similar structure and properties to omeprazole that is frequently used in human health as a gastroprotectant. Other studies have evaluated the pharmacokinetics of intravenous pantoprazole in foals (9) and alpacas (10). Comparatively, the AUCinf of the calves in our study (13.44 hr*μg/ml) falls in between that of alpacas (1.42 hr* μg /ml) and foals (18.7 hr* μg/ml). These comparisons can be found in Table 3. The clearance of pantoprazole in calves appears to be much lower than alpacas but greater than foals. Additionally, in our calves a longer half-life was noted when compared to alpacas and foals.


Table 3. Comparisons of pharmacokinetic parameters of pantoprazole in domestic animal species, after single dose intravenous administration.

[image: Table 3]

When comparing pharmacokinetic parameters between our study and that of the alpaca and foal studies, it is important to note the differences in the lower limit of detection of quantification (LLOQ). The LLOQ for our current study is 0.2 ng/ml which is a considerably smaller value when compared to the LLOQ of the alpaca study (10 ng/mL) and that of the foal study (200 ng/mL). As such, our study was able to detect lower quantities of pantoprazole than the alpaca or foal studies and therefore could find detectable levels of pantoprazole for a longer period of time compared to those studies. This may extend the half-life from our study when comparing to the other studies. This has been noted for other drugs in calves, an example being the comparison of the pharmacokinetics of fentanyl in calves to studies with higher LLOQ in goats and alpacas (13).

Although some cases of post pantoprazole administration anaphylaxis (22, 23) and edema (24, 25) have been reported in humans, these clinical signs were not observed in our population. While the aim of this study was not to evaluate the clinical safety of pantoprazole in calves, the lack of observed adverse effects correlate with previously reported pantoprazole use in ruminants for case management of cattle (4, 26), camels (27), sheep (15, 28), yaks (29), and goats (30, 31). Adverse effects of pantoprazole administration described people include hyponatremia (32), hypomagnesemia (33), as well as nephritis and hepatotoxicity (34). Additional adverse effects described in people from proton pump inhibitor administration include thrombocytopenia (35) and neutropenia (36).

The parent form of pantoprazole was not detected in any of the tissue samples submitted, however we were able to identify the sulfone metabolite in the tissues. Based on previous studies in rats and humans, it appears that pantoprazole is extensively metabolized by the liver into its metabolites (16). Our data appears to reflect a similar rapid metabolism, and it is possible that metabolism of pantoprazole is similar in ruminants as in rats. However, these details are currently unknown. Based on these findings, residue avoidance recommendations may want to be made considering the sulfone metabolite, instead of the parent compound. Further studies will be necessary to completely elucidate the complete metabolism of pantoprazole in cattle.

Limitations of this study are the relatively small number of calves used, which might not account for the variability of pantoprazole pharmacokinetics in the population of calves. Similarly, all of the animals were neonatal calves of the approximate same age and from the same source farm, which may not be reflective of all cattle. All animals in this study were deemed healthy which also may not represent the cohort of patients receiving this drug. While our study did not report any adverse effect, it was not designed as a safety study. A retrospective study has suggested that pantoprazole may be safe to administer to hospitalized ruminants (15). Future prospective studies will be necessary to determine the clinical safety as well as the efficacy of pantoprazole in cattle. Further studies could also investigate the concentrations of pantoprazole at other tissues, such as the abomasum, with larger cohorts of calves to further explore tissue terminal elimination rates.

In summary, this study reports the pharmacokinetics and tissue concentrations of intravenously administered pantoprazole to calves. The plasma clearance of pantoprazole in calves is lower than that of alpacas, and higher than reported in foals. The plasma elimination half-life in calves is longer than reported in those species. Currently, pantoprazole is being used in an extra-label fashion in food animal species, therefore further investigations into its metabolites and tissue concentrations with larger numbers of animals are necessary to establish withdrawal periods. Future pharmacodynamic studies are needed to determine if plasma values correlate to clinical efficacy in the form of increased abomasal pH in cattle of various ages.
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<LOQ: concentration below the lower limit of quantification. 1pg/g = 1 part per
million (PPM).
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Parameter (Units)  Calves (presentstudy)  Alpacas(10)  Foals(9)

Dose (mg/kg) 1 1 15
AUCy (hrug/mi) 13.44 1.42 18.7
Cl (ml/kg/min) 4.46 122 1.34
Grmex (ug/m) 407 N/A 408
Tys (62) () 281 0.47 1.43
Ves (Ukg) 0.257 0.49 NA
MRT () 3.45 0.68 2.13
LLOQ (ng/mL) 02 10 200

AUCjy, Area under pantoprazole concentration-time curve from time zero to infinity;
Cl, Plasma clearance; Cmax: Maximum concentration; T2 (Az), Elimination half-Iife; Vss,
Volume of distribution at steady-state; MRT: Mean residence time; C0: LLOQ: Lower limit
of quantification.
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Compound  Parameter Unit Geomean Median Min  Max

Pantoprazole AUCs  hrug/mL 1837 1265 856 2544
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AUCest, Area under pantoprazole concentration-time curve from time zero to last
measurement; AUCiy, Area under pantoprazole concentration-time curve from time
2610 to infinity; AUMCyy, the area under the first-moment curve from time zero to
infinity; MRTiys, Mean residence time extrapolated to infinity; CI, Plasma clearance; T1j2
(02), Elimination half-life; CO, Maximum concentration extrapolated to time zero; Cmax,
Maximum concentration; Vz, Volume of distribution (terminal phase); Vss, Volume of
distribution at steady-state.
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