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Abstract

OBJECTIVE—To characterize pharmacokinetics of cyclophosphamide and 4-
hydoxycyclophosphamide (4-OHCP) in the plasma of healthy cats after oral, intravenously, or
intraperitoneal administration of cyclophosphamide.

ANIMALS—6 healthy adult cats.

PROCEDURES—Cats were randomly assigned to receive 200 mg/m? of cyclophosphamide via
each of 3 routes of administration (oral, 1V, and IP); there was a 30-day washout period between
successive treatments. Plasma samples were obtained at various time points for up to 8 hours after
administration. Samples were treated with semicarbazide hydrochloride to trap the 4-OHCP in
stable form, which allowed for cyclophosphamide and trapped 4-OHCP to be simultaneously
measured by use of tandem mass spectrometry. Pharmacokinetic parameters were determined from
drug concentration—versus-time data for both cyclophosphamide and 4-OHCP.

RESULTS—Cyclophosphamide was tolerated well regardless of route of administration.
Pharmacokinetic parameters for 4-OHCP were similar after oral, IV, and IP administration. Area
under the concentration-time curve for cyclophosphamide was lower after oral administration than
after IV or IP administration.
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CONCLUSIONS AND CLINICAL RELEVANCE—Cyclophosphamide can be administered
interchangeably to cats as oral, 1V, and IP, formulations, which should provide benefits with regard
to cost and ease of administration to certain feline patients. (Am J Vet Res 2017;78:862-866)

Cyclophosphamide is an alkylating agent commonly used in veterinary oncology. It
frequently is administered in combination with other chemotherapy drugs as part of
multiagent protocols or orally in a low-dose continuous manner.1:2 Cyclophosphamide has
been administered 1V, orally, and IP to cats.*~’

Cyclophosphamide is a prodrug that is oxidized by hepatic P450 enzymes to form the
metabolite 4-OHCP.3."-10 Subsequently, 4-OHCP is in equilibrium with its open-ring
tautomer aldophosphamide; 4-OHCP and aldophosphamide then move intracellularly.
Aldophosphamide spontaneously decomposes to the active alkylating metabolite,
phosphoramide mustard, and the less active by-product acrolein.1:38.10 Phosphoramide
mustard has cytotoxic effects that are 4 to 10 times the cytoxic effects for 4-OHCP; however,
phosphoramide mustard is highly reactive and intracellular, thereby making it unstable and
difficult to quantify.® Therefore, for bioavailability purposes, concentrations of 4-OCHP are
often measured as a surrogate for the active concentrations of phosphoramide mustard.9-11
There is equal bioavailability for 4-OHCP in dogs with lymphoma receiving
cyclophosphamide via oral or 1V administration.}:12 This confirms that the 2 administration
routes could be used interchangeably without substantial differences in 4-OHCP
concentrations. Safety and efficacy of cyclophosphamide and vincristine administered IP to
26 cats with various forms of malignant lymphoma have been confirmed.” No specific IP-
related adverse effects were seen in any cats of that study,’ and cats had similar survival
times after administration via that route, compared with survival times for other reports,
4-6.13 which indicated probable efficacy. A pharmacokinetic analysis revealed equal
bioavailability of the parent compound (cyclophosphamide) given IV or IP; however, the
active metabolite 4-OHCP was not measured.’:8

Although the safety and efficacy for 1V, IP, and oral administration of cyclophosphamide
have been reported,”:8 bioavailability of the active metabolite 4-OHCP has not been
evaluated in cats. The objective of the study reported here was to assess the bioavailability of
cyclophosphamide and 4-OHCP after IV, IP, and oral administration of cyclophosphamide to
cats.

Materials and Methods

Animals

Six apparently healthy adult cats (3 males and 3 females) were included in the study. Mean
body weight of the cats was 4 kg (mean body surface area, 0.252 m2), and mean age was 1.4
years (range, 0.85 to 2.75 years). Cats were housed individually in cages beginning the night
prior to drug administration until 1 week after drug administration. They were then moved to
group housing for 1 month, until their next drug administration. The study was approved by
the Institutional Animal Care and Use Committee at Colorado State University.
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Treatment protocol

A randomized triple crossover prospective study was performed. Cats were randomly
assigned to their initial dosing group (their names were written on pieces of paper, the
papers were placed into a container, and an investigator blindly selected the names). Cats in
each group were administered cyclophosphamide (200 mg/m?). Cats received
cyclophosphamide solutiona IV and IP and cyclophosphamide capsulesb orally; orally
administered doses were rounded down to the nearest 25-mg capsule. There was a 30-day
washout period between subsequent treatments; cats were arbitrarily rotated to another
administration group. Thus, each cat received cyclophosphamide once via each route of
administration (total of 3 treatments).

A physical examination was performed daily for 1 week after each treatment. Adverse
events were recorded in accordance with published criteria.® A CBC and biochemical
analysis were performed 1 to 2 days before each treatment, and a CBC was performed 1
week after each treatment.

Sample collection

The evening before each cyclophosphamide administration, cats were sedated with
butorphanol tartrate (0.2 mg/kg, 1V) and ketamine hydrochloride (20 mg, 1V), and a catheter
was inserted in a jugular vein. The following morning, cyclophosphamide was administered
via the specified route, and 1 to 2 mL of blood was collected immediately before (time 0)
and 15, 30, and 60 minutes and 2, 4, 6, 8, and 12 hours after administration. Food was not
withheld from cats before cyclophosphamide administration. Preliminary results obtained
after the first treatment of each group revealed undetectable amounts of cyclophosphamide
and 4-OHCP in plasma at the 12-hour sample; therefore, this time point was eliminated for
the second and third treatments.

Blood samples were collected into sodium heparin tubes, placed immediately on ice, and
centrifuged (2,000 x g for 10 minutes at 4°C) within 15 minutes after sample collection.
Plasma was harvested and combined with analytic-grade 2M SCZc (1 part SCZ to 10 parts
plasma) to trap the 4-OHCP.11.12 Samples were mixed in a vortex device and stored frozen
at —80°C until analysis. Standard dilutions of analytic-grade cyclophosphamide
monohydrated and 4-OOHCPe (synthetic preactivated [preoxidized] precursor to 4-OHCP;
purity, 98%) were prepared in water at concentrations of 10 and 1 mg/mL, respectively. The
standard dilutions were immediately added to naive feline plasma, which resulted in
standard curves ranging from 1 to 7,500 ng/mL for cyclophosphamide and from 10 to 7,500
ng/mL for 4-O0OHCP. When placed in aqueous solutions, 4-OOHCP spontaneously converts
to 4-OHCP; therefore, 2M SCZ was added to trap the 4-OHCP. Samples were then mixed in
a vortex device, separated into aliquots, and stored at —80°C until analysis.

Liquid chromatography—tandem mass spectrometry

Plasma samples were analyzed in accordance with methods reported previously.12 Briefly,
protein precipitation was achieved by mixing an equal volume of acetonitrile (50 uL) with
2M SCZ-treated plasma (50 puL) and then adding 5 pL of analytic-grade
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hexamethylphosphoramided (internal standard]); the mixture was then centrifuged. An
aliquot (50 pL) of the supernatant was mixed with 150 uL of 1mM ammonium hydroxided
(pH, 10.1), and 5 pL of this mixture was evaluated on a chromatograph by use of a C18
columnf (5 um; 2.1 x 150 mm) maintained at room temperature (23 + 2°C). Gradient elution
(flow rate, 440 uL/min) was performed as follows: initial elution with 80% aqueous phase
(ImM ammonium hydroxide) and 20% organic phase (acetonitriled) for 1 minute, linear
increase in acetonitrile to 50% for 2 minutes, maintain at 50% acetonitrile for 1.5 minutes,
linear return to 20% acetonitrile for 0.5 minutes, and maintain at 20% acetonitrile for 1
minute (total run time, 6 minutes). A triple-quadrupole mass spectrometerg in positive ion
electrospray ionization mode was used to acquire mass spectra for each analyte by multiple
reaction monitoring of the ion transitions m/z 261.2 — 140.2 for cyclophosphamide, m/z
334.3 — 221.2 for the SCZ derivative of 4-OHCP, and m/z 180.0 — 135.0 for the internal
standard. Settings were specified for the mass spectrometer as follows: turbo ion spray
temperature, 600°C; ion spray voltage, 3,500 V; declustering potential, 40.1, 29.4, and 21.0
V for cyclophosphamide, the SCZ derivative of 4-OHCP, and the internal standard,
respectively; entrance potential, 5.2, 3.9, and 4.0 V for cyclophosphamide, the SCZ
derivative of 4-OHCP, and the internal standard, respectively; collision energy, 26, 22, and
10 V for cyclophosphamide, the SCZ derivative of 4-OHCP, and the internal standard,
respectively; collision cell entrance potential, 55.0, 38.6, and 15.2 V for cyclophosphamide,
the SCZ derivative of 4-OHCP, and the internal standard, respectively; collision cell exit
potential, 1.8, 2.4, and 3.0 V for cyclophosphamide, the SCZ derivative of 4-OHCP, and the
internal standard, respectively; curtain gas, 60 U of N2; and auxiliary gas, 60 U of N2.

Statistical analysis

Results

The AUCO0-00 of cyclophosphamide and 4-OHCP was calculated by use of
noncompartmental analysis.h Parameters calculated included Cmax, clearance, AUC0—-0co,
t1/2, and time to Cmax. All values were reported as mean + SD. A 1-way repeated-measures
ANOVAI was conducted to compare the effect of route of administration on AUC0-00,
Cmax, and clearance. Values were considered significantly different at P < 0.05.

Only 1 cat had gastrointestinal toxicosis (grade 11 diarrhea) after cyclophosphamide
administration; however, this cat had positive results when tested for giardiasis 2 weeks after
the second cyclophosphamide administration. Diarrhea resolved after treatment with
fenbendazole and metronidazole. This same cat developed soft feces 1 day after the third
cyclophosphamide administration; however, this resolved without any additional treatment.
No hematologic toxic events were detected after cyclophosphamide administration, and all
hematologic and biochemical variables evaluated were within reference limits. One cat had a
grade IV toxicosis; however, it was a consequence secondary to the procedural technique
and was not a drug-related event. This cat developed cardiac outflow obstruction secondary
to catheter placement in the jugular vein, and the cat recovered fully once the catheter was
removed. Cyclophosphamide had been orally administered to this cat 4 hours before the
cardiac outflow obstruction event; therefore, on that day of the study, data for this cat were
eliminated from statistical analysis.
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Each cat received 1 dose of cyclophosphamide (200 mg/m2) IV and IP as well as 1 dose of
cyclophosphamide (median, 158 mg/m?; range, 99 to 180 mg/m?2) orally. Mean
concentration-versus-time curves for cyclophosphamide and 4-OHCP were plotted for each
of the 3 routes of administration (Figure 1).

Mean + SD AUCO0-oo for cyclophosphamide was similar after IV (8.96 + 764 ug/h/mL) and
IP (7.48 = 307 pug/h/mL) administration, and those values did not differ significantly (P =
0.011) from the AUCO0-oo after oral administration (4.20 + 3.29 ug/h/mL). Route of
administration had a significant (P = 0.03) effect on Cmax of cyclophosphamide, which was
highest for IV administration (9.18 + 4.67 ug/mL), followed by IP administration (4.79

+ 1.41 pg/mL) and then oral administration (2.11 + 2.11 pug/mL). Mean clearance did not
differ significantly (P = 0.36) after oral (4.56 + 3.63 mL/h), IV (3.24 £ 3.23 mL/h), and IP
(2.21 £ 0.65 mL/h) administration. Mean t1/2 after IP and IV administration was 0.62 + 0.13
hours and 0.59 + 0.24 hours, respectively; t1/2 could not be determined after oral
administration because the terminal elimination phase was not reached.

Mean + SD AUCO0-oo for 4-OHCP did not differ significantly (P = 0.75) among the 3 routes
of administration (6.36 + 1.76 pg/h/mL, 7.62 £ 3.10 pg/h/mL, and 6.53 £ 4.13 pg/h/mL after
IV, IP, and oral administration, respectively). Additionally, Cmax for 4-OHCP did not differ
significantly (P = 0.20) among the 3 routes of administration (4.95 + 2.25 pg/mL, 5.39
+2.77 ug/mL, and 3.20 + 1.81 ug/mL after IV, IP, and oral administration, respectively).
There was no difference in mean terminal t1/2 for 4-OHCP between IV and IP
administration (0.78 + 0.61 hours and 0.77 £ 0.27 hours, respectively). The t1/2 for 4-OHCP
could not be determined after oral administration because the terminal elimination phase
was not reached. Mean time to Cmax for 4-OHCP was 0.29 + 0.10 hours after IV
administration, 0.75 + 0.39 hours after IP administration, and 2.17 + 1.57 hours after oral
administration.

Discussion

Similar to findings for humans®® and dogs,12 whereby oral and 1V administration can be
used interchangeably with resulting similar exposure to an active metabolite, there was no
difference detected in the AUC0-oo for 4-OHCP among the 3 routes of administration in the
study reported here. The concentrations were similar among all routes of administration,
despite the larger dose range for oral administration (range, 108 to 198 mg/m2), which
suggested that the AUC0-0o may be dose independent within this range for oral
administration.

In contrast to results of a previous study’ in which cyclophosphamide exposure was greater,
albeit not significantly different, after IV and IP administration, there was nearly equal
bioavailability for the study reported here. Findings for the present study more closely
resembled results of another study2 in which 1V and IP administration resulted in equal
bioavailability for both cyclophosphamide and 4-OHCP. One explanation for the difference
in results for the former study’ may involve the fact that only cyclophosphamide was
measured in that study, whereas cyclophosphamide and 4-OHCP were measured in the latter
study!? and present study.

Am J Vet Res. Author manuscript; available in PMC 2018 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stroda et al. Page 6

Additionally, similar to previous findings for dogs,12 oral administration of
cyclophosphamide to cats in the present study resulted in an AUCO-oo that was
approximately half the AUCQ0-oo after IV or IP administration. This can be explained by
first-pass elimination in the liver because cyclophosphamide must undergo transformation to
4-OHCP via P450 enzymatic activation.1916.17 Therefore, only a portion of a drug
administered orally is detected systemically after first-pass metabolism.

The main intent of the present study was to detect drug exposure in healthy cats; thus, we
decided to administer a dose of 200 mg/m? instead of commonly used higher doses of 250
mg/m2. Despite the lower dose, all 3 routes of administration resulted in adequate exposure
to 4-OHCP. The main variability in dosage was with the oral formulation because of the
commercially available capsule size (25 mg). We elected to forego compounding of capsules
for oral administration because of concerns about variability in quality and the ability to
accurately reproduce capsule sizes at clinical practices. It is possible that the variability in
the dose used for oral administration (median, 158 mg/m?; range, 108 to 198 mg/m?) may
have influenced results of the present study. However, analysis indicated that despite the
variability in the dose range, there was no difference in the AUCO-co for the active
metabolite after oral administration of cyclophosphamide. This may suggest that exposure
was a dose-independent phenomenon at the doses administered, which further supported the
contention that oral administration can be interchangeable with IV and IP administration.

The present study was designed to include cats with little interanimal variability (all were of
similar age and body weight, had a similar environment and diet, and did not receive prior
chemotherapy) to properly establish baseline pharmacokinetic data. It is possible that
exposure to drugs may be altered in cats with gastrointestinal lymphoma or liver dysfunction
or that are receiving concurrent medications. Assessment of drug exposure in cats with
gastrointestinal lymphoma would provide a more clinically relevant picture.

The present study provided information that can be of clinical benefit because the cost of
oral formulations of cyclophosphamide is substantially less than that of formulations for IV
or IP administration. In addition, IP administration may be easier to perform in fractious cats
that are not amenable to catheter placement or oral administration of a drug. Furthermore, IP
administration can potentially minimize exposure of personnel to chemotherapeutic agents,
compared with exposure of personnel administering drugs orally.
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Figure 1.
— Mean £ SD concentrations of cyclophosphamide (A) and 4-OHCP (B) in plasma of 6

healthy cats after oral (median, 158 mg/m2; range, 108 to 198 mg/m2; triangles and dashed
line), 1V (200 mg/m2; circles and solid line), and IP (200 mg/m2; squares and dotted line)
administration. There was a 30-day washout period between successive treatments.
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