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Abstract
Suberoylanilidehydroxamic acid (SAHA), or vorinostat, is a histone deacetylase inhibitor
approved for use as chemotherapy for lymphoma in humans. The goal of this study was to
establish pharmacological parameters of SAHA in cats. Our interest in treating cats with SAHA is
two-fold: as an anti-cancer chemotherapeutic and as anti-latency therapy for feline retroviral
infections. Relying solely on data from studies in other animals would be inappropriate as SAHA
is partially metabolized by glucuronidation, which is absent in feline metabolism. SAHA was
administered to cats intravenously (2 mg/kg) or orally (250 mg/m2, ~17 mg/kg) in a cross-over
study design. Clinically, SAHA was well tolerated at these dosages as no abnormalities were
noted following administration. The pharmacokinetics of SAHA in cats was found to be similar to
that of dogs, but the overall serum drug exposure was much less than that of humans at an
equivalent dose. The pharmacodynamic effect of an increase in acetylated histone proteins in
blood was detected after both routes of administration. An increased oral dose of 60 mg SAHA/kg
administered to one animal resulted in a surprisingly modest increase in peak drug concentration,
suggesting possible saturation of absorption kinetics. This study provides a foundation for future
studies of the clinical efficacy of SAHA in treating feline disease.
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Short Communication
Suberoylanilidehydroxamic acid (SAHA), or vorinostat, is a pan-histone deacetylase
inhibitor (HDACi) approved by the FDA for the treatment of cutaneous T-cell lymphoma in
humans(Mann et al., 2007). Treatment with SAHA results in histone hyperacetylation,
activating tumor-suppressor and pro-apoptotic genes in neoplastic cells(Kavanaugh et al.,
2010; Boumber & Issa, 2011). Histone hyperacetylation has also been shown to reactivate
latent human immunodeficiency virus(HIV) in in vivo-derived T-cell reservoirs(Richman et
al., 2009; Margolis, 2011). Consequently, SAHA is currently under investigation as a
treatment for many different human cancers and as anti-latency therapy for HIV infection
(Lane & Chabner, 2009; Archin et al., 2012). SAHA has similarly been shown in our
laboratory to induce histone hyperacetylation in feline leukocytes, and is able to reactivate
latent feline immunodeficiency virus(FIV)in vitro(McDonnel et al., 2012) (1). Lymphoma is
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the most common malignancy diagnosed in domestic cats, accounting for 30% of all feline
tumors (Ettinger, 2003). Therefore, the interest in treating cats with SAHA is two-fold: as an
anti-cancer chemotherapeutic and as anti-latency therapy for the reactivation of latent feline
immunodeficiency virus infection.

SAHA is partially metabolized by glucuronidation in humans and other animals(Sandhu et
al., 2007; Balliet et al., 2009; Wong et al., 2011). As a result, pharmacokinetic and safety
profiles for this drug are not directly translatable to cats, which lack the enzyme UDP
glucuronosyl transferase responsible for glucuronidation. Before proceeding with in vivo
investigation or clinical trials for feline cancer or FIV, the pharmacokinetic (PK) and
pharmacodynamic (PD) properties of SAHA in domestic cats must be established.

All animal procedures conformed to the requirements of the Animal Welfare Act and
protocols were approved by the University of California Davis IACUC. SAHA (>98% pure,
Cayman Chemical) was administered to 6 adult (3 female and 3 male, aged 10 to 18 months)
specific pathogen free cats from the UC Davis Feline Nutrition and Pet Care Center in a
crossover design. Animals were randomized to first receive 2 mg/kg intravenous (IV) SAHA
(solvated at 20 mg/mL in DMSO) or 250 mg/m2 oral (PO) SAHA in gelatin capsules,
followed by the opposite route after a 1-week washout period (cross-over study design).
Blood was collected from peripheral veins at 0, 5, 7.5, 10, 20, 30, 45, 60, 120, and 1440 min
post IV administration, and at 0, 10, 15, 30, 45, 60, 120, 240, 360, and 1440min post PO
administration. To monitor for adverse effects, physical examinations, complete blood
counts(CBC), and serum biochemistry values were assessed 1 week prior (as baseline), 24
hours post, and 1 week post SAHA administration. The only significant findings on physical
examination were moderate tachypnea in 4/6 cats and open-mouth breathing in 2/6 cats
immediately following IV injection, which may have been attributable to handling stress or
the DMSO used to solvate the SAHA. Moderate bleeding (up to 5 minutes) from
venipuncture sites was also noted in 2/6 cats after IV administration of the SAHA/DMSO
mixture. No clinically significant alterations from baseline were detected in any of the 14
CBC parameters or 16 serum biochemistry values assessed at either 24 hr or 7 days post IV
or PO dosage (Supplementary Figure 1). In addition, daily food intakes were monitored for
1 week before and 1 week after each dosage. No significant change in food intake following
drug administration was observed (Figure 1). Taken together, these data suggest that SAHA
is well tolerated at these dosages and routes of administration in domestic cats.

For pharmacokinetic analysis, serum was collected at the time-points listed above in blood
tubes lacking an anticoagulant and frozen at −70 °C (up to one week) until analysis by liquid
chromatography tandem mass spectrometry (LC-MS/MS) as described previously (Patel et
al., 2008).Briefly, deuterated SAHA (d5, Toronto Research Chemicals) was added to serum
at a final concentration of 1000 ng/mL as an internal standard (IS), and following a brief
incubation, protein was extracted with 3 volumes of acetonitrile. Compounds were separated
on a Hypersil BDS C18 (100L x 3.0mm I.D., Phenomenex) and 3 μm particle size protected
by a HyPURITY C18 (10L x 3.0mm I.D., Phenomenex) and 3 μm particle size guard
cartridge. The Waters ultra-high pressure liquid chromatography (UPLC) system was
coupled to a Thermo TSQ Quantum Discovery Max tandem quadrupole mass spectrometer
with a heated electrospray ionization source operating in the positive ion mode.
Concentrations of 0, 1, 10, 50, 100, 250, 500, and 1000 ng/mL SAHA with added IS (1000
ng/mL SAHA-d5) were freshly prepared in water as a standard curve for each run. Quality
control (QC) samples were prepared in SPF feline serum at 0, 10, 50, and 500 ng/mL SAHA
with added IS. The peak area ratios of SAHA/SAHA-d5 were used for all quantitation and
to construct calibration curves. The limit of detection and limit of quantitation using this
method were 0.935 and 2.26 ng/mL respectively. Serum [SAHA] at the time points analyzed
following IV and PO administration is displayed in Figure 2. Pharmacokinetic parameters
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(Table 1) were calculated using a commercial software program (WinNonlin version 5.2)
with non-compartmental analysis.

In this study, the serum terminal elimination half-life (T1/2λz) after 2 mg/kg IV SAHA
administration to cats was relatively rapid (9 min), but was similar to that for both dogs and
rats (12 min) at the same dosage (Sandhu et al., 2007).The maximum concentration (Cmax)
observed after oral administration of 250 mg/m2(~16.8 mg/kg) SAHA was 41.7 ng/mL (160
nM), with an overall serum exposure (AUC0-τ) of 70 hr*ng/mL (266hr*nM).In previous
studies, dogs administered SAHA at a slightly higher dose (20mg/kg), achieved an average
Cmax of 260 nM and AUC0-τ of 420 hr*nM(Sandhu et al., 2007). However, there is
increased oral bioavailability in the cat (8%) relative to the dog (1.8%). Because SAHA is
rarely administered intravenously to humans, very few studies report bioavailability.
However, it has been estimated at 43% in one report of patients with advanced cancer(Kelly
et al., 2005). Most human studies report a Cmax of 1–1.5 μM at similar dosages to those used
here on a body surface area basis (400 mg/day or ~250 mg/m2)(Rubin et al., 2006;
Ramalingam et al., 2010; Doi et al., 2013). Surprisingly, the half-life of SAHA in cats
following IV administration is much less than that of humans (21–58 min) (Kelly et al.,
2003; Kelly et al., 2005), despite feline deficiencies inglucuronidation. To summarize, the
pharmacokinetics of SAHA in cats is similar to that of dogs, but the overall serum drug
exposure is much less than that of humans at an equivalent dose.

For pharmacodynamic analysis, ~0.5 mL blood was collected in EDTA-containing tubes
from 4 of the cats at 0, 30, 45, 60, 120, and 1440 min post IV and 0, 30, 60, 120, 360, and
1440 min post PO administration. RBC were lysed and leukocyte pellets were snap frozen
for later analysis by Western blot as previously described (McDonnel et al., 2012) (2). Blots
were probed with anti-acetylated histone (H3K9,14, Millipore) or anti-total histone (H3,
Cell Signaling Technologies), followed by quantitative analysis using densitometry (Figure
3). An increase in acetylated histone protein was detected after both IV and PO
administration of SAHA to cats, which returned to baseline after approximately 2 hours.

In an attempt to increase Cmax and serum SAHA exposure, a single pilot animal (#11–245)
was administered an increased oral dose of 60 mg/kg in gelatin capsules, more than 3x the
original dose. This dose was chosen because it was the no observed adverse effects level
(NOAEL) in dogs (Kerr et al., 2010).Serum was collected at a limited number of time
points(0, 30, 45, 60, 120, and 1440 min), and analyzed by LC-MS/MS as above. Even at this
elevated dosage, the observed Cmax in this animal increased by a modest 29% (from 39.0 to
50.1 ng/ml, Fig. 4a), suggesting the possibility of saturation of absorption kinetics, though
additional animals would be required to draw conclusions. Peripheral blood mononuclear
cells collected at 0, 60, 120, and 1440 min were analyzed by Western blotting as above, and
demonstrated a pharmacodynamic effect which roughly correlated with pharmacokinetics
(Fig. 4b).

In conclusion, SAHA is a member of a novel class of drugs, HDACi, which may provide
valuable therapeutics for both neoplastic and infectious diseases of cats. Here we evaluated
the pharmacokinetic and pharmacodynamic properties of SAHA in cats. The serum half-life
was unexpectedly rapid, indicating that other metabolic or excretory pathways may be
compensating for the lack of glucuronidation in cats. As in the dog, oral bioavailability was
generally poor, and lower drug concentrations were achieved in cats compared with humans
administered similar dosages. In a single pilot animal, increasing the oral dose three-fold had
little effect on serum SAHA exposure. However, the serum drug concentrations observed
here (~160 nM), may still be within therapeutic range (McDonnel et al., 2012) (1).It is worth
noting that pure (>98%) SAHA was used for this study, rather than pharmaceutical
compound with the excipients microcrystalline cellulose, sodium croscarmellose and
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magnesium stearate (package insert, Zolinza®, Merck&Co INC). So while it is possible that
the pharmaceutical compound may result in increased bioavailability in cats, similarities
between PK parameters found here and those in the Merck study in dogs suggest that the
excipients may not make a significant difference. Although food intake has not been shown
to substantially increase absorption in humans (Kelly et al., 2005; Rubin et al., 2006),
administration of SAHA to cats in the fed stateis an avenue of further exploration as food
may have a different effect in the more acidic gastrointestinal system of a carnivore. An
alternative route of administration such as subcutaneous or constant rate IV infusion may
provide more optimal drug concentrations in cats. This study demonstrates that both oral and
IV-administered SAHA are well tolerated in cats and produce the predicted
pharmacodynamic effect of histone acetylation, thereby laying the foundation for future
studies of the clinical efficacy of SAHA in treating feline disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Food intake before and after suberoylanilidehydroxamic acid (SAHA) administration to cats.
Cat numbers are shown on the right, and the average and standard deviation for each day are
superimposed on the plot (black lines and circles). The arrow at day 0 indicates the first
dosage of SAHA (PO for 11-191, 12-044, and 11-363; IV for 11-119, 11-245, 11-305), and
the second arrow at day 9 indicates the cross-over dosage. Data are unavailable for days -1
and -2 before the experiment. A one-way ANOVA followed by Kruskal-Wallis post-test
found no significant difference between any two pairs of days.
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Figure 2.
Suberoylanilidehydroxamic acid (SAHA) concentration profiles versus time for 6 cats
administered 2 mg/kg IV (A) or 250 mg/m2orally (PO) (B). Individual cat numbers are
shown on the right, and time 0 indicates the time of administration. Serum samples were
analyzed by UPLC coupled to tandem mass spectrometry using deutered SAHA as an
internal standard. Axes are broken to visualize all time points analyzed.
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Figure 3.
Pharmacodynamic profiles of SAHA in 4 cats administered 2 mg/kg IV (A) or 250 mg/m2

orally (PO) (B). Leukocytes collected at various time points after SAHA administration
were analyzed by Western blotting for both acetylated and total histone H3. Densitometry
ratios of acetyl H3/total H3 were normalized to pre-dose controls (time 0). Values above the
dashed orange line (1) have a relative increase in histone H3 acetylation. Cat numbers are
shown on the right, and the average for each time point is superimposed on the plot (blue
lines and circles). X-axis time scale is not proportional.
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Figure 4.
Pharmacokinetics (PK) and pharmacodynamics (PD) of SAHA administered orally at 60
mg/m2 to cat #11-245. Serum [SAHA] (solid line, left y-axis) was analyzed as in Fig. 2, and
is superimposed with histone acetylation data (dashed line, right y-axis) in leukocytes
analyzed as in Fig. 3 (A). The corresponding Western blot images are shown in (B).
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Table 1

Calculated mean ± standard deviation non-compartmental pharmacokinetic parameters for serum
suberoylanilidehydroxamic acid (SAHA) concentration data after IV and PO administration to adult cats
(n=6). Doses and administration routes were 2 mg/kg intravenous (IV) SAHA (solvated at 20 mg/mL in
DMSO) or 250 mg/m2 oral (PO) SAHA in gelatin capsules.

Parameter IV PO

Dose 2 mg/kg 250 mg/m2 = 17±2 mg/kg

T1/2λz (hr) 0.15 ± 0.03 2 ±1

Clobs (mL/hr/kg) 14,000 ± 5,000 -

VDss,obs (mL/kg) 1600 ± 800 -

Cmaxobs (ng/mL) - 40 ± 10

Tmaxobs (hr) - 0.6 ± 0.3

AUC0 → τ (hr*ng/mL) 150 ± 40 70 ± 10

AUC0 → ∞ (hr*ng/mL) 150 ± 50 80 ± 20

Percent Extrapolated (%) 0.6 ± 0.2 17 ± 7

F (%), n=5 - 8 ± 4

T1/2λz, elimination half-life, CLobs: Observed clearance, VDss,obs: Observed volume of distribution at steady state, Cmax(obs), observed

maximum serum concentration; Tmax(obs), time to observed maximal serum concentration; AUC0 → τ area under the serum concentration vs.

time curve to the last value; AUC0 → ∞ area under the serum concentration vs. time curve extrapolated to infinity; F(%): oral bioavailability
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