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ABSTRACT

Buparvaquone and parvaquone are hydroxynaphthoquinone compounds commonly used to treat livestock in-
fected with Theileria species such as T. parva and T. annulata. In many (sub)tropical regions, chromatic changes
in medicines can result from extreme environmental conditions and improper drug storage or handling, raising
the possibility of drug degradation and loss of potency. We evaluated the effects of UV light, elevated tem-
perature, and atmospheric air on the stability and potency of both buparvaquone and parvaquone by using a
combination of high performance liquid chromatography (HPLC) and a T. equi based in vitro parasite growth
inhibition assay (to measure potency). Aliquots (1 ml; 3 replicates per treatment) of each compound were
subjected to a variety of treatments that varied in duration and intensity followed by HPLC and potency assays.
Exposure to ambient air for 50 days was correlated with a significant loss of potency for both buparvaquone
(4535%, P < 0.05) and parvaquone (247%, P < 0.05), while elevated temperature (37°C) and UV light
exposure (24 h) had no significant impact (P > 0.05). The decrease in potency of both buparvaquone and
parvaquone correlated with drug degradation (r = -0.74 and -0.88, respectively) as measured by HPLC. In
practice, if there is headspace present in the vial, then ambient air will invariably enter the vial and contribute to
degradation of these compounds. Such degradation may contribute to increasing drug resistance, economic

losses for farmers, and animal welfare concerns for animals that are treated for Theileria infections.

1. Introduction

Buparvaquone (BPQ) and parvaquone (PQ) are hydro-
xynaphthoquinone compounds that are used to treat theilerial parasitic
infections. These compounds are widely used to clear cattle infected
with Theileria parva (Muraguri et al., 1999) and Theileria annulata
(Hashemifesharki, 1991), with several studies also demonstrating some
efficacy for treating horses infected with Theileria equi (Kumar et al.,
2003; Kuttler et al., 1987; Salib et al., 2012; Zaugg and Lane, 1989,
1992). In (sub)tropical geographical regions, the ability to properly
store medicinal drugs is often compromised, and consequently such
drugs may be exposed to conditions that do not adhere to the manu-
facturers’ recommendations. As a result, the potency (or “efficacy”) of
drugs like BPQ and PQ could be adversely affected.

T. parva is the causative agent of East Coast Fever (ECF) in cattle, a
disease of serious clinical and economic importance in eastern and
southern Africa. Historically it is estimated that over a million cattle are
lost annually to ECF in this region (Mukhebi et al., 1992). The fatality
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rate is approximately 50-60% in zebu cattle (Bos indicus), but ap-
proaches 100% in European cattle breeds (Bos taurus) (Muraguri et al.,
1999, 2006). In Kenya, ECF is the leading cause of mortality in zebu
cattle during the first year of life (Thumbi et al., 2013). T. parva is
lymphodestructive, causing dramatic immunosuppression (Dolan et al.,
1988). Prompt treatment with either BPQ or PQ can achieve success
rates of 90-100% in uncomplicated cases of ECF (Muraguri et al.,
1999). This approach is more cost effective and efficacious than the
alternative and expensive process of controlling the primary disease
vector Rhipicephalus appendiculatus (brown ear tick) (Mukhebi et al.,
1992). Theileria annulata causes tropical theileriosis in cattle, which can
result in up to 90% mortality in susceptible breeds. Similar to ECF, both
BPQ and PQ are effective in treating tropical theileriosis, however,
emergence of in vivo T. annulata resistance to BPQ treatment has been
reported (Mhadhbi et al., 2010; Sharifiyazdi et al., 2012).

In addition to T. parva and T. annulata in cattle, both BPQ and PQ
have been evaluated for efficacy against the related tick-borne hemo-
protozoan T. equi, a causative agent of equine piroplasmosis. Acute T.
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equi infection is characterized by intravascular hemolysis and asso-
ciated fever, anemia, and thrombocytopenia. Following resolution of
acute disease, horses remain persistently infected, inapparent carriers
and serve as reservoirs of transmission to naive horses (Ueti et al., 2012;
Wise et al., 2012). Although the goal of treatment in endemic regions is
to mitigate clinical disease, the goal in nonendemic regions such as the
United States is to clear infection. The current drug of choice for both
purposes is imidocarb dipropionate (Ueti et al., 2012; Wise et al.,
2012). Although BPQ and PQ are effective against T. equi in vitro, nei-
ther drug is consistently effective in eliminating T. equi from infected
horses (Kumar et al., 2003; Kuttler et al., 1987; Salib et al., 2012; Zaugg
and Lane, 1989, 1992). Therefore, hydroxynaphthoquinone drugs are
not routinely used to treat T. equi infections in vivo.

In (sub)tropical regions, drugs are often handled in less than ideal
conditions. They can be exposed to extreme temperatures (both low and
high) that may fluctuate extensively in a 24 -h period. Between these
extremes and uncontrolled exposure to ambient air and ultraviolet (UV)
light, drugs are likely subjected to conditions outside of recommended
storage conditions. Although these drugs are manufactured in airtight
vials for injection, multi-dose vials invariably allow introduction of
atmospheric air, particularly when the bottles experience frequent
swings from hot to cold temperatures. It is also possible to inadvertently
or intentionally inject air when withdrawing drugs from such vials. The
manner in which medicines are handled and use of expired drugs
(potentially driven by socioeconomic reasons) can lead to use of drugs
that present dramatic chromatic changes [e.g., oxidized oxytetracycline
collected from households in northern Tanzania, Fig S1. (Caudell et al.,
2017)

Drug stability has been an issue of importance in human medicine,
with particular concern for the stability of anti-malarial and other drugs
vital for human health in tropical and (sub)tropical regions. Many
medications do not reach their labeled shelf life with adequate active
drug content due to extreme environmental conditions (Amin and
Kokwaro, 2007; Ballereau et al., 1997; Kayumba et al., 2004). Exposure
to UV light, elevated temperature, and atmospheric air are all known
factors that can affect drug stability, although the degree of effect on a
specific drug varies (Amin and Kokwaro, 2007; Ammann, 2011;
Chatzitakis et al., 2008; Jaffe et al., 1976; Kayumba et al., 2004;
Langner and Maibach, 2009; Risha et al., 2002, 2003; Twagirumukiza
et al., 2009). Given the above challenges, the purpose of the present
study was to determine the effects of UV light, elevated temperature,
and atmospheric air on the stability and potency of both PQ and BPQ
using a combination of high performance liquid chromatography
(HPLC) and an in vitro T. equi inhibition assay.

2. Materials and methods
2.1. Chemical reagents

To induce chromatic changes in PQ and BPQ in a timely manner and
under controlled experimental conditions, commercially available PQ
and BPQ were initially diluted by a factor of 10 in either DMSO or a
relevant excipient as described below. The purpose of this dilution is to
decrease the stability window of the drugs. For the primary exposure
experiment, chemical grade parvaquone (BOC Sciences) was diluted to
saturation in dimethyl sulfoxide (DMSO) to 15 mg/mL (Sigma-Aldrich,
St. Louis, MO, USA) as the commercial formulation was not available at
the time, this value corresponds to the saturation concentration in
DMSO. For later replication of the air-exposure experiment, we ob-
tained a 150 mg/mL commercial product, Parvexon (Biomeda, Dublin,
Ireland). In both experiments, the BPQ commercial product Bupaquone
(Eagle Vet. Tech Co. Ltd, Chungnam, Korea) was used. Commercial BPQ
was also diluted 10 times in DMSO (to a final concentration of 5 mg/
ml) to match the 1:10 dilution that was used for Parvaquone. Both
manufacturers recommend storage at temperatures below 25 °C and
protected from light. Reagents for T. equi culture medium (HL2A-NHS)
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included HL-1 and HEPES (Fisher Scientific, Waltham, MA), HB101
supplement (Irvine Scientific, Santa Ana, CA, USA), L-glutamine and
AlbuMax (Gibco, Grand Island, NY, USA) and penicillin/streptomycin
and gentamicin (Sigma-Aldrich, St. Louis, MO, USA). Hydroethidine
that was used for flow cytometric evaluation was acquired from
Invitrogen (Carlsbad, CA, USA) as a 5mM solution solubilized in
DMSO. Acetonitrile and sodium acetate used for HPLC were purchased
from Fisher Scientific (Pittsburg, PA, USA).

2.2. Drugs exposure conditions

Each sample consisted of a 1-mL aliquot of drug (5 mg/mL BPQ or
15 mg/mL PQ, diluted in DMSO) placed into 1.5-mL microcentrifuge
tubes. A total of 12 samples were used for each drug in each storage
condition (Ambient air, UV light, 37 °C, and Combination), with tri-
plicate samples for each designated length of exposure. All samples
were wrapped in aluminum foil and stored at room temperature, unless
under active exposure to UV light or storage at 37 °C. Tubes containing
samples for air exposure had 2 mm holes punched through each cap to
simulate puncture by a 14-16-gauge needle such as those typically used
for bovine injections. Three samples were removed and stored in fully
sealed microcentrifuge tubes at seven (Air,q), 14 (Airi4q), 30 (Airzeq),
and 50 days (Airsoq). Exposure to UV light was accomplished by using a
BSL-II hood UV lamp (UV—A and UV—B). Three samples were removed
after three (UVs,), six (UVen), 12 (UVian), and 24h (UVasp).
Environmental temperature was simulated by placing samples in a
37 °C stationary incubator (dark inside) for eight hours per exposure.
Three samples were removed after five (37 “Csexp), 10 (37 “Cioexp), 20
(37 *Capexp), and 40 exposures (37 “Caoexp)- Between exposures, samples
were stored at 4 °C in the dark. Finally, for the Combination exposure
group each condition was set up as described above, and three samples
were exposed to each of the following combinations of conditions: 1.)
five exposures 37 °C/three hours UV light/seven days ambient air
(Comboyy); 2.) 10 exposures 37 °C/six hours UV light/14 days ambient
air (Comboj44); 3.) 20 exposures 37 °C/12 h UV light/30 days ambient
air (Combosgq); 4.) 40 exposures 37 °C/24 h UV light/50 days ambient
air (Combosgg).

2.3. BPQ/PQ assay development and determination of drug susceptibility of
exposed samples

To evaluate loss of BPQ and PQ potency, we used laboratory cul-
tures of T. equi-infected erythrocytes. T. equi parasites were originally
isolated and adapted to culture from a splenectomized horse that was
infected with T. equi from a 2009 field outbreak in Texas (Hines et al.,
2015; Ueti et al., 2012). The potency of fresh PQ and BPQ were both
evaluated in this system. The initial concentrations were based on the
described pharmacokinetics of PQ and BPQ in cattle (Kinabo and
Bogan, 1988; Muraguri et al., 2006), in vitro efficacy for T. parva in
lymphoblastoid culture (Mchardy et al., 1985), and in vitro efficiency
for Leishmania donovani (Croft et al., 1992; Venkatesh et al., 2008). This
involved two-fold dilutions initially ranging from 0.00019 to 0.048 pg/
mL for PQ and 0.0768 to 0.3 g/mL for BPQ. These dilutions were pre-
pared by using the stock solutions of PQ (15 mg/mL) and BPQ (5 mg/
mL) in DMSO, serially diluted in HL2A-NHS media to reach the ap-
propriate concentrations for the assay. The final concentration of DMSO
in all drug dilutions was < 0.02%, which has no effect on parasite
growth (Wise et al., 2012). The assay was adapted from previously
described procedures (Hines et al., 2015; Silva et al., 2018); briefly,
each assay was performed over a 48-h period in a 96-well plate, with
infected/untreated erythrocytes, uninfected/untreated erythrocytes,
and infected/treated erythrocytes (at each tested concentration of drug)
used as controls. Each sample and control was evaluated in triplicate,
with approximately one percent of parasitized erythrocytes (PPE) in-
fected at the beginning of the assay. Hydroethidine staining with flow
cytometry was used to evaluate the final PPE for each sample (Hines
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et al., 2015). Each of the three independent exposure replicates for
every exposure type and length was assessed in tandem by using three
technical replicates for each drug concentration. The concentrations
initially tested included two-fold dilutions ranging from 0.00075 to
0.048 pg/mL for PQ, and from 0.0006 to 0.0096 pug/mL for BPQ. This
range was expanded upwards as necessary to accommodate samples
with an increase in ICso. Evaluation of exposed samples began with
examination of maximum Combo exposures (BPQ Combosyy and PQ
Combospq) to determine the expected maximum possible effect from all
factors. This was followed by the other treatment exposures. A similar
process was used for individual conditions, starting with UVag4p,
37 °Capexp> and Airsoq. If no treatment effects were evident upon max-
imum exposure, lesser exposures were not evaluated.

2.4. Flow cytometry

Cell suspensions were evaluated using a FACSCaliber flow cyt-
ometer equipped with CellQuest computer software (Becton Dickinson
Immunocytometry Systems, San Jose, CA, USA). The inclusion gate was
based on the forward and side scatter features of uninfected ery-
throcytes stained with hydroethidine and 50,000-150,000 events per
sample were collected. Ethidium bromide fluoresces in the FL-2
channel, and correspondingly argon-laser fluorescence excitation at
488 nm and emission at 585 nm (range 563-607 nm) were used for
analysis in log FL-2 data mode. Fluorescent profiles were recorded for
later analysis with FCS Express software (De Novo software, Los
Angeles, CA, USA). Quadrant gating of generated dot plots (FL-2 vs.
side scatter) was based on stained uninfected erythrocyte controls to
delineate between infected and uninfected cell populations. The PPE of
each well was determined based on the percentage of the cell popula-
tion characterized as RBCs that exhibited FL-2 fluorescence on flow
cytometry.

2.5. BPQ and PQ degradation determined by reversed-phase high
performance chromatography

High Performance Liquid Chromatography (HPLC) was performed
by using an AKTA™ Avant system (GE Healthcare, Pittsburg, PA, USA)
coupled with a Kinetex C18, 5 pum particle size, 100A, 100 x 4.6 mm
stainless steel column, manufactured by Phenomenex (Phenomenex
Gemini, Torrance, CA, USA). Mobile phases were 0.05 M Na-acetate
buffer (pH 3.6)-Acetonitrile (35:65 v/v) and 0.05 M Na-acetate buffer
(pH 3.6)-Acetonitrile (20:80, v/v) for BPQ and PQ, respectively. Elution
was performed at 1 ml/min flow rate with an equilibration phase for
4 min followed by an elution step for 10 min for PQ and 8 min for BPQ,
using protocols adapted from Kinabo (1988) and Venkatesh (2007).
Samples were injected using a 20-l loop and detection was achieved by
measuring simultaneously the UV absorption at 251 and 281 nm.
Integration was used to determine the area under the 251 nm chro-
matogram curve, which correlated with recovery of the drug. Data
collection and analysis were completed using UNICORN™ 6.3 control
software (GE Healthcare Life Sciences). Calibration curves were con-
structed using the injectable drug due to unavailability of the pure
compound for both drugs. The BPQ calibration curve was linear in the
20-1000 ng range (Fig. S3) and the PQ calibration curve was linear in
the 30-1500 ng range (Fig. S4). PQ samples in all treatment groups
were diluted 1/100 prior to injection while BPQ samples were diluted
1/200 in their respective mobile phase. The samples were diluted to
ensure that undegraded samples were detected well inside the linear
range of the calibration curve, with only samples that underwent
complete degradation falling outside the linear range of detection.

2.6. Confirmation of air exposure as the main cause for BPQ and PQ
degradation

BPQ and PQ were diluted to 5 mg/mL and 15 mg/mL (respectively)
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in N-methyl-2-pyrrolidone. Triplicate samples of 1.4 mL (completely
filled) and 0.2 mL (partially filled) were prepared in brown 1.5 mL
microcentrifuge tubes and left at room temperature for 50 days, pro-
tected from light. Samples included those with air exposure in the form
of “headspace” in partially filled tubes, while the completely filled
tubes had no obvious headspace. These samples were then evaluated for
drug recovery using HPLC in comparison with a 1/10 dilution of a
fresh, unexposed sample taken from the drug vial just before HPLC
analysis.

2.7. Data analysis

Mean PPE for each drug concentration and controls was calculated
by averaging the PPE of three independent replicates. Percent of max-
imum PPE (%-max-PPE) was then calculated for each concentration
using the mean PPE value in comparison to the highest PPE obtained in
the assay for a given isolate. The 50% inhibitory concentrations (ICsq)
were estimated by fitting response curves using nonlinear regression
and determining interpolated X values for Y = 50, including 95%
confidence intervals for a significance level of P < 0.05 (GraphPad
Prism version 6.3, GraphPad Software, La Jolla, CA). The ICs, values for
each exposure replicate were compiled to calculate the mean, standard
deviation, and percent change in ICsy (relative to the control of no
exposure) for each exposure type and duration. Mean %-max-PPE va-
lues were also calculated to generate one mean ICs, curve for each
exposure type and duration to compare against a mean control curve
and determine if there were statistical differences between each treat-
ment compared to unexposed drug. Exposure replicates deemed sig-
nificant outliers via Grubb’s test were eliminated from analysis (http://
graphpad.com/quickcalcs/Grubbsl.cfm). Data from HPLC analysis was
evaluated by one-way ANOVA (F-test level of significance) using pair-
wise comparisons between each exposure duration for the content of
each drug under each exposure condition. This was also performed to
evaluate the relationships between the Air and Combo samples from
each drug. Mean values were grouped according to Tukey HSC with
simultaneous 95% confidence intervals. Average percent of intact drug
was calculated for each time point as a function of the time zero un-
exposed control. A nonlinear regression plot with one phase decay was
then generated and Pearson’s correlation coefficient calculated to de-
termine the relationship between these values and the corresponding
mean ICsy values; that is, depicting the correlation between drug
quantity recovered and potency.

3. Results
3.1. In vitro susceptibility of T. equi to BPQ and PQ

Initial tests using our in vitro assay indicated that the 50% inhibitory
concentration (ICso) for unexposed BPQ and PQ was 0.0019 pg/mL and
0.0042 pg/mL, respectively. When no-treatment control data was
pooled across independent experiments, the results remained very
consistent with a mean ICsy of 0.002 pug/mL (9.5% coefficient of var-
iation; 10 replicates) for unexposed BPQ and 0.0048 pg/mL (9.0%
coefficient of variation; seven replicates) for unexposed PQ (Fig. S1)

3.2. Effect of simulated environmental exposures on the in vitro
susceptibility of T. equi to BPQ and PQ

3.2.1. Exposure to UV light and elevated temperature (37°C)

There was no significant difference between the mean ICsy of tri-
plicate BPQ samples with maximum exposures to ultraviolet light
(UVa4n) and to elevated temperature (37Csgexp) relative to controls
(P > 0.05; all 95% confidence intervals overlapped). The same result
was evident for PQ, and thus no further testing was pursued with re-
spect to UV light or elevated temperature.
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Fig. 1. Mean ICs, after exposure to ambient air for 7, 14, 30 or 50 days for (a) BPQ, and for 30 and 50 days for (b) PQ. Error bars represent the estimated 95%
confidence interval that was based on the goodness-of-fit growth inhibition curve for each replicate.

3.2.2. Exposure to air

Exposure of BPQ to air altered the ICs, dramatically, with increases
in the mean ICsq for Airy4q, Airsgq, and Airseq of 538%, 1531%, and
4535%, respectively (P < 0.05), relative to no-air exposure control
(Fig. 1a). The Air74 ICso was not significantly different from the un-
exposed control (P > 0.05). The mean ICsq of PQ increased 247%
(P < 0.05) when exposed to air for 50 days but by day 30 the increase
was only 12.6% (Fig. 1b; PQ Air;4q and Air;q were not evaluated).

3.2.3. Combination of exposures

Combination exposures were subjected to each of the following
combinations of conditions, designated by length of air exposure:
Combo,4 (five exposures 37 °C/three hours UV light/seven days am-
bient air); Combo;4q (10 exposures 37 °C/six hours UV light/14 days
ambient air); Comboszgq (20 exposures 37 °C/12h UV light/30 days
ambient air); and Combosgg (40 exposures 37 °C/24 h UV light/50 days
ambient air). When exposed to multiple environmental conditions, the
mean ICso of BPQ increased an average 43% (BPQ Combo,4), 806%
(BPQ Comboy4q), 4233% (BPQ Combosgq), and 3526% (BPQ Combosog)
(Fig. 2a). The mean ICs, of PQ Combosog increased an average of 93%,
however the wide confidence interval observed in this treatment ren-
dered the result statistically insignificant (Fig. 2b). No significant
change was found for PQ Comboszgq or PQ Combo;4q, while PQ
Combo-,4 was not tested.
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3.3. Effect of simulated environmental exposures on the stability of BPQ
and PQ determined by HPLC

3.3.1. Exposure to UV light or elevated temperature (37°C)

BPQ exposed to 37 °C for five or 20 exposures of eight hours each
resulted in no change in recovered drug while the 37 °Cigeyp, and
37 °Capexp samples resulted in 13.6% and 21.1% reductions in detect-
able drug compared to the control (P < 0.01 and P < 0.0001, respec-
tively) (Fig. 3a — Temperature). While statistically significant, these
changes were equivalent to 1.2-fold and 1.3-fold reductions, respec-
tively. Ultraviolet light exposure caused a significant decrease in the
mean pg of recovered BPQ relative to the control in all tested exposures
except for UVj,, but there were no statistical differences between
treatments > 3 h in duration and the magnitude of change was 1.1-fold
relative to the unexposed control (Fig. 3a — UV). PQ was significantly
degraded by exposure to 37 °C for ten, 20, or 40 exposure periods of
eight hours each, but not after five exposures. Exposures of 10 and 20
periods resulted in a reduction of approximately 13.5% (P < 0.01)
where after 40 exposures the medium reduction was of 11.1%
(P < 0.05), statistically the exposures of 10, 20 and 40 where not dif-
ferent among each other. This reduction, although statistically sig-
nificant, represents only a < 1.2-fold change decrease in drug quantity
(Fig. 3b). Exposure to UV light for 24 h resulted in a significant (11.9%)
decrease in recovered PQ relative to the unexposed sample (P < 0.05),
while exposures for 3, 6, and 12h were not statistically different
(Fig. 3b — UV) with a 1.1-fold-change in comparison to the control.
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Fig. 2. Mean ICs, for combination exposure experiments with (a) BPQ and (b) PQ. 7 d: 5 exposures 37 °C/3 h UV light/7 d ambient air; 14 d: 10 exposures 37 °C/6 h
UV light/14 d ambient air; 30 d: 20 exposures 37 °C/12 h UV light/30 d ambient air; 50 d: 40 exposures 37 °C/24 h UV light/50 d ambient air. Error bars represent
the estimated 95% confidence interval based on the goodness-of-fit growth inhibition curve for each replicate.
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Fig. 3. Drug quantity (ug) as measured by HPLC for both (a) BPQ and (b) PQ following environmental exposure. Increasing shades of gray from left to right indicate
time O control, followed by increasing exposures to 37C (5, 10, 20, and 40 exposures), UV light (2, 6, 12, and 24 h), ambient air (7, 14, 30, and 50 days) and
combination exposures. (see legend to establish relation between shades of gray and exposure treatments).

3.3.2. Exposure to ambient air

The average recovered quantity of BPQ decreased significantly in a
time dependent manner, with virtually no drug being recovered after
30 days of exposure (P < 0.0001; Fig. 3a-Air). PQ stability was also
affected by air exposure, with Airspq and Airsoq demonstrating sig-
nificant reductions in recovered drug (23.5% and 68.8% reduction,
respectively) (Fig. 3b-Air). All of the combination exposures included
ambient air and the results from these experiments reflected te air ex-
periments with a high degree of precision (r = 0.987 for BPQ and
r = 0.998 for PQ; Fig. 3). This was also evident by comparing Air and
Combo samples for each time point (Fig. 3a and b.).

3.4. Confirmation that air exposure is the primary cause for BPQ and PQ
degradation

The first set of experiments used PQ and BPQ samples diluted in
DMSO as solvent due to the lack of information regarding medicinal
drug formulations and because DMSO would not interfere with the
bioassays. Once we confirmed N-methyl-2-pyrrolidone as the pharma-
ceutically-relevant solvent we elected to replicate our initial results by
evaluating degradation of BPQ and PQ, pharmacy-grade formulations
that were exposed to 50 days of air and compared to unexposed con-
trols. In comparison to the original experiments we opted to leave one
tube partially filled (0.2 ml) and other set of triplicates completely filled
(1.4 mL). The mean reduction in partially-filled tubes (having ambient
air headspace) was 45.12% (P < 0.0001) for BPQ and 15.4% reduction
(P < 0.01) for PQ (Fig. 4). These changes were equivalent to 1.9-fold
and 1.2-fold reductions, respectively. For completely-filled tubes (no
obvious headspace) the reductions were 11% (P < 0.01) and 7.2% (P =
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Fig. 4. Drug quantity (ug) as measured by HPLC for both BPQ and PQ in an
unopened source vial and 50 days after transfer into tubes with different
amounts of air.

0.12), respectively (Fig. 4) resulting in a 1.1-fold reduction for both
drugs. Diluted aliquots (1:10) exhibited color changes after 50 days, but
these chromatic changes were not associated with a loss of drug po-
tency (Fig. S4).

3.5. Correlation of drug degradation with loss of potency

The percent increase in ICsy against T. equi (decrease in drug po-
tency) was negatively correlated with percent drug quantity for both
BPQ (r = -0.74, P < 0.01) and PQ (r = -0.88, P < 0.01). A minimal loss
of potency was evident with 50% degradation of BPQ quantity, but
further degradation caused a significant increase in ICso (Fig. 5a). For
PQ, a statistically significant change in ICso was not observed until the
mean recovered quantity decreased by almost 69% (to ~31% of the
control) (Fig. 5b). Degradation of more than 70% was not observed in
this experiment.

4. Discussion

The motivation for the present study was the observation that in
East Africa, veterinary antibiotics are commonly stored at individual
households and these injectable drugs often exhibit dramatic changes in
color. The hydroxynaphthoquinone compounds investigated in this
study, buparvaquone and parvaquone, are the current medications of
choice for the treatment of theileriosis in cattle, most notably East Coast
Fever and tropical theileriosis. Given that ideal storage conditions are
difficult to achieve in many parts of the world, it was important to
determine how exposure to variable environmental factors such as
temperature, UV light, and ambient air impact the potency of these
drugs (Amin and Kokwaro, 2007). These factors were tested initially
with undiluted drug products, however our initial attempts to induce
chromatic changes in the tested drugs did not produce any observable
color changes for either PQ or BPQ. Therefore, we decreased the sta-
bility window of both drugs by performing a 10x dilution using either
DMSO or N-methyl-2-pyrrolidone - a pharmaceutically-relevant sol-
vent. This type of dilution for “stress tests,” which are also called
“forced degradation studies, is a standard practice to assess drugs sta-
bility against different conditions in a timely manner (Guidance for
IndustryQ1A(R2) Stability Testing of New Drug Substances and Pro-
ducts). In effect, by decreasing the stability window via dilution we are
able to assess a “worst case scenario” in terms of drug stability.

Based on our functional assay (T. equi susceptibility) and evaluation
of drug degradation (HPLC), BPQ and PQ were relatively stable for the
temperature and UV treatments used in this study (< 11% and < 8%
loss, respectively). This degree of reduction, based on HPLC analysis,
was not correlated with a detectable change in the ICs, against T. equii
cell culture assay. This does not mean that there was no biological
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Fig. 5. Correlation between drug degradation and reduced potency. Drug quantity percent of unexposed control sample) versus loss of potency percent increase in

ICso) following environmental exposures for (a) BPQ and (b) PQ.

impact from this degree of degradation, but this probably reflects lim-
itations in the cell culture assay for which ICs, calculations were based
on 2-fold changes in drug concentration. Exposure to ambient air,
however, caused much greater degradation to the drugs, with BPQ es-
sentially eliminated and PQ reduced to 31.2% after 50 days of exposure.
The larger quantifiable decreases in drug quality were closely corre-
lated with measurable loss of potency based on the T. equi cell culture
assay. Fortunately, there appeared to be no synergistic degradation
effects when ambient air exposure was coupled with temperature and
UV exposure. Overall, BPQ was more sensitive to ambient air exposure
compared with PQ.

Theileriosis is a major disease burden of livestock in (sub)tropical
regions (Mukhebi et al., 1992; Wise et al., 2013), therefore evaluating
factors that affect the stability of these important anti-theilerial drugs is
very important. These findings also contribute to the establishment of
best practices for storage and handling of veterinary drugs in these
areas, thus supporting the human populations that depend on successful
treatment outcomes in infected animals. Compromised drug quality
negatively affects the ability of veterinarians and farmers to control
infectious livestock diseases. Importantly, the use of drugs with de-
creased potency due to degradation would likely result in sub-ther-
apeutic plasma levels in treated animals, a well-known risk factor for
development of antimicrobial drug resistance (Dzinjalamala et al.,
2005; Nzila et al., 2000; Tjitra et al., 2002; Watkins and Mosobo, 1993).
This is a progressive mechanism whereby insufficient drug concentra-
tions affect highly susceptible organisms while allowing survival of
more resistant parasites. This phenomenon is a particular problem for
drugs with extended half-lives (Nzila et al., 2000; Watkins and Mosobo,
1993), such as BPQ.. Although resistance to naphthoquinones has not
been widely reported, resistance to BPQ has been observed and in-
vestigated in T. annulata (Mhadhbi et al., 2015, 2010; Sharifiyazdi
et al., 2012). In human medicine, there is well documented resistance to
the naphthoquinone drug atovaquone in apicomplexans such as Plas-
modium falciparum (Cottrell et al., 2014), Toxoplasma gondii (McFadden
et al., 2000), and Pneumocystis carinii (Kaneshiro, 2001). Despite the
lack of reported drug resistance in T. parva, treatment of ECF relies
heavily on BPQ and PQ with limited alternative therapeutic options. As
such, development of resistance to these drugs would pose a significant
problem and the use of PQ may be preferable in situations where ideal
storage conditions are not feasible.

Fortunately, despite the potential that these anti-parasitic drugs are
commonly stored inappropriately and undergo chromatic changes (Fig.
S5), such color changes are not a reliable indicator that the drugs have
lost efficacy except under more extreme conditions that were needed to
decrease the ICso. The potency of BPQ and PQ could be preserved for
longer periods if ambient air can be evacuated from multiple-use vials
assuming that the seals remain intact. While temperature per se had

much less effect on these compounds, repeated temperature cycles
(heating-cooling) is likely to draw ambient air into vials via pressure
changes, and thus storing these compounds at a constant temperature
will also help. It would also be prudent to market these drugs in single-
dose aliquots to eliminate the problem of degradation when the com-
pounds cannot otherwise be protected from ambient air. Without these
precautions, decreased potency of BPQ and PQ could have significant
detrimental impacts including decreased efficacy for treatment of
Theileria-infected cattle and potential development of drug resistance
over time, resulting in higher treatment costs, treatment failures, re-
duced animal welfare, and loss of income and health status that will be
particularly problematic for African small-scale farmers and pastoralists
(Thumbi et al., 2015).
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