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Abstract

Background—These studies investigated the serum pharmacokinetic (PK) profile of racemic
(3,4)-methylenedioxypyrovalerone [(7,5)-MDPV)] and its (R)- and (S)-enantiomers in female and
male Sprague Dawley rats.

Methods—Intravenous (~,S)-MDPV (3 and 5.6 mg/kg) and single enantiomer of (R)- and (S5)-
MDPV (1.5 mg/kg) were administered to both sexes for PK studies. Intraperitoneal (ip)
bioavailability was determined at 3 mg/kg (R, S)-MDPV. Locomotor activity studies were
conducted after ip treatment with saline and 0.3-5.6 mg/kg of (R, S)-MDPV.

Results—PK values after iv (R,S)-MDPV showed a significant (p<0.05) sex-dependent
differences in the volume of distribution at steady state (Vdgs) for (A)- and (R,S)-MDPV at both
(R,S)-MDPV doses. The female S/R enantiomeric ratios for area under the concentration time
curve (AUC;in) and clearance were significantly lower and higher, respectively, than values
determined in males. Importantly, there was no evidence of /7 vivo inversion of (R)-MDPV or (S5)-
MDPV to its antipode. There were, however, significant sex-dependent differences in volume of
distribution after administration of the (/)-enantiomer. Bioavailability studies of ip (~,S)-MDPV
showed greater variability and significantly greater bioavailability in male rats. Accordingly, there
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was a significantly greater maximal distance traveled measurement in male rats at a 3.0 mg/kg
dose.

Conclusion—PK sex differences in (R,S)-MDPV and enantiomers were most apparent in
volume of distribution, which could be caused by differences in drug blood and tissue protein
binding. The increased magnitude and variance in ip bioavailability in male compared to female
rats could lead to sex-dependent differences in the pharmacological action caused by active
enantiomer (S)-MDPV.

Keywords
(3,4)-methylenedioxypyrovalerone; chirality; pharmacokinetics; bioavailability; behavior; rat sex

1. Introduction

Racemic 3,4-methylenedioxypyrovalerone [(R,S)-MDPV] is a commonly detected synthetic
psychoactive cathinone in forensic (Uralets et al., 2014) and emergency department drug
screens (Borek and Holstege, 2012; Marinetti and Antonides, 2013; Murray et al., 2012;
Spiller et al., 2011). (R,S)-MDPV and its analogs are potent reuptake inhibitors at dopamine
and norepinephrine transporters (Marusich et al., 2014; Meltzer et al., 2006). Low doses of
these agents produce typical psychostimulant effects, but abnormal behaviors emerge at
higher doses, including profound ataxia and convulsions (Marusich et al., 2014). Because of
their potent actions as catecholamine-selective reuptake blockers, these drugs pose a risk for
addiction and other serious adverse effects in humans (Simmler et al., 2013). For example,
abuse of (R,S)-MDPV results in serious physiological reactions (/.e., tachycardia,
hypertension, rhabdomyolysis, acidosis), severe neuropsychiatric reactions (¢e.g., psychosis,
hallucinations, agitation) (Beck et al., 2015; Froberg et al., 2015), and death (Froberg et al.,
2015; Kesha et al., 2013; Murray et al., 2012; Wyman et al., 2013).

The pharmacokinetic (PK) profile of drugs is an important component of /n vivo drug action
(Lin and Lu, 1997). Novellas et al. (2015) report PK and pharmacodynamic evidence that
after dosing male Sprague-Dawley (SD) rats with racemic MDPV, there is a strong
correlation between psychostimulant effects and striatal levels of (R,S)-MDPV. Anizan et al.
(2016) report the first plasma PK values for (R,5)-MDPV following subcutaneous (sc)
administration of 0.5-2.0 mg/kg (R,S)-MDPV to male SD rats. They also include analysis of
two primary metabolites 3,4-dihydroxypyrovalerone and 4-hydroxy-3-methoxypyrovalerone.
These PK reports, however, are missing important elements of a more complete profile
including analysis of /n vivo clearance, volume of distribution, studies of male and female
animals, liver first-pass effects on bioavailability, and studies of (/)- and (S)-MDPV
enantiomers using a stereoselective assay for quantitating individual enantiomers of (R,S)-
MDPV.

(R,S)-MDPV is commonly self-administered as the racemic mixture comprising two
enantiomers. (S)-MDPV has profound pharmacological activity, while (/)-MDPV is less
potent in mice and rats (Gannon et al., 2016; Kolanos et al., 2015). In human users, (R,S)-
MDPV is often self-administered for a rapid onset of action by intravenous, inhalation, or
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insufflation routes, or by the oral route which has a slower onset of action and susceptibility
to gut and first pass metabolism (Froberg et al., 2015).

Drugs of abuse can have sex differences in both pharmacokinetics and pharmacodynamics.
For example, SD rat studies of (+)-methamphetamine (METH), a structural analog of (S)-
MDPV, in male and female rats revealed significant sex- and dose-dependent differences in
METH PK, metabolism, and locomotor effects (Milesi-Hallé et al., 2005). These sex-
dependent PK properties also contribute to differences in METH self-administration
behaviors in male and female rats (Roth and Carroll, 2004).

The premise for these studies was that a lack of knowledge about the effects of animal sex
on PK properties of (R,S)-MDPV and the use of non-enantioselective assays for quantitating
individual enantiomers of a racemic compound like (R, S)-MDPV could lead to less rigorous
studies and difficulties in scaling the findings from rat to human. Therefore, a chiral liquid
chromatography tandem mass spectrometry (LC-MS/MS) method was used to selectively
quantitate serum concentrations of (S)-, (R)- and (R,S)-MDPV (Hambuchen et al., 2017) in
male and female rats. We studied potential sex-, dose-, and enantiomer-dependent
differences in the PK profile of (5)- (A)- and (R,S)-MDPV after ip or iv administration of
(R,S)-MDPV. 1V doses of (S)-MDPV and (R)-MDPV in male and female rats were also
tested to determine PK properties of individual enantiomers, and if there was /n vivo
inversion of (R)-MDPV or (S5)-MDPV to its antipode.

2. Materials and Methods

2.1. Drugs and Chemicals

(R,S)-, (S)-, and (R)-MDPV (purity =295%) for rat experiments were obtained from the
National Institute on Drug Abuse (Bethesda, MD) drug supply program. (R,S)-MDPV HCI
(1 mg/ml free base in methanol; Cerilliant, Round Rock, TX) was used to make 2, 6, 20, 60,
200, and 2000 ng/ml calibration standards in non-hemolyzed normal rat serum (NRS; Pel-
Freeze Biologicals, Rogers, AR) or 3, 100, and 1600 ng/ml quality control standards in SD
rat serum from Innovative Research (Novi, Ml) for LC-MS/MS. (R,S)-MDPV-Dg (0.1
mg/ml free base in methanol; Cerilliant) in acetonitrile at 30 ng/ml was used as an internal
standard. All MDPV doses and concentrations were calculated as the free base. All other
chemicals were purchased from Sigma Chemical Company (St. Louis, MO) or Thermo
Fisher Scientific Inc. (Waltham, MA) unless otherwise noted. (%,S)-MDPV doses for
administration to rats were prepared in administration buffer containing 15 mM phosphate
and 150 mM sodium chloride, pH 7.3.

2.2. Animals

Male (300-325 g) and female (250-275 g) adult rats were purchased from Charles Rivers
Laboratories International Inc. (Wilmington, MA) just prior to use in various studies. Male
and female rats were approximately two and three months old, respectively, at the start of
each experiment and were kept <6 weeks to complete specific experiments. The rats were
individually-housed for PK studies to protect the cannula or pair-housed for locomotor
studies with a 14/10-hour light/dark cycle, 22°C environment. Lights were turned on and off
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at 6:00 am and 8:00 pm, respectively. Rats had free access to water and were fed
approximately 20 g of food pellets on a daily basis that maintained their body weights
between 250-300 g (females) and 290-370 g (males). Rats were acclimated to the new
environment for 1-2 weeks before the studies.

Rats for the PK studies were surgically implanted with femoral and jugular vein
polyurethane catheters at the vendor. Catheters were exposed one week after arrival under
2% inhaled isoflurane anesthesia. This was one day prior to experimental procedures. The
patency of the catheters was maintained using glycerol containing 500 U of heparin (50 pl)
as a locking solution. Studies were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals, as adopted and promulgated by the NIH. All experiments were
performed with the approval of the Institutional Animal Care and Use Committee of the
University of Arkansas for Medical Sciences.

2.3. Locomotor Activity

The locomotor activity studies of ip (~7,S)-MDPV were performed in male and female SD
rats (/7=4/sex) similar to previous studies (Hambuchen et al., 2014). Females were tested
first, followed by males. Briefly, overhead video cameras recorded horizontal motion and
rearing behaviors for 6 h (1 h before and 5 h after treatments) in open-top polyethylene
chambers. Ethovision 8 software (Noldus Information Technology, Inc., Sterling, VA)
recorded the locomator activity in 4 min bins. Rats were habituated in the behavior
chambers for 2 h on the day prior to saline treatment and each of the (R, S)-MDPV doses.
Saline, 0.3, 1, 3, and 5.6 mg/kg (R,S)-MDPV were administered in the same group of
animals with 3—-4 days between treatments. Since sensitization is known to occur with some
daily MDPV multiple dosing schedules (Berquist et al., 2016; Buenrostro-Jauregui et al.,
2016; Watterson et al., 2016), it is possible that subsequent doses in our studies could have
produced greater responses due to a previous exposure to the drug. However, we did not
conduct studies of sensitization. The duration of action of horizontal distance traveled and
rearing behavior was determined as the time required for animals to return to their baseline
activity after each (R,5)-MDPV treatment. Baseline activity for each animal was considered
to occur when two consecutive 4-min bins were below the animal’s averaged saline-induced
horizontal distance traveled or rearing behavior bins plus one standard deviation. The
maximal distance traveled and maximal number of rearing events occurring within a 4 min
bin over the course of the testing session were determined for each rat.

2.4. PK Experiments

Prior to experimentation, rats were anesthetized with 2% isoflurane and placed in a tethered,
infusion harness with a polyurethane extension (1.D. 0.38mm, O.D. 1.09m) connected to the
jugular vein catheter for blood collection. An initial blood sample (50 pl) was taken to
monitor hematocrit and to serve as a pre-drug administration sample. Rats were placed in
metabolism cages (Nalgene Supply, Rochester, NY) and the tether attached to a swivel to
allow free movement during blood sampling. Rats were removed from their cage
immediately prior to (R,S)-MDPV injection and then returned to their metabolism cage for
the remainder of the study.
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Groups of male and female rats (/7=5-6/sex) were administered doses of either 1, 3, or 5.6
mg/kg of (R,S)-MDPV through an iv femoral catheter. Male and female rats in the 3 mg/kg
iv groups were administered an additional 3 mg/kg ip (/,S)-MDPV dose one week after iv
dosing to determine (R, S)-MDPV bioavailability (see below). For ip doses, the syringe
plunger was pulled back before injection to assure that the needle was not in a blood vessel.

A separate study with individual (S)-MDPV and (~/)-MDPV enantiomers was conducted in
male (r7=4) and female rats (7=5). A 1.5 mg/kg iv dose of (S)-MDPV, the amount of (S)-
MDPV present in a 3 mg/kg (R,S)-MDPV dose, was administered one week prior to a 1.5
mg/Kkg iv dose of (R)-MDPV.

After the 3 and 5.6 mg/kg (R,S)-MDPV and 1.5 mg/kg (S)- and (R)-MDPV studies, blood
samples were collected from the jugular catheter at 5, 20, 60, 90, 120, 180, 240, and 360
min. After the 1 mg/kg dose, a 300-min time point was used instead of a 360-min time point
to improve the chances of measuring concentrations above the lower limit of quantitation.
The total blood volume collected during each experiment was <1% of the rat’s total body
weight. We collected less blood volume at early time points (50 ul) when drug
concentrations were highest and more blood volume when concentrations were lower (100—
200 pl). Sterile saline was used to replace blood volume loss after each blood draw. Blood
samples were maintained at 4°C for >1 hr to allow for clotting, centrifuged 7 min at 20,817
rcf (at 4°C) for serum collection, and stored at —80°C.

2.5. Serum MDPV Quantitation

Serum (S)-, (R)-, and (R, S)-MDPV concentrations were determined using a previously-
validated liquid phase extraction and chiral LC-MS/MS method (Hambuchen et al., 2017).
Briefly, separation was performed using an Acquity UPLC Chromatographic system with a
Lux 5 pm Amylose-2 100 x 4.6 mm chiral analytical column (Phenomenex, Torrance, CA)
at 19°C and a Quattro Premier XE mass spectrometer (Waters Corp, Milford, MA) with an
electrospray ionization probe in positive ion mode. Since reporting this method, chiral
separation was increased by slowing the flow rate from 1 ml/min to 0.5 ml/min. The lower
and upper limits of quantitation were 1 and 1000 ng/ml, respectively, for each enantiomer.
The limits for racemic MDPV were 2 and 2000 ng/ml. Five analytical runs conducted over
25 days showed all quality control concentrations for within day and between days were
within 20% of the predicted values. The coefficient of variation percentage was less than
20% of the actual values.

2.6. PK Analysis of Serum (S)-MDPV, (R)-MDPV, and (R,S)-MDPV Concentration-Time Data

Following iv drug administration of 1.0, 3.0 and 5.6 mg/kg of (~,S)-MDPV or 1.5 mg/kg of
enantiomer, the log concentration vs time curves of (S)-MDPV, (R)-MDPV, and (R, S)-
MDPV from each rat were characterized by model-dependent PK methods using Phoenix
WinNonlin (V6.4, Certara USA, Princeton, NJ). The concentration of (/,S)-MDPV at each
time point after (R,S)-MDPV administration was calculated by summing the two enantiomer
concentrations. Bi- and tri-exponential curves with first-order input functions were fit
sequentially to each individual concentration—time data set using 1/y and 1/y? weighting
schemes, where y is the predicted concentration. An ~test was performed to choose the
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best-fit model between the multiple compartmental analyses (Boxenbaum et al., 1974). The
best-fit line to each data set was selected after considering the visual inspection of the fit of
each curve to the data, analysis of the residuals, and assessment of the magnitude of the
coefficients of variation for each PK parameter. The PK parameters calculated by the
WinNonlin software were area under the concentration-time curve from time 0 to infinity
(AUC;ns), total clearance (Cly), terminal elimination half-life (12, ), and volume of
distribution at steady-state (Vdgs). The apparent volume of distribution (\Vd) was calculated
by Clt/A,. The average macroconstants (not reported) derived from the best-fit lines for the
2-comparment (A, B and A4, A;) and 3-compartment models (A, B, C and A1, Ap, A;) were
also calculated. A1 and A are the calculated distribution rate constants, and A is the
terminal elimination rate constant. A-C are the y-intercepts.

To determine /n vivo bioavailability (F) of (5)-, (R)- and (R,S)-MDPV after (R,S)-MDPV
administration, we used the concentration-time data sets from the administration of an iv 3.0
mg/kg (R,S)-MDPV dose followed one week later by a 3.0 mg/kg ip dose in the same male
and female animals. Using noncompartmental PK analysis of the log serum concentration—
time curves, Cmax, 1222, and AUC;ns values were determined for each enantiomer and
racemic drug after each route of administration. To calculate F, the AUC;,s value after ip
dosing was divided by the AUC;us value after iv dosing in the same animal.

The (5)-MDPV and (R)-MDPV drugs were provided by NIDA with a purity of >95%. Using
our chiral selective LC-MS/MS method, we determined that the (S)-MDPV stock contained
1.2% (R)-MDPV as an impurity, and the (/)-MDPV stock contained 0.5% (S)-MDPV as an
impurity. To calculate the apparent /n vivo serum (R)-MDPV impurity following iv
administration of (S)-MDPV, we divided the apparent serum AUC value of (R)-MDPV by
the sum of the serum (/)-MDPV AUC plus the (S)-MDPV AUC;¢, times 100%. The same
calculation was made for the serum (S)-MDPV impurity following iv administration of (/)-
MDPV.

The S/RPK enantiomer ratios were determined by dividing each (S)-MDPV PK value by
the (R)-MDPV PK parameter (Brocks, 2006; Fitzgerald et al., 1990).

2.7. Statistics

All data were reported as an arithmetic mean * standard deviation (SD) except for half-life
values which are reported as a harmonic mean + a pseudo SD as described by Lam et al.
(1985). Results from ambulatory activity experiments were analyzed using a two-factor
mixed-model analysis of variance (ANOVA) with sex as the between-subjects factor and
dose as the within-subjects factor. Following a statistically significant ANOVA, Holm-Sidak
multiple comparisons tests (or simple main effects tests in the case of a statistically
significant interaction) were performed for all pairwise comparisons. Results from iv
racemic PK data were analyzed using a two-way ANOVA with sex and dose as the between-
subjects factors, followed by Holm-Sidak multiple comparisons tests (or simple main effects
tests) for all pairwise comparisons. Results of ip bioavailability, Crayx, and ty; ; between
sexes, and comparisons of PK parameters and enantiomeric impurity between enantiomers
in the single enantiomer iv PK studies in female rats, were first analyzed for equal variances
using an ~test. If an ~test revealed a statistically significant inequality between variances,
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an unpaired Welch’s #test was performed. In cases of equal variances, data were analyzed
using an unpaired #test. Results from iv single enantiomer PK data were analyzed using a
two-factor mixed-model ANOVA with sex as the between-subjects factor and enantiomer as
the within-subjects factor, followed by Holm-Sidak multiple comparisons tests (or simple
main effects tests) for all pairwise comparisons. Statistical analysis and creation of figures
was performed with GraphPad Prism software (V7, La Jolla, CA, USA). Statistical
significance was declared at p<0.05;.¢i-

3.1. Locomotor Effects of (R,S)-MDPV

Fig.1 A-D depicts the horizontal locomotion and rearing events produced in female and
male rats by ip saline (control) and increasing (~,S)-MDPV doses over time. The 1, 3, and
5.6 mg/kg ip doses produced detectable activity in female and male rats, while 0.3 mg/kg did
not. Fig. 2 A-B depicts the maximal activity measurements of both distance traveled and
rearing. Fig. 2 C-D depicts the duration of activity measurement of both distance traveled
and rearing. More details of all statistical comparisons are available in the supplement
section (S.1)1.

3.2. PK Studies

Fig. 3 shows a representative average rat serum concentration-time plots of (5)-, (/)-, and
(R,S)-MDPV after iv dosing of 1, 3 and 5.6 mg/kg of (R,S)-MDPV. Table 1 summarizes the
PK parameters of (5)-, (R)-, and (R,S)-MDPV calculated from these concentration-time
data. Due to a lower limit of quantitation of 1 ng/ml for (S)- and (”)-MDPV, and 2 ng/ml for
(R,S)-MDPV, we could only accurately quantitate concentrations after the 1 mg/kg dose up
to the 120 to 240 min time points. Based on PK analysis of the 3 and 5.6 mg/kg doses, there
were not sufficient concentration-time data points in the terminal elimination phase after the
1 mg/kg dose of (R,S)-MDPV to fully characterize the PK profile in this dose group. While
the estimated PK values for the 1 mg/kg dose are included for the reader’s evaluation, the
data were not judged as sufficiently complete for the statistical comparisons with the PK
values of 3 and 5.6 mg/kg.

Bioavailability parameters and statistical analysis after ip administration of 3 mg/kg (R, S)-
MDPV are shown in Table 2. Representative average rat serum concentration-time plots for
a female and male subject are presented in Fig. 4.

Fig. 5 shows a representative average female and male rat serum concentration-time plot for
(S)- and (R)-MDPV after iv dosing of 1.5 mg/kg of each enantiomer. Analytical sensitivity
was not a problem for these studies of enantiomers at 1.5 mg/kg because this dose was three
times greater than the concentration of each enantiomer following 1 mg/kg of (R,S)-MDPV
(7e.,, 0.5 mg/kg of each enantiomer). Individual PK parameters and statistical analysis are
shown in Table 3. The /n vivo antipode impurity of (S)- and (R)-MDPV was 3.2 + 0.6 and
0.33 £ 0.27% in females and 2.6 £ 0.2 and 1.0 + 0.1% in males, respectively. Table 4 shows

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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the ratio of (S)- to (R)-MDPV PK values and results of statistical analysis in the rats
administered iv (R,S)-MDPV.

4. Discussion

This is the first report of sex- and enantiomer-dependent differences in PK properties of
MDPV in rodents. Human users of MDPV report self-administration of between 1 to 20 mg
of (R,S)-MDPV by insufflation or 2 to 25 mg orally according to a website about the use of
psychoactive drugs in humans (Erowid, 2013). This corresponds to a range of 0.014 to 0.29
mg/kg dose in a 70 kg individual. The range of racemic MDPV serum concentrations found
in human samples from forensic and intoxicated patients is about 1-1500 ng/ml (Beck et al.,
2015; Grapp et al., 2017; Spiller et al., 2011). The concentrations found in our rats after 1 —
5.6 mg/kg iv doses ranged from 2—-6932 ng/ml.

Most of our PK studies were performed with iv (R,S)-MDPV, since human users often self-
administer this drug by routes producing a rapid onset of action and because iv
concentration-time data offer the most accurate measure of the major PK parameters. After 3
and 5.6 mg/kg iv doses of (R,S)-MDPV, there were no significant dose-dependent
differences in the PK values but there were significant sex differences in Vdg for (A)- and
(R,S)-MDPV (Table 1). The female S/R enantiomeric ratios for AUC;.s and Clt were
significantly lower and higher, respectively, than values determined in males (Table 4).

The distribution half-life values for (S)-, (R)- and (R,S)-MDPV after iv dosing of 3 and 5.6
mg/kg (R,S)-MDPV ranged from 17 to 23 min (data not shown). Since PK processes are
usually considered complete after four half-lives, the MDPV enantiomers on average
required 80 min (i.e., 4 x 20 min) to fully distribute. This long distribution phase does not
necessarily indicate slow brain equilibration for drugs, but in a study of striatal (R,S)-MDPV
concentrations in rats after sc dosing, peak concentrations of (/,S)-MDPV are not reached
until 20-30 min (Novellas et al., 2015). With iv (R,S)-MDPV, however, peak brain
concentrations will likely occur at a much earlier time point as is the case with
phencyclidine and (+)-METH (Proksch et al., 2000; Riviére et al., 2000).

While Anizan et al. (2016) could not distinguish the (/)- and (S)-MDPV enantiomers, their
LC-MS/MS quantitation method was sufficiently sensitive to characterize PK values after sc
administration in male rats at lower doses of (R,S)-MDPV. Anizan et al. report the t17, ,
values for plasma (R,S)-MDPV after sc doses of (~,5)-MDPV at 0.5, 1.0, and 2.0 mg/kg in
male SD rats are 97.9 + 29.1, 77.8 £ 11.6, and 83.8 + 32.2 min, respectively. Their half-life
values, determined by a non-compartmental analysis, were reasonably similar to those
determined in male SD rats after iv (R,5)-MDPV doses of 3 and 5.6 mg/kg in the present
study (Table 1). Similar to the Anizan study of male SD rats using sc doses, dose-dependent
differences in half-life or AUC;,s values (normalized for dose) for our male rats following iv
doses were not found, even though the 5.6 mg/kg dose of (R,S)-MDPV in the current studies
was 2.8 times higher than their highest dose.

Studies of iv dosing with (S)- and (/)-MDPV enantiomers in male and female rats at 1.5
mg/kg doses were used to determine if either enantiomer substantially inverts to the antipode
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and to determine if the PK properties of the individual enantiomers are significantly different
(Table 3, Fig. 5). Some enantiomeric drugs are known to convert /n7 vivo from one
enantiomer to another in an enzyme catalyzed unidirectional (e.g., ibuprofen) or chemical
induced bidirectional (e.g., lorazepam or thalidomide) manner (Brocks, 2006; Nguyen et al.,
2006). Based on /n vivo AUCjus values from dosing with individual enantiomers, the average
percentage of chiral antipode impurity was not substantively different from the enantiomer
impurity of the stock dosing solutions for (S)-MDPV or (R)-MDPV. These data indicate the
PK properties of MDPV enantiomers are not further complicated by /n vivo racemization.
Nevertheless, since the pharmacological effects are more potently due to (S)-MDPV
(Gannon et al., 2016; Kolanos et al., 2015), it would be important for investigators to know
the chiral purity of both (/)- and (S)-MDPV stock reagents before use in experiments.

A major determinate of drug distribution is protein binding to plasma proteins, red blood
cells, and tissues (Brocks, 2006). These factors can result in enantioselective differences in
volume of distribution, and sometimes Clt. Indeed, after the administration of single
enantiomers, there were significant differences in (S)- and (/)-MDPV Vdg and Vd in
female and male rats, respectively. Compared to males, females showed a significantly lower
(R)-MDPV V(d, a significantly lower S/R ratio for AUCjns, and a significantly higher S/R
ratio for Vdgs. Further studies of protein binding and determination of PK values in critical
organs like the brain, heart and kidney would help to explain these MDPV enantiomeric
differences.

Previous reports show a sc (R,S)-MDPV dose of 0.3 mg/kg produces significant locomotor
effects (Baumann et al., 2013; Novellas et al., 2015). After correcting for the average ip
bioavailability (Table 2), the 0.3 mg/kg dose equaled approximately 0.1 and 0.17 mg/kg in
female and male rats, respectively. Thus, the lack of locomotor effects of this dose in the
current study was likely due to low ip bioavailability.

Male rats had an approximately 40% greater average bioavailability than females (Table 2).
Upon closer examination of these data, the male values for bioavailability showed an
apparent bimodal distribution of values that resulted in greater variance. In the ip (R, 5)-
MDPV locomotor studies, this may explain the apparent differences between sexes in
distance traveled and rearing events after all doses and the significant elevation of maximal
distance traveled (per 4 min bin) after the 3 mg/kg dose in male compared to female rats
(Fig. 1 and 2). The reason(s) for this variability in males was not clear, but a previous PK
study found high variability in ip bioavailability of cocaine in male rats (Ma et al., 1999).

5. Conclusions

In summary, following iv doses of (/)-, (S)-, and (R,S)-MDPV, the most significant PK
differences were in the volume of distribution (Vdgs or VVd) (Tables 1 and 3), which could be
caused by differences in MDPV blood and tissue protein binding. Importantly, there was no
evidence of /in vivo inversion of (R)-MDPV or (S)-MDPV to its antipode. In the ip
bioavailability study, there was significantly greater bioavailability and variability for (S)-
and (R,S)-MDPV in male rats compared to female rats. The increased magnitude and
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variance in ip bioavailability in male compared to female rats could lead to sex-dependent
differences in the pharmacological effects of (S)-MDPV.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. First report of sex-dependent (R, S)-methylenedioxypyrovalerone (MDPV)
and enantiomer differences in pharmacokinetics (PK).

. Males had significantly greater (p<0.05) Intraperitoneal (ip) (S)- and (R, S)-
MDPV bioavailability.

. Most significant PK differences were in the volume of distribution (Vdgs or
Vd).

. Sex differences in volume of distribution could be due to MDPV protein
binding.

. There was no evidence of /n vivo inversion of (R)-MDPV or (S)-MDPV to its
antipode.
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Fig. 1.
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Distance traveled (Panel A-B) and rearing events (C-D) in female (A and C) and male (B
and D) rats after ip doses of saline or (R,S)-MDPV. All values are mean + SD with n = 4 per

sex. See Figure 2 for further data analysis.
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Fig. 2.

Tr?e maximal distance traveled (m) (Panel A) and maximal number of rearing events (Panel
B) in the 4 min bins after ip (R,S)-MDPV dosing in female and male rats based on data from
Figure 1. Panels C and D show the duration of action of horizontal motion and rearing
events after ip (R,S)-MDPV dosing. All values are mean + SD with n = 4 per sex. The *
denotes statistical differences (p < 0.05) between (R,S)-MDPV dose and saline within sex,
and the # denotes a statistical difference (o < 0.05) between female and male rats.
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Serum concentration versus time curves of (5)-, (R)-, and (R,S)-MDPV from one animal
representative of the average pharmacokinetics values after an iv bolus dose of 1, 3, or 5.6
mg/kg (R,S)-MDPV in female and male SD rats (/7= 5-6 per group). Symbols denote
observed concentrations. The best-fit solid lines in each plot were determined by model-
dependent pharmacokinetic analysis. See Table 1 for comparison of pharmacokinetic values

after the iv dosing.
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Fig. 4.
Serum concentration versus time curves of (S)-, (R)-, and (R,S)-MDPV from one animal

representative of the average pharmacokinetic values after an ip dose of 3 mg/kg (R, S)-
MDPV in female and male SD rats (17=5-6 per group). Symbols denote observed
concentrations. The terminal best-fit solid lines in each plot were determined by
noncompartmental pharmacokinetic analysis. See Table 2 for the analysis of
pharmacokinetic values after the iv and ip dosing.
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Segrum concentration versus time curves from one animal representative of the average
pharmacokinetic values after an iv bolus dose of 1.5 mg/kg iv (S)-MDPV (upper panels) and
(R)-MDPV (lower panels) administration in female (left panels) and male (right panels) rats
(n=4-5 per group). Symbols denote observed concentrations. The best-fit solid lines were
determined by model-dependent pharmacokinetic analysis. See Table 3 for the average PK
values and statistical comparisons.
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Table 4

S/R enantiomer ratios in female and male rats after administration of 3 and 5.6 mg/kg doses of (R, S)-MDPV.
PK data for this analysis was derived from Table 1. See supplemental files for more details of the statistical
analysis.

Pharmacokinetic Parameter Female Male
3 mg/kg (R,S)-MDPV SRRatio | SR Ratio
AUCH 0.84 +0.054 | 0.90+0.05
bz 1.12+0.40 | 1.03+0.23
Cly 1.20+0.084 | 1.11+£0.05
Vg, 1.25+0.16 | 1.17+0.15
vd 1.28 £0.45 1.15+0.28
5.6 mg/kg (R,S)-MDPV n==6 n=5
AUCint 0.85+0.034 | 0.91+0.02
LI7IY: 0.99+0.11 | 1.00+0.06
Clr 1.18+0.044 | 1.10£0.02
Vdgs 1.27+0.08 | 1.16 +0.05
vd 1.17+0.12 | 1.09+0.07
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aSignificantIy different (p < 0.05) from male values.

Drug Alcohol Depend. Author manuscript; available in PMC 2018 October 01.



	Abstract
	1. Introduction
	2. Materials and Methods
	2.1. Drugs and Chemicals
	2.2. Animals
	2.3. Locomotor Activity
	2.4. PK Experiments
	2.5. Serum MDPV Quantitation
	2.6. PK Analysis of Serum (S)-MDPV, (R)-MDPV, and (R,S)-MDPV Concentration-Time Data
	2.7. Statistics

	3. Results
	3.1. Locomotor Effects of (R,S)-MDPV
	3.2. PK Studies

	4. Discussion
	5. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1
	Table 2
	Table 3
	Table 4

