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Abstract: Flupirtine, a nonopioid analgesic drug, is effective in treating neonatal seizures. However,
its brain delivery and pharmacokinetics are unknown in neonatal mammals. The purpose of this
study was to determine the pharmacokinetics of flupirtine and the formation of its active metabolite
D-13223 in various tissues such as brain in neonate animals. On postnatal day 7, rat pups received
25 mg/kg of flupirtine intraperitoneally. Liver; heart; kidney; lung; spleen; retina; serum; and
brain regions hippocampus, cortex, and the remaining brain (devoid of cerebellum) were harvested
up to 24-h postdosing. An LC-MS/MS assay was developed to quantify flupirtine and D-13223.
Flupirtine was delivered to all tissues assessed, with the highest area under the concentration vs. time
curve (AUC0–24h) in liver (488 µg·h/g tissue) and the lowest in spleen (82 µg·h/g tissue). Flupirtine
reached the brain, including the hippocampus and cortex, within 1 h of dosing and persisted at
24 h. Flupirtine AUC in various brain regions was approximately 195 µg·h/g tissue. The half-life
of flupirtine in various tissues ranged from 3.1 to 5.2 h. D-13223 was formed in vivo and detected
in all tissues assessed, with the concentrations being the highest in the liver. Incubation of isolated
neonatal rat liver, heart, kidney, lung, spleen, whole eye, serum, or whole brain with flupirtine for 3 h
at 37 ◦C formed D-13223 in all tissues, except serum. D-13223 formation was the highest in isolated
liver tissue. Tissue partition coefficients based on isolated tissue uptake correlated well with in vivo
tissue:serum drug exposure ratios. Thus, flupirtine reaches the target brain tissues from the systemic
route in neonatal rats, and brain tissue forms the active metabolite D-13223.
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1. Introduction

Flupirtine (ethyl-N-[2-amino-6-(4-fluoro-phenylmethylamino) pyridin-3-yl] carbamate), an
aminopyridine, is a centrally acting nonopiate analgesic that was first approved in Europe in 1984 and
is now marketed in India, China, and Brazil for treating acute and chronic pain in patients. It is effective
against pain involving the musculoskeletal system, tension headache, tumor pain, pain associated
with dysmenorrhea, and pain following traumatic/orthopedic surgery and injuries [1–3]. Flupirtine
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acts primarily by opening KCNQ-type potassium (K+) channels during the early depolarization
phase, thereby increasing the threshold for generating a neuronal action potential [4,5]. It activates
G-protein-regulated, inwardly rectifying K+ channels (GIRKs) and stabilizes the membrane resting
potential by indirectly inhibiting the NMDA receptor activity [4,6–10]. Additionally, flupirtine shifts
the gating of γ-aminobutyric acid (GABA) type-A receptors to a lower GABA concentration [4,5,10].

Besides being an effective analgesic, studies in animal models suggest that flupirtine has
therapeutic potential in treating neurological disorders. Flupirtine reduced brain injury, promoted
remodeling of the brain tissue, and reduced cognitive deficits in animal models of ischemia in
adults [11–13]. More recent studies suggest that flupirtine is a highly effective treatment for
neonatal seizures in global hypoxia, hypoxic–ischemic encephalopathy (HIE), flurothyl, and kainic
acid animal models and is more efficacious than the current first-line anticonvulsant drugs [14–16].
The effectiveness of flupirtine against neonatal seizures in multiple animal models provides strong
evidence for assessing this medication in newborn humans with seizures. However, there is insufficient
literature concerning the metabolism and distribution of flupirtine in various tissues after systemic
administration in neonates.

Flupirtine is well absorbed from the gastrointestinal tract in humans with a bioavailability of
90% via the oral route and 70% via the rectal route [17]. The plasma half-life of flupirtine after oral
or intravenous administration in adult humans ranges from 6.5 to 9.5 h [18,19]. The half-life values
are similar in epileptic patients [20]. The mean elimination half-life of flupirtine is longer in elderly
than in younger subjects, which could be due to decreased renal clearance and hepatic metabolism
in older patients [18]. Following oral administration, the plasma half-life of flupirtine in adult rats,
dogs, and cats is 2.2, 2.6 [21], and 13.6 h [22], respectively. In adult horses, the plasma half-life
of flupirtine is 3.02 h after intravenous administration [23]. However, similar information is not
available for flupirtine in neonatal animals. Furthermore, biodistribution of flupirtine to brain and
tissues other than blood/plasma was not previously reported in any animal model. Determining
biodistribution, metabolism, and pharmacokinetics of flupirtine will support its potential use in
a variety of neonatal diseases.

In the current study, we determined the tissue distribution, elimination rate constant, and half-life
of flupirtine in neonatal rats after its systemic administration. Since D-13223 is an active metabolite of
flupirtine [21], we also determined its concentrations in various tissues. Because it was not possible to
dissect the contribution of various tissues to flupirtine metabolism observed in vivo, due to rapid blood
exchange between tissues, we quantified the metabolism of flupirtine by freshly isolated tissues as
well. Finally, we determined whether the ex vivo (isolated tissue incubation) tissue partition coefficient
correlated with the in vivo tissue:serum drug exposure ratio.

2. Materials and Methods

2.1. Materials

Dimethyl sulfoxide (DMSO), flupirtine maleate, flupirtine-d4 maleate, and formic acid were
obtained from Sigma-Aldrich and were of UltraPure quality (Sigma-Aldrich Chemicals company,
St. Louis, MO, USA). Optima LC-MS grade acetonitrile and HPLC grade methyl tert-butyl ether
(MTBE) were purchased from Fisher Scientific (Fisher Scientific, Hampton, NH, USA). D-13223 HCl
was obtained from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Dallas, TX, USA).

2.2. Methods

2.2.1. Animals

All procedures involving animals were performed in accordance with the NIH guidelines for the
care and use of laboratory animals and according to the protocol approved by the Institutional Animal
Care and Use Committee (IACUC), University of Colorado Anschutz Medical Campus (UC-AMC)
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(Protocol number—B-98104(12)1E; date of approval—Oct 22, 2015). Additionally, efforts were made to
reduce animal suffering and the number of animals used. Timed pregnant Sprague-Dawley rats were
obtained from Charles River Laboratories (Wilmington, MA). The pregnant rats were at the 14th day
of gestation (E14) on arrival at the vivarium and delivered the pups at E22 or E23. Pups from both
sexes were used for the study.

2.2.2. Tissue Distribution Studies

For in vivo studies, flupirtine maleate was dissolved in DMSO at a concentration of 12 mg/mL
and injected intraperitoneally at the dose of 25 mg/kg body weight to P7 rat pups (male and female).
Animals were anesthetized at 1, 6, and 24 h using isoflurane, and ~200 µL of blood was drawn
from cardiac puncture, allowed to clot, and centrifuged to isolate the serum. Each animal was
euthanized by transcardial perfusion with 10 mL of sterile ice-cold PBS at pH 7.4. Right cortex, left
cortex, right hippocampus, left hippocampus, remaining brain excluding cerebellum (remaining brain),
heart, kidney, liver, lung, right retina, left retina, and spleen were isolated from each animal and
weighed. All the surgical tools used were either replaced or cleaned by rinsing in 1N nitric acid,
1 L double-distilled water, followed by DMSO and 1 L double-distilled water, and then blotted dry
between each animal to prevent any transfer of drug between tissue samples. Dissected tissues were
immediately frozen on dry ice and stored at −80 ◦C pending analysis. Typical tissue preparation and
LC-MS/MS analysis are further described below.

2.2.3. Sample Preparation for In Vivo Tissue Distribution

Tissues (liver, spleen, kidney, heart, and lung) were mixed with 10 µL of water per milligram of
tissue and homogenized in a glass–glass homogenizer. Fibrous tissues were chopped with a fresh
razor blade prior to homogenization. All tools used were cleaned between samples. Homogenized
samples were stored at −20 ◦C until extracted. An aliquot containing ~30 mg of homogenized tissue
was taken from each sample for extraction. Homogenates were spiked with flupirtine-d4 (internal
standard) and diluted with water.

Cortex, hippocampus, and remaining brain tissue (all about 30 mg); retina samples (entire retina);
and serum samples (30 µL aliquots) were directly added to microcentrifuge tubes. Samples were
diluted with water, spiked with flupirtine-d4, and homogenized (serum samples did not require
homogenization) by shearing with a pipette followed by sonication for 5 min.

Samples were mixed with 60 µL of 0.1N NaOH, vortexed, bath sonicated for 5 min, and mixed
with 1 mL of MTBE. Sample solutions were vortexed and bath sonicated for 5 min, then spun down
at 10,000 rcf for 5 min. The supernatant was collected into fresh microcentrifuge tubes capped with
hole-punched lids and dried in a Savant™ Speedvac™, Model SC100. Dried samples were stored at
−20 ◦C until analysis. Immediately prior to LC-MS/MS analysis, dry samples were reconstituted in
water and loaded into 96-well microtiter plates.

2.2.4. Flupirtine Metabolism in Isolated Tissues

Another set of P7–P9 SD rat pups (male and female) were anesthetized with isoflurane and
~200 µL of blood was drawn from cardiac puncture, allowed to clot, and centrifuged to isolate the
serum. Animals were euthanized by transcardial perfusion with 10 mL of prewarmed (37 ◦C) PBS.
Whole brain, heart, kidney, liver, lung, spleen, and eyes were isolated. Immediately after isolation,
a piece of each tissue type weighing 100 (±10) mg was isolated with a blade and placed on a microscope
slide and cut into four approximately equal pieces. As the total weight of both the eyes was less than
100 mg, the two eyes were combined (total weight ~77 mg) after each eye was cut into two pieces and
incubated together to represent one sample. Tissue pieces were then suspended in glass scintillation
vials with 994 µL of prewarmed (37 ◦C) sterile PBS (pH 7.4). Flupirtine maleate (60 µg in 6 µL) from
a freshly prepared stock in DMSO (10 mg/mL) solution was added to all the tissues and incubated
at 37 ◦C with rocking (150 rpm) in a water bath incubator. At 0.25, 0.5, 1, 2 and 3 h, 100-µL aliquots
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of the tissue incubation medium were removed and placed in separate ice-cold plastic vials, which
were stored at −80 ◦C until analysis. Lost sample volume (100 µL) was replenished with fresh sterile
prewarmed (37 ◦C) PBS to maintain the volume of 1 mL and the incubation was continued at 37 ◦C
with rocking.

2.2.5. Sample Preparation for Ex Vivo Metabolism

Collected aliquots from tissue samples were spun down to remove any tissue debris and 5 µL of
the supernatant was diluted into 2 mL of water containing 400 pmol of flupirtine-d4 and analyzed by
LC-MS/MS. Each serum sample aliquot (5 µL) was diluted into 300 µL of water containing 400 pmol
of flupirtine-d4 and then extracted with MTBE as previously described for in vivo samples. Serum
sample extracts were reconstituted in 1 mL of water and analyzed by LC-MS/MS.

2.2.6. LC-MS/MS Analysis

A Prominence HPLC (Shimadzu, Kyoto, Japan) coupled to a QTrap 4500 mass spectrometer
(AB Sciex, Framingham, MA, USA) operated in ESI+ mode was used for the analysis. Optimized
parameters were found to be: curtain gas, 45 psi; collision gas, high; ion spray voltage, 3000 V; source
temperature, 650 ◦C; ion source gas 1 and 2, 60 psi; declustering potential, 50 V; and collision energy,
24 V.

Analytical separation and quantitation of flupirtine (m/z 305.1→ m/z 196.1), flupirtine-d4 (m/z
309.1→m/z 196.1), and D-13223 (m/z 275.2→m/z 166.1) were achieved on an Agilent Eclipse PLUS-C18
column (4.6 × 150 mm, 5 µm) (Agilent Technologies, Santa Clara, CA, USA). The column was held at
40 ◦C and eluted at 1 mL/min with a gradient of 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). Chromatographic separation was achieved with a linear gradient (time, % of solvent
B): 0–12 min, 10%–30% B; 12–13 min, 30%–10% B; then isocratic for 9 min at 10% B to re-equilibrate the
column. Limited validation of the method was performed. The lower limit of quantitation (LLOQ)
for flupirtine using flupirtine-d4 internal standard was at least 5 fmol (accuracy = 100.5%, relative
standard deviation (RSD) = 1.3%; 0.42 ng/mL of flupirtine maleate; N = 4) and for D-13223 using the
flupirtine-d4 internal standard, the LLOQ was 0.5 fmol (accuracy = 98.4%, RSD = 2.2%, 0.031 ng/mL of
D-13223 HCl; N = 4).

The concentration of flupirtine was determined by comparing the ratio of the HPLC-ESI+-MS/MS
peak area for flupirtine to the flupirtine-d4 peak area against the area ratios generated from known
concentrations of flupirtine and flupirtine-d4 in a calibration curve.

The MS/MS response for flupirtine was linear from <125 fmol to ~7.5 pmol on column
(0.011–0.63 µg/mL flupirtine maleate). The internal standard flupirtine-d4 was typically used at
2.5 pmol on the column (0.21 µg/mL flupirtine-d4 maleate). Flupirtine calibration curves were similar
in both water and liver tissue homogenates; therefore, calibration curves in water were typically used.
Further, the matrix effect on flupirtine and D-13223 analysis was assessed using a dynamic method [24]
based on postcolumn infusions and liver tissue as a representative matrix. Extracts from homogenized
liver were analyzed by LC-MS/MS; then, the analysis was repeated with a 25 nM (10.51 ng/mL) of
flupirtine maleate solution and 25 nM (7.77 ng/mL) of D-13223 HCl solution infused at 10 µL/minute
into the column eluent through a three-way junction. Tissue matrix did not show any interfering peaks.
Further, no matrix-based suppression or enhancement of the flupirtine or the D-13223 signals were
observed (see Supplementary Figure S1).

For flupirtine:flupirtine-d4 ratios above 2:1, flupirtine concentrations in the calibration curve
were fixed at 5 pmol on column (0.42 µg/mL flupirtine maleate) and the flupirtine-d4 concentrations
were reduced. When possible, the same calibration curve was used to calculate the amount of
D-13223 concentrations in the samples. Samples with trace concentrations of D-13223 were quantified
using a separate external calibration curve ranging from 1 to 1000 fmol of D-13223 on column
(0.063–62.5 ng/mL of D-13223 HCl). The MS/MS response for D-13223 was linear over the entire
range. For the external standard curve of D-13223, the LLOQ was 0.5 fmol (accuracy = 129.4%, RSD for
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concentration estimation = 36.5%, 0.031 ng/mL of D-13223 HCl; N = 4). The area response for D-13223
at 0.5 fmol or 0.031 ng/mL had an RSD of 11.1%.

Recovery of flupirtine after liquid–liquid extraction was ~80% in the brain tissues in the absence
of correction with internal standard. Because we used flupirtine-d4 as an internal standard, any loss of
analyte during extraction should result in an equal loss of flupirtine-d4, thereby correcting for loss on
extraction and for variations in recovery from the tissues assessed. Due to the structural similarities
between flupirtine and D-13223, recovery of D-13223 should be approximately the same as recovery of
flupirtine, which allows flupirtine-d4 to also correct for the loss of D-13223.

As the flupirtine and D-13223 concentrations of right and left cortex, right and left hippocampus,
left and right kidney, and left and right retina for in vivo distribution experiments were comparable,
the results for left and right parts for each tissue type from the same animal were averaged and
used as one sample. The concentrations of flupirtine as well as D-13223 in ex vivo samples were
corrected for sample dilution at each sampling time, and averages were presented per milliliter of
incubation medium.

3. Data Analysis

The experimental results are represented as mean ± standard deviation. Statistical analysis was
conducted using one-way ANOVA followed by Tukey’s post hoc analysis (GraphPad Prism, v 4.5,
GraphPad Software, San Diego, CA, USA). The results were considered statistically significant at
p < 0.05.

Assuming first-order elimination, elimination rate constant and half-life were estimated for
flupirtine. The area under the concentration vs. time curve (AUC0–24h) for flupirtine and D-13223 was
estimated using a linear trapezoid rule.

4. Results

4.1. Biodistribution and Pharmacokinetics of Flupirtine

The elimination rate constant and half-life of flupirtine in the tissues were calculated based on the
flupirtine concentrations at 1-, 6-, and 24-h time-points (Table 1). The half-life of flupirtine ranged from
3.1 to 5.2 h in the various tissues studied. The AUC0–24h ranked the highest in liver and the lowest in
spleen for both flupirtine as well as D-13223 (Table 1).

Table 1. Pharmacokinetic parameters of flupirtine in neonatal Sprague-Dawley rats following
systemic dosing at a dose of 25 mg/kg. Pharmacokinetic parameters were calculated using mean
concentration–time-course data (n = 3–7). NE—Not estimated.

Tissue

Flupirtine D-13223

AUC0–24h
(µg·h/g Tissue)

Elimination Rate
Constant (ke, h−1)

Half-Life
(t1/2, h)

AUC0–24h
(µg·h/g Tissue)

Half-Life
(t1/2, h)

Hippocampus 195 0.140 4.9 4.70 NE
Cortex 196 0.142 4.9 5.25 NE

Remaining brain 195 0.135 5.1 3.56 NE
Heart 197 0.145 4.8 3.75 NE

Kidney 273 0.144 4.8 6.74 NE
Liver 488 0.137 5.1 16.9 10.7
Lung 181 0.179 3.9 6.09 NE
Retina 139 0.134 5.2 5.43 NE
Serum 176 0.192 3.6 6.56 NE
Spleen 82 0.222 3.1 3.54 NE

Figure 1 shows a representative LC-MS/MS chromatogram for flupirtine, D-13223, and
flupirtine-d4 (internal standard) from a neonatal rat liver harvested 6 h after dosing with flupirtine.
Figure 2A shows flupirtine concentrations in neonatal rat tissues at 1, 6, and 24 h. Flupirtine
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was detectable at all time-points in each tissue type studied. Flupirtine concentrations in all the
tissues were the highest at 1 h, followed by a gradual reduction at 6- and 24-h postdosing. At 1-h
postdosing, liver had the highest concentration of flupirtine, while spleen had the lowest concentration.
Liver concentrations of flupirtine at 1 and 6 h were significantly higher compared to all other
tissues. Flupirtine concentrations were not significantly different between different brain regions
at any time-point.

Figure 2B presents tissue concentrations of D-13223, a biologically active metabolite of flupirtine,
at 1, 6, and 24 h after intraperitoneal administration of flupirtine. D-13223 could be quantified at all
time-points in all the tissue types studied. Peak D-13223 concentrations occurred at 1 h for heart,
liver, and lung tissues. Peak D-13223 concentrations occurred in all other tissues 6 h after dosing. The
liver concentration of D-13223 was significantly higher than all other tissues at 1 h. At 1 h, the lung
concentration of D-13223 was significantly higher than all brain regions. The kidney concentration
of D-13223 at 1 h was significantly higher than the hippocampus and the remaining brain. D-13223
concentrations were not significantly different between different brain regions at any time-point.
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Figure 1. A representative LC-MS/MS chromatogram from a neonatal rat liver that was harvested 6 h
after dosing with flupirtine. We measured 27.2 ng flupirtine/mg liver (A), 1.9 ng D-13223/mg liver (B),
and 6.7 ng flupirtine-d4/mg liver (C) in this sample. The MS/MS transitions used were: m/z 305.1→
m/z 196.1 for flupirtine, m/z 275.2→ m/z 166.1 for D-13223, and m/z 309.1→ m/z 196.1 for flupirtine-d4.
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Figure 2. In vivo time-course of concentrations of flupirtine and its metabolite D-13223 in various
tissues of neonatal rats and corresponding area under the concentration vs. time curve (AUC0–24h)
following a systemic dose of 25 mg/kg flupirtine. (A) Flupirtine. (B) D-13223. (C) Correlation of
AUC0–24h for flupirtine and D-13224. Data is presented as mean ± SD for three to seven animals in
panels A and B and as values based on average concentration-time-course in panel C.

AUC0–24h of D-13223 correlated well with AUC0–24h of flupirtine when all tissues were plotted,
with a correlation coefficient (R2) of 0.84 (Figure 2C). Further, correlations between flupirtine and
D-13223 concentrations at multiple time-points indicated R2 of 0.49 and 0.68 for liver and lung,
respectively, with other tissues showing even lower correlation.

4.2. Conversion of Flupirtine to D-13223 in Isolated Rat Tissues

Figure 3 shows the time-course of flupirtine and D-13223 concentrations in the incubation medium.
Flupirtine remained quantifiable in the incubation medium throughout the 3-h experiment for all the
samples (Figure 3A). Flupirtine concentrations at 30 min were the highest for the serum and the lowest
for the liver. After the initial rapid decline by 30 min, flupirtine concentrations remained relatively
stable in the incubation medium for all the tissues. The drug loss was the highest in the incubation
medium for the liver and the lowest for the serum, eyes, and spleen.
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The amount of D-13223 present in the incubation medium at a given time was used as a measure
of flupirtine metabolism (Figure 3B,C). D-13223 was detected in the incubation media of all tissues
except serum, indicating that flupirtine was metabolized in all the isolated tissues except serum. All the
tissue incubation media except that of serum showed gradual increase of D-13223 throughout the
incubation period. The concentrations of D-13233 ranked the highest for the liver and the lowest
for the heart and the whole brain at the 3-h time-point among the tissues that metabolized the drug.
The liver medium concentration of D-13223 was significantly higher than all other tissues at each
time-point. In Figure 3C, concentrations of D-13223 were below the limit of quantitation at 15- and
30-min time-points for some of the tissues in a group, reducing the number of tissues below three.
These values were not included in the plot. The zero values represent the theoretical value at time zero.
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4.3. Tissue Partitioning In Ex Vivo Vs In Vivo Studies

Figure 4 correlates tissue partition coefficient values measured ex vivo as tissue:medium drug
concentration ratio at 1 h with in vivo partition coefficients measured as tissue:serum ratio of drug
concentrations at 1 h (Figure 4A) or AUC0–24h (Figure 4B). Although the magnitudes of ex vivo and
in vivo partition coefficients were different, with the ex vivo values being higher, the correlations were
good with R2 of 0.76 and 0.79 for in vivo tissue concentration and AUC-based measures, respectively.
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5. Discussion

Although flupirtine mediates its analgesic activity mainly via its action at the central nervous
system level, no publication has reported flupirtine concentrations and its half-life in the brain. This
is the first study to directly quantify flupirtine concentrations in the brain tissue and determine
flupirtine pharmacokinetics in neonate animals. We measured flupirtine and its active metabolite
D-13223 in multiple tissues using a highly sensitive LC-MS/MS method, following intraperitoneal
administration of flupirtine in neonatal rats. Recent studies in animal models suggest that flupirtine is
very effective against hypoxia–ischemia-induced neonatal seizures [15,16]. In newborns, seizures are
most commonly associated with a hypoxic–ischemic event that often injures multiple brain regions
such as the hippocampus and cortex [25]. These regions are potential targets for flupirtine in treating
hypoxic–ischemic encephalopathy. Our results suggest that flupirtine was delivered to all brain regions



Pharmaceutics 2018, 10, 281 10 of 13

assessed, including the hippocampus and cortex. Furthermore, flupirtine was distributed to nonbrain
tissues including the liver, kidney, lung, heart, spleen, and retina, with the half-life being a few hours
in all tissues assessed (Figure 2A, Table 1). Flupirtine formed its biologically active metabolite D-13223
in vivo in neonatal rats, with the metabolite detectable in all tissues analyzed (Figures 2B and 5).
Isolated tissue studies indicated drug-to-metabolite conversion in all tissues assessed, except serum
(Figure 3).
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While the intravenous route is the most common route for administering drugs to treat neonatal
seizures in the clinic, tail vein injection is technically very challenging and unreliable in neonatal
rat pups due to their small size. Therefore, we selected the intraperitoneal route of administration
for the current study. For determining the approximate dose of flupirtine, the US Food and Drug
Administration (FDA) guidance on interspecies scaling factor was used. The approved oral dose
of flupirtine for analgesia in humans is 100–400 mg/subject/day [26,27]. Considering the average
human daily dose of flupirtine is 250 mg, which approximately equals 4 mg/kg, and based on scaling
factor 6.2 for rats [28], the daily dose for an adult rat was estimated to be about 25 mg/kg. Therefore,
the 25 mg/kg dose used in the current study was the human equivalent dose for adult rats. At this
dose, no gross side effects or behavioral changes were observed in animals during the experimental
period. Future studies will assess dose dependency of drug and metabolite pharmacokinetics.

With the intraperitoneal mode of administration used in this study, the drug was absorbed into
the liver via portal circulation at first, followed by entry into the systemic circulation. Consistent
with this first-pass effect, liver accumulation of the drug was the highest, followed by other tissues.
Given the high oral bioavailability of flupirtine [17], it is likely that the drug was well absorbed
from the intraperitoneal route. Drug concentrations were the highest at 1 h in all tissues, suggesting
rapid absorption of the drug. Beyond 1 h, the drug concentrations declined, possibly because drug
elimination outweighed drug absorption (Figure 2A).

While octanol:water partition coefficients are typically measured and reported for most new
drug molecules, reports on measured tissue partition coefficients are less common. In this study,
we estimated the partition coefficient for flupirtine in various tissues using ex vivo and in vivo
approaches (Figure 4A,B). For the ex vivo approach, a ratio of drug concentration between a tissue
and the incubation medium was used. For the in vivo approach, tissue:serum drug concentration
ratios at 1 h or AUC0–24h ratios were estimated as measures of partition coefficient. Ex vivo measures
were higher for all tissues but correlated well with the two in vivo measures of partition coefficient.
The results indicated the highest partitioning of the drug into the liver based on all the above
approaches. The brain also exhibited a high partition coefficient.

Flupirtine is known to be metabolized by liver enzymes, including esterases and N-acetyl
transferase to D-13223, which has about a fourth of the analgesic activity as flupirtine [29]. While
esterases are ubiquitous in various tissues in the body, N-acetyl transferase, an enzyme capable of
converting a flupirtine intermediate to D-13223 [21], has been detected in the liver, lung, kidney,
heart, and spleen of rats [30]. We measured D-13223 formation in vivo as well as ex vivo (Figures 2
and 3). These studies confirmed that all tissues except serum metabolize flupirtine to D-13223, with
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the greatest extent of metabolism taking place in the liver. With the small number of male and female
animals used in this study, no significant differences were evident between the sexes for flupirtine or
D-13223 concentrations in vivo or ex vivo.

The half-life of flupirtine ranged from 3.1 to 5.2 h in all the tissues analyzed (Table 1). Prior studies
reported that the half-life of flupirtine is 8.5–10.7 h in plasma after single intravenous, oral, and rectal
administrations in humans [17] and 2.2 h in adult rat and 2.6 h in dog after oral administration [21].
Since liver concentrations of the metabolite were the highest and showed a continuous decline, we
estimated the half-life of D-13223 using all the time-points where the metabolite concentrations were
measured. The estimated half-life of D-13223 from liver tissues was 10.7 h, which may represent the
rate of metabolism to D-13223 rather than its elimination.

A limitation of the current study was the small number of time-points used for the determination
of the half-life of flupirtine and D-13223. Additionally, the use of the intraperitoneal route in the current
study as opposed to an intravenous route may affect half-life estimates. Since tail vein injections in
neonatal rats are technically challenging and not reliable, they were not used in this study. A limitation
of flupirtine is that it induces acute liver injury in 0.01% of patients, and about seven deaths have been
reported following dosing of >17 million average daily prescriptions [31,32]. Furthermore, for most
patients, the onset of liver injury is delayed, with the changes in liver function observed after four
months of dosing [31]. Thus, it is unlikely that the liver function was affected by flupirtine within 24 h,
which was the duration of the present study.

The present study is the first study to assess flupirtine pharmacokinetics in various tissues other
than whole blood/plasma. Prior studies assessed the pharmacokinetics of flupirtine based on its
plasma concentrations [18]. Furthermore, to the best of our knowledge, there are no earlier published
references showing flupirtine tissue distribution. Our study is among the very few studies that assessed
the pharmacokinetics of any drug in neonatal animals [33–35]. Our findings suggest that flupirtine
rapidly enters the brain and other tissues and is metabolized by the brain as well as other tissues, with
the liver being the primary organ responsible for metabolism. Drug distribution is similar between the
cortex, hippocampus, and the remaining brain, suggesting no additional barriers for drug entry into
target tissues once the drug is past the blood brain barrier. Drug concentrations persisted for at least
24 h in all tissues, including the brain. However, most of the drug was eliminated within the first few
hours. Previous studies by Dr. Raol’s group indicated that a single intraperitoneal dose of flupirtine
is capable of reducing neonatal seizures in a hypoxia–ischemia rat model [16]. However, they found
that a single dose was not sufficient and daily dosing over a few days was required to prevent clinical
seizures that occur over a 72-h period following hypoxia–ischemia induction [16]. This study, while
supportive of daily dosing based on the presence of drug for at least 24 h in the brain, also suggests
that a more frequent dosing or sustained delivery might be more beneficial. Future studies should
assess the benefit of slow release delivery systems or more frequent dosing to treat neonatal seizures
using flupirtine.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/10/4/281/s1,
Figure S1. (A) An LC-MS/MS analysis of control liver extract in MRM mode spiked with flupirtine-d4 (blue;
125 fmol on column) as a retention time marker. No interfering peaks were detected. (B) The analysis was
repeated with a postcolumn infusion (10 mL/min) of a 25 nM (10.51 ng/mL) of flupirtine maleate solution
and 25 nM (7.77 ng/mL) of D-13223 HCl solution mixed into the column eluent through a three-way junction.
The signal intensity for flupirtine (green) and D-13223 (red) slowly tracks with the gradient. No matrix-based
signal enhancement or suppression was detected.

Author Contributions: Conceptualization, U.B.K. and M.A.P.; Methodology, M.A.P., U.B.K., B.A.M., Y.H.R.,
D.W.A.B., and R.A.K.; Formal Analysis, M.A.P., B.A.M., and R.A.K.; Data Interpretation, M.A.P., U.B.K., Y.H.R.,
D.W.A.B., B.A.M., and R.A.K.; Writing—Original Draft preparation, M.A.P. and B.A.M.; Writing—Review and
Editing, M.A.P., U.B.K., B.A.M., Y.H.R., D.W.A.B., and R.A.K.; Supervision, U.B.K., Y.H.R., and D.W.A.B.

Acknowledgments: The authors are thankful to Rachel R. Hartman for data review. This study was funded by
the ALSAM Foundation Skaggs Scholars Program grant at the University of Colorado Skaggs School of Pharmacy
and Pharmaceutical Sciences and the NIH grants R01 EY022097 and R01 HL119533. Yogendra H. Raol’s effort in
this study was supported in part by the NIH/NICHD grant R01 HD065534.

http://www.mdpi.com/1999-4923/10/4/281/s1


Pharmaceutics 2018, 10, 281 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Szelenyi, I. Flupirtine, a re-discovered drug, revisited. Inflamm. Res. 2013, 62, 251–258. [CrossRef] [PubMed]
2. Harish, S.; Bhuvana, K.; Bengalorkar, G.M.; Kumar, T. Flupirtine: Clinical pharmacology. J. Anaesthesiol.

Clin. Pharmacol. 2012, 28, 172–177. [CrossRef] [PubMed]
3. Douros, A.; Bronder, E.; Andersohn, F.; Klimpel, A.; Thomae, M.; Orzechowski, H.D.; Kreutz, R.; Garbe, E.

Flupirtine-induced liver injury—Seven cases from the Berlin Case-control Surveillance Study and review of
the German spontaneous adverse drug reaction reporting database. Eur. J. Clin. Pharmacol. 2014, 70, 453–459.
[CrossRef] [PubMed]

4. Klinger, F.; Geier, P.; Dorostkar, M.M.; Chandaka, G.K.; Yousuf, A.; Salzer, I.; Kubista, H.; Boehm, S.
Concomitant facilitation of GABAA receptors and KV7 channels by the non-opioid analgesic flupirtine. Br. J.
Pharmacol. 2012, 166, 1631–1642. [CrossRef] [PubMed]

5. Millichap, J.J.; Cooper, E.C. KCNQ2 Potassium Channel Epileptic Encephalopathy Syndrome: Divorce of an
Electro-Mechanical Couple? Epilepsy Curr. 2012, 12, 150–152. [CrossRef] [PubMed]

6. Jakob, R.; Krieglstein, J. Influence of flupirtine on a G-protein coupled inwardly rectifying potassium current
in hippocampal neurones. Br. J. Pharmacol. 1997, 122, 1333–1338. [CrossRef] [PubMed]

7. Kornhuber, J.; Bleich, S.; Wiltfang, J.; Maler, M.; Parsons, C.G. Flupirtine shows functional NMDA receptor
antagonism by enhancing Mg2+ block via activation of voltage independent potassium channels. Rapid
communication. J. Neural. Transm. 1999, 106, 857–867. [CrossRef]

8. Raffa, R.B.; Pergolizzi, J.V. The evolving understanding of the analgesic mechanism of action of flupirtine.
J. Clin. Pharm. Ther. 2012, 37, 4–6. [CrossRef]

9. Montandon, G.; Ren, J.; Victoria, N.C.; Liu, H.; Wickman, K.; Greer, J.J.; Horner, R.L. G-protein-gated
Inwardly Rectifying Potassium Channels Modulate Respiratory Depression by Opioids. Anesthesiology 2016,
124, 641–650. [CrossRef]

10. Martire, M.; Castaldo, P.; D’Amico, M.; Preziosi, P.; Annunziato, L.; Taglialatela, M. M channels containing
KCNQ2 subunits modulate norepinephrine, aspartate, and GABA release from hippocampal nerve terminals.
J. Neurosci. 2004, 24, 592–597. [CrossRef]

11. Rupalla, K.; Cao, W.; Krieglstein, J. Flupirtine protects neurons against excitotoxic or ischemic damage and
inhibits the increase in cytosolic Ca2+ concentration. Eur. J. Pharmacol. 1995, 294, 469–473. [CrossRef]

12. Klepacki, A.; Zalewski, J.; Zaremba, L. Inhibition of fibrinolysis in acute necrotic pancreatitis. Pol. Przegl.
Chir. 1974, 46, 985–989.

13. Block, F.; Pergande, G.; Schwarz, M. Flupirtine reduces functional deficits and neuronal damage after global
ischemia in rats. Brain Res. 1997, 754, 279–284. [CrossRef]

14. Raol, Y.H.; Lapides, D.A.; Keating, J.G.; Brooks-Kayal, A.R.; Cooper, E.C. A KCNQ channel opener for
experimental neonatal seizures and status epilepticus. Ann. Neurol. 2009, 65, 326–336. [CrossRef] [PubMed]

15. Sampath, D.; Shmueli, D.; White, A.M.; Raol, Y.H. Flupirtine effectively prevents development of acute
neonatal seizures in an animal model of global hypoxia. Neurosci. Lett. 2015, 607, 46–51. [CrossRef] [PubMed]

16. Sampath, D.; Valdez, R.; White, A.M.; Raol, Y.H. Anticonvulsant effect of flupirtine in an animal model of
neonatal hypoxic-ischemic encephalopathy. Neuropharmacology 2017, 123, 126–135. [CrossRef] [PubMed]

17. Hlavica, P.; Niebch, G. Pharmacokinetics and biotransformation of the analgesic flupirtine in humans.
Arzneimittelforschung 1985, 35, 67–74. [PubMed]

18. Abrams, S.M.; Baker, L.R.; Crome, P.; White, A.S.; Johnston, A.; Ankier, S.I.; Warrington, S.J.; Turner, P.;
Niebch, G. Pharmacokinetics of flupirtine in elderly volunteers and in patients with moderate renal
impairment. Postgrad. Med. J. 1988, 64, 361–363. [CrossRef]

19. Chen, X.; Zhong, D.; Xu, H.; Schug, B.; Blume, H. Simultaneous determination of flupirtine and its major
active metabolite in human plasma by liquid chromatography-tandem mass spectrometry. J. Chromatogr. B
Biomed. Sci. Appl. 2001, 755, 195–202. [CrossRef]

20. Narang, P.K.; Tourville, J.F.; Chatterji, D.C.; Gallelli, J.F. Quantitation of flupirtine and its active acetylated
metabolite by reversed-phase high-performance liquid chromatography using fluorometric detection.
J. Chromatogr. 1984, 305, 135–143. [CrossRef]

http://dx.doi.org/10.1007/s00011-013-0592-5
http://www.ncbi.nlm.nih.gov/pubmed/23322112
http://dx.doi.org/10.4103/0970-9185.94833
http://www.ncbi.nlm.nih.gov/pubmed/22557738
http://dx.doi.org/10.1007/s00228-013-1631-4
http://www.ncbi.nlm.nih.gov/pubmed/24366502
http://dx.doi.org/10.1111/j.1476-5381.2011.01821.x
http://www.ncbi.nlm.nih.gov/pubmed/22188423
http://dx.doi.org/10.5698/1535-7511-12.4.150
http://www.ncbi.nlm.nih.gov/pubmed/22936888
http://dx.doi.org/10.1038/sj.bjp.0701519
http://www.ncbi.nlm.nih.gov/pubmed/9421279
http://dx.doi.org/10.1007/s007020050206
http://dx.doi.org/10.1111/j.1365-2710.2010.01233.x
http://dx.doi.org/10.1097/ALN.0000000000000984
http://dx.doi.org/10.1523/JNEUROSCI.3143-03.2004
http://dx.doi.org/10.1016/0014-2999(95)00570-6
http://dx.doi.org/10.1016/S0006-8993(97)00096-6
http://dx.doi.org/10.1002/ana.21593
http://www.ncbi.nlm.nih.gov/pubmed/19334075
http://dx.doi.org/10.1016/j.neulet.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26365409
http://dx.doi.org/10.1016/j.neuropharm.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28587899
http://www.ncbi.nlm.nih.gov/pubmed/4039154
http://dx.doi.org/10.1136/pgmj.64.751.361
http://dx.doi.org/10.1016/S0378-4347(01)00076-7
http://dx.doi.org/10.1016/S0378-4347(00)83321-6


Pharmaceutics 2018, 10, 281 13 of 13

21. Obermeier, K.; Niebch, G.; Thiemer, K. Pharmacokinetics and biotransformation of the analgesic flupirtine in
the rat and dog. Arzneimittelforschung 1985, 35, 60–67. [PubMed]

22. De Vito, V.; Lebkowska-Wieruszewska, B.; Owen, H.; Kowalski, C.J.; Giorgi, M. Pharmacokinetic profiles of
the analgesic drug flupirtine in cats. Vet. J. 2014, 202, 309–313. [CrossRef]

23. Giorgi, M.; De Vito, V.; Poapolathep, A.; Rychshanova, R.; Sgorbini, M.; Owen, H. Pharmacokinetics and
disposition of flupirtine in the horse. Vet. J. 2016, 208, 76–80. [CrossRef] [PubMed]

24. Wong, A.L.; Xiang, X.; Ong, P.S.; Mitchell, E.Q.Y.; Syn, N.; Wee, I.; Kumar, A.P.; Yong, W.P.; Sethi, G.; Goh, B.C.;
et al. A Review on Liquid Chromatography-Tandem Mass Spectrometry Methods for Rapid Quantification
of Oncology Drugs. Pharmaceutics 2018, 10. [CrossRef] [PubMed]

25. Kadam, S.D.; Dudek, F.E. Neuropathogical features of a rat model for perinatal hypoxic-ischemic
encephalopathy with associated epilepsy. J. Comp. Neurol. 2007, 505, 716–737. [CrossRef] [PubMed]

26. Devulder, J. Flupirtine in pain management: Pharmacological properties and clinical use. CNS Drugs 2010,
24, 867–881. [CrossRef] [PubMed]

27. European Medicines Agency (EMA). Assessment Report for Flupirtine Containing Medicinal Products; Volume:
EMEA/H/A-107i/1363; European Medicines Agency (EMA): London, UK, 2013.

28. Food and Drug Administration. Guidance for Industry—Estimating the Maximum Safe Starting Dose in Initial
Clinical Trials for Therapeutics in Adult Healthy Volunteers; Food and Drug Administration: Silver Spring, MD,
USA, 2015.

29. Methling, K.; Reszka, P.; Lalk, M.; Vrana, O.; Scheuch, E.; Siegmund, W.; Terhaag, B.; Bednarski, P.J.
Investigation of the in vitro metabolism of the analgesic flupirtine. Drug Metab. Dispos. 2009, 37, 479–493.
[CrossRef]

30. Barker, D.F.; Walraven, J.M.; Ristagno, E.H.; Doll, M.A.; States, J.C.; Hein, D.W. Quantitative tissue and
gene-specific differences and developmental changes in Nat1, Nat2, and Nat3 mRNA expression in the rat.
Drug Metab. Dispos. 2008, 36, 2445–2451. [CrossRef]

31. Puls, F.; Agne, C.; Klein, F.; Koch, M.; Rifai, K.; Manns, M.P.; Borlak, J.; Kreipe, H.H. Pathology of
flupirtine-induced liver injury: A histological and clinical study of six cases. Virchows Arch. 2011, 458,
709–716. [CrossRef]

32. Michel, M.C.; Radziszewski, P.; Falconer, C.; Marschall-Kehrel, D.; Blot, K. Unexpected frequent
hepatotoxicity of a prescription drug, flupirtine, marketed for about 30 years. Br. J. Clin. Pharmacol.
2012, 73, 821–825. [CrossRef]

33. Doerge, D.R.; Twaddle, N.C.; Vanlandingham, M.; Fisher, J.W. Pharmacokinetics of bisphenol A in neonatal
and adult Sprague-Dawley rats. Toxicol. Appl. Pharmacol. 2010, 247, 158–165. [CrossRef] [PubMed]

34. Doerge, D.R.; Twaddle, N.C.; Vanlandingham, M.; Fisher, J.W. Pharmacokinetics of bisphenol A in neonatal
and adult CD-1 mice: Inter-species comparisons with Sprague-Dawley rats and rhesus monkeys. Toxicol. Lett.
2011, 207, 298–305. [CrossRef] [PubMed]

35. Statler, P.A.; McPherson, R.J.; Bauer, L.A.; Kellert, B.A.; Juul, S.E. Pharmacokinetics of high-dose recombinant
erythropoietin in plasma and brain of neonatal rats. Pediatr. Res. 2007, 61, 671–675. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/4039153
http://dx.doi.org/10.1016/j.tvjl.2014.06.011
http://dx.doi.org/10.1016/j.tvjl.2015.08.019
http://www.ncbi.nlm.nih.gov/pubmed/26681139
http://dx.doi.org/10.3390/pharmaceutics10040221
http://www.ncbi.nlm.nih.gov/pubmed/30413076
http://dx.doi.org/10.1002/cne.21533
http://www.ncbi.nlm.nih.gov/pubmed/17948865
http://dx.doi.org/10.2165/11536230-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20839897
http://dx.doi.org/10.1124/dmd.108.024364
http://dx.doi.org/10.1124/dmd.108.023564
http://dx.doi.org/10.1007/s00428-011-1087-9
http://dx.doi.org/10.1111/j.1365-2125.2011.04138.x
http://dx.doi.org/10.1016/j.taap.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20600215
http://dx.doi.org/10.1016/j.toxlet.2011.09.020
http://www.ncbi.nlm.nih.gov/pubmed/21983029
http://dx.doi.org/10.1203/pdr.0b013e31805341dc
http://www.ncbi.nlm.nih.gov/pubmed/17426655
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Animals 
	Tissue Distribution Studies 
	Sample Preparation for In Vivo Tissue Distribution 
	Flupirtine Metabolism in Isolated Tissues 
	Sample Preparation for Ex Vivo Metabolism 
	LC-MS/MS Analysis 


	Data Analysis 
	Results 
	Biodistribution and Pharmacokinetics of Flupirtine 
	Conversion of Flupirtine to D-13223 in Isolated Rat Tissues 
	Tissue Partitioning In Ex Vivo Vs In Vivo Studies 

	Discussion 
	References

