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ABSTRACT

Bumetanide, a sulfamyl loop diuretic, is used for the treatment of
edema in association with congestive heart failure. Being a polar,
anionic compound at physiologic pH, bumetanide uptake and efflux
into different tissues is largely transporter-mediated. Of note,
organic anion transporters (SLC22A) have been extensively studied
in terms of their importance in transporting bumetanide to its
primary site of action in the kidney. The contribution of one of the
less-studied bumetanide transporters, monocarboxylate trans-
porter 6 (MCT6; SLC16A5), to bumetanide pharmacokinetics (PK)
and pharmacodynamics (PD) has yet to be characterized. The
affinity of bumetanide for murine Mct6 was evaluated using Mct6-
transfected Xenopus laevis oocytes. Furthermore, bumetanide
was intravenously and orally administered to wild-type mice
(Mct6*'*) and homozygous Mct6é knockout mice (Mct6~'") to
elucidate the contribution of Mct6é to bumetanide PK/PD in vivo.
We demonstrated that murine Mct6 transports bumetanide at
a similar affinity compared with human MCT6 (78 and 84 M,
respectively, at pH 7.4). After bumetanide administration, there
were no significant differences in plasma PK. Additionally, diuresis

was significantly decreased by ~55% after intravenous bumeta-
nide administration in Mct6 ™/~ mice. Kidney cortex concentrations
of bumetanide were decreased, suggesting decreased Mct6-
mediated bumetanide transport to its site of action in the kidney.
Overall, these results suggest that Mct6 does not play a major role
in the plasma PK of bumetanide in mice; however, it significantly
contributes to bumetanide’s pharmacodynamics due to changes in
kidney concentrations.

SIGNIFICANCE STATEMENT

Previous evidence suggested that MCT6 transports bumetanide
in vitro; however, no studies to date have evaluated the in vivo
contribution of this transporter. In vitro studies indicated that mouse
and human MCT6 transport bumetanide with similar affinities. Using
Mct6 knockout mice, we demonstrated that murine Mct6 does not
play a major role in the plasma pharmacokinetics of bumetanide;
however, the pharmacodynamic effect of diuresis was attenuated in
the knockout mice, likely because of the decreased bumetanide
concentrations in the kidney.

Introduction

Bumetanide is a commonly used, potent loop diuretic for the
treatment of congestive heart failure. Its primary mechanism of action
is through the inhibition of the sodium-potassium-chloride cotransporter
(NKCC), more specifically NKCC2 (SLC12A1), which is expressed in
the thick ascending limb of the loop of Henle in the kidney (Lytle et al.,
1995; Haas and Forbush, 1998). This electroneutral transporter facili-
tates the absorption of one sodium, one potassium, and two chloride ions
across the plasma membrane, which affects ion homeostasis in both
blood and urine. Thus, the major pharmacodynamic effects resulting
from the inhibition of this transporter are increased diuresis and

This work was supported by National Institutes of Health National Institute on
Drug Abuse [Grant R01-DA023223]. R.S.J. was supported in part by a PhRMA
Predoctoral Graduate Fellowship.

'Current affiliation: Drug Metabolism and Pharmacokinetics, Genentech, Inc.,
South San Francisco, California.

https://doi.org/10.1124/dmd.120.000068.

[SIThis article has supplemental material available at dmd.aspetjournals.org.

decreased blood pressure due to decreased tubular sodium reabsorption,
which can effectively decrease blood pressure. Bumetanide has also
been shown to be a selective inhibitor of NKCC1 (SLC12A2), a more
ubiquitously expressed isoform that is of recent interest because of its
neuronal expression and overexpression in diseases such as neonatal
seizures and temporal lobe epilepsy (Blaesse et al., 2009; Kahle et al.,
2009; Mao et al., 2012; Puskarjov et al., 2014). Consequently, there are
several completed and ongoing clinical trials investigating bumetanide
as a treatment of various neurologic disorders (NCT03899324,
NCT00830531, NCT03156153).

Considering the popularity of bumetanide as a treatment of heart
failure and repurposing for neurologic disorders, the pharmacokinetics
of bumetanide have been evaluated using several preclinical rodent
models, as well as humans (Holazo et al., 1984; Cook et al., 1988; Han
et al., 1993; Weaver et al., 2001; Cleary et al., 2013). Because of the
weak acidic nature of the carboxylic acid moiety in bumetanide (pK, =
3.6) (Fig. 1), the compound is negatively charged at physiologic pH,
which highlights the contribution of drug transporters to its absorption,
distribution, and elimination. In humans, basolateral organic anion

ABBREVIATIONS: AUC, area under the curve; CL, clearance; CLg, renal clearance; cRNA, capped sense RNA; F, bioavailability; fe, fraction
eliminated unchanged in the urine; IS, internal standard; Jax, Maximum uptake rate; K, substrate concentration at the half-maximal uptake rate;
LC/MS, liquid chromatography/mass spectrometry; MCT, monocarboxylate transporter; NCA, noncompartmental analysis; NKCC, sodium-
potassium-chloride cotransporter; OAT, organic anion transporter; PD, pharmacodynamics; PK, pharmacokinetics.
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Fig. 1. Chemical structure of bumetanide.

transporter (OAT) 1/3 and apical OAT4 in the kidney have been
widely accepted as the major transporters involved in the availability
of bumetanide to its NKCC?2 site of action (Hasannejad et al., 2004).
In addition, bumetanide is primarily eliminated via metabolism, and
hepatocyte uptake by hepatic sinusoidal OAT?2 is likely to play
a major role in its transport into the liver for metabolism (Kobayashi
et al., 2005). Less is known about the mechanism of absorption of
bumetanide in the intestine; however, absorption has been shown to
be rapid because of its onset of action in 30 minutes to 1 hour. Because
of the high plasma protein binding of bumetanide (>95%), it is
expected that the unbound systemic concentrations are in the low
micromolar range after oral and intravenous administration.

There has been interest in investigating the contribution of organic
anion transporters because of their importance in moderating tissue-
specific concentrations of bumetanide (Murakami et al., 2005;
Romermann et al., 2017). One such transporter, monocarboxylate
transporter 6 (MCT6, SLC16AS), has been less studied compared
with the other bumetanide transporters. Previous evidence suggested
that MCT6 is expressed in major tissues related to absorption,
distribution, metabolism, and excretion (i.e., kidney, liver, and
intestine) and transports a wide variety of substrates similar to that
of the OAT solute carrier family, including bumetanide, probenecid,
nateglinide, and prostaglandin F,, (Gill et al., 2005; Murakami et al.,
2005; Kohyama et al., 2013). Although our laboratory and others have
demonstrated that bumetanide is a substrate of human MCT6
(Murakami et al., 2005; Jones et al., 2017), no study has yet investigated
the significance of Mct6 in bumetanide transport and its pharmacoki-
netics (PK)/pharmacodynamics (PD). Therefore, the purpose of this
study was to investigate the overall contribution of Mct6 in the PK and
PD of bumetanide in mice. Firstly, the in vitro transporter kinetic
parameters (K, and J,.,) were characterized using murine Mct6-
transfected Xenopus laevis oocytes. Secondly, bumetanide was admin-
istered after oral and intravenous administrations to wild-type (Mct6™'*)
and Mct6 knockout (Mct6 '~) mice to compare PK parameters
(clearance, bioavailability) and a measure of bumetanide pharmacody-
namics (24-hour diuresis).

Materials and Methods

Chemicals. Bumetanide (=98% purity) was purchased from Sigma-Aldrich
(St. Louis, MO). All other chemicals and High-performance liquid chromatography-
grade reagents were purchased from Fisher Scientific (Hampton, NH). Deuterated
bumetanide (bumetanide-d5), used as the internal standard, was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA).

Animals. C56BL/6NCr Mct6""* wild-type mice (Charles River, Wilmington,
MA) and previously generated Mct6 '~ knockout mice were used throughout this
study (Jones et al., 2019). Body weights throughout the studies ranged from 17 to
35 g, and ages ranged from 8 to 19 weeks old. All mice were housed in cages with
a 12-hour light/dark cycle. Animals were given free access to normal chow
(Envigo 2018 Teklad global 18% protein extruded rodent diet) ad libitum and
water. Experiments were conducted after approval of the Institution of Animal
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Use and Care Committee, University at Buffalo. Male mice were used in all
studies.

Transfection of Murine Mct6 in X. laevis Oocytes. Murine Mct6 was
transfected into prepared X. laevis oocytes as described previously (Jones et al.,
2017; Jones et al., 2020). Briefly, murine Mct6 cRNA was transcribed from Notl-
linearized pGH19-Mct6 vector using the mMESSAGE mMACHINE T7
transcription kit. Approximately 13.8 nl of cRNA or water was injected into
oocytes isolated from digested, resected ovaries the day before. The oocytes were
then incubated in OR3 medium at 18°C for 3—5 days for in vitro experiments. OR3
medium was prepared as described previously (Musa-Aziz et al., 2010). All
cRNA was verified for purity, concentration, stability, and correct size prior to
injection.

Bumetanide Uptake Studies. The uptake studies were performed as
previously described. Time- and concentration-dependent uptake studies were
performed using groups of four to five oocytes in 24-well multidishes, which were
preincubated in uptake buffer (15 mM HEPES, 82.5 mM NaCl, 2.5 mM KCl,
1 mM Na,HPO,, and 1 mM MgCl,, adjusted to pH 7.4 with Tris) for 30 minutes.
For the time-dependent study, the oocytes were transferred to 400 wl of uptake
buffer containing 0.1 wM bumetanide, and the oocytes were incubated at pH 7.4 at
room temperature (~20-23°C). For the concentration-dependent study, bumeta-
nide concentrations were varied, and the uptake time was chosen to be in the linear
range of the time-dependent study (60 minutes). All uptake was stopped by the
addition of ice-cold uptake buffer, and the oocytes were washed three times.
Individual oocytes were placed in separate scintillation vials and dissolved in
250 pl of 10% sodium lauryl sulfate by slowly shaking for 1.5 hours.
Radioactivity was determined by liquid scintillation counting after the addition
of scintillation cocktail.

Pharmacokinetic and Pharmacodynamic Studies with Bumetanide in
Mice. C57BL/6NCr Mct6** and Mct6 '~ mice were fasted overnight prior to the
experiments and throughout the study. The intravenous and oral doses of
bumetanide were chosen to be within a safe and efficacious range to reliably
measure the pharmacokinetics (PK) and pharmacodynamics (PD) of the drug.
Based on previous experiments in mice and rats (Lee et al., 1994; Kim and Lee,
2001; Brandt et al., 2010; Topfer et al., 2014), intravenous doses of 1 and
10 mg/kg and oral doses of 2.5 and 25 mg/kg were chosen for this study. No
adverse events or toxicity for these doses was reported in the literature, and the
LDsy, for oral bumetanide administration in mice was reported to be much higher
(4.6 g/kg). Similarly to previous studies (Lee et al., 1994; Brandt et al., 2010;
Topfer et al., 2014), bumetanide was dissolved in a small volume of 0.1 N NaOH,
diluted with 0.9% saline, and filtered through a 0.45-m filter; volumes of 3 ml/kg
were used for intravenous injection, and volumes of 8 ml/kg were used for oral
administration. Previous studies showed that this dosing formulation did not
produce differences in bumetanide PK/PD from other dosing formulations (Lee
et al,, 1994; Topfer et al., 2014). Doses were administered as retro-orbital
injections for intravenous and via oral gavage for oral doses. Blood was sampled
at 5, 15, 30, 45, 60, 120, 240, and 300 minutes postdose via submandibular
puncture. Plasma was collected after centrifugation and stored at —80°C until
analysis. Urine was collected over a 24-hour period using metabolic cages
(Tecniplast, Buguggiate, Italy), and after centrifugation to sediment insoluble
material, the volume was measured, and the urine samples were stored at —80°C
until analysis. Tissues were collected immediately after cardiac puncture, frozen
in liquid nitrogen, and stored at —80°C until analysis.

Plasma and Urine Sample Preparation. Briefly, plasma samples were
thawed on ice, and 5 pl of internal standard (IS: 20 pg/ml bumetanide-d5) was
added to 20 pl of sample. Protein was precipitated by the addition of 400 pl of
0.1% formic acid in acetonitrile. The mixture was vortexed, sonicated, and
centrifuged at 12,750g at 4°C for 10 minutes to sediment the precipitate. The
supernatant (370 wl) was added to 630 wl of water in a LC/MS vial, vortexed, and
used for analysis. For urine, 5 .l of IS was added to 50 .l of sample thawed on ice.
Protein was precipitated by the addition of 300 wl of 0.1% formic acid in
acetonitrile. The mixture was vortexed, sonicated, and centrifuged at 12,750g at 4°
C for 10 minutes to sediment the precipitate. The supernatant (300 wl) was added
to 300 .l of water in a LC/MS vial, vortexed, and used for analysis. For urine,
A 24-nour Was calculated by multiplying the concentration of bumetanide by the
volume of each urine sample.

Liver and Kidney Sample Preparation. Briefly, whole liver tissue was
homogenized in 5:95 v/v methanol/water (5 ml/g). Subsequently, 5 pl of IS
was added to 100 .l of homogenate. Protein was precipitated by the addition of
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800 .l of 1% formic acid in acetonitrile. The mixture was vortexed, sonicated, and
centrifuged at 12,750g at 4°C for 10 minutes. For the solid-phase extraction, Oasis
HLB Prime cartridges were conditioned with 0.5 ml of 1% formic acid in
acetonitrile and 0.5 ml of 90:10 acetonitrile/water. For elution, 840 wl of sample
supernatant was loaded onto the column, and the eluent was collected in a clean
glass tube. The column was further rinsed two times with 0.5 ml of 90:10
acetonitrile/water, and the eluent was additionally collected. This total eluent was
evaporated to dryness under nitrogen, and the sample was reconstituted with
300 wl of 50:50 acetonitrile/water with vortexing. The final solution was
centrifuged at 12,750g at 4°C for 5 minutes to remove insoluble material. The
supernatant was transferred to a LC/MS vial for analysis.

Similarly, for kidney cortex samples, the outer layer of a kidney (~40 mg) was
collected by sectioning with a razor and prepared in the same manner as liver
samples. However, after protein precipitation and sedimentation, 800 .l of sample
supernatant was transferred to a clean glass tube and evaporated to dryness under
nitrogen. The sample was reconstituted with 300 wl of 50:50 acetonitrile/water
with vortexing, followed by removal of insoluble material and transfer of the
supernatant to a LC/MS vial for analysis.

Liquid Chromatography with Tandem Mass Spectrometry and Chro-
matographic Conditions. The liquid chromatography with tandem mass spec-
trometry assay was performed on a Shimadzu Prominence high-performance liquid
chromatography instrument with binary pump and autosampler (Shimadzu
Scientific, Marlborough, MA) connected to a Sciex API 3000 triple quadruple
tandem mass spectrometer with electrospray ionization (Sciex, Foster City, CA).
Chromatographic separation was achieved by injecting 10 w1 of the sample onto
a SymmetryShield RP8 (2.1 x 100 mm, 3.5-pm particle size; Waters, Milford,
MA). Mobile phase A consisted of acetonitrile/water (5:95, v/v) with 0.1% formic
acid, and mobile phase B was acetonitrile/water (95:5, v/v) with 0.1% formic acid.
The flow rate was 200 wl/min with a gradient elution profile and a total run time of
13 minutes. The gradient starts at 50% B and increases to 95% over 5 minutes. It
was then held at 95% B for 3 minutes before returning to the starting conditions of
50% B. The mass spectrometer was operated in multiple reaction monitoring
mode utilizing electrospray ionization for specific detection of bumetanide and
bumetanide-d5S as the internal standard. The multiple reaction monitoring
transitions monitored were 365.3/240.1 for bumetanide and 370.3./245.2 for the
bumetanide-dS. The mass spectrometer parameters were optimized for maximum

[Bumetanide] (uM)

+5500 V, and the source temperature was 350°C. The data were analyzed using
Analyst version 1.4.2 (Sciex).

Assay Validation and Lower Limits of Quantification. The calibration
curves for analyzing bumetanide concentrations were linear from 0.0125 to
175 wg/ml, 0.005 to 70.0 pg/ml, 5 to 12,500 ng/g, and 10 to 25,000 ng/g for
plasma, urine, liver, and kidney tissue, respectively (R2 =0.999). For plasma,
the lower limit of quantitation values for bumetanide in these matrices were
0.0125 pg/ml, 0.005 pg/ml, 5 ng/g, and 10 ng/g for plasma, urine, liver, and
kidney tissue, respectively. LC/MS validations are presented in Supplemental
Tables 1-4.

Data Analysis and Statistics. Time-dependent bumetanide uptake rate
(microliters per oocyte) was calculated as the ratio of radioactivity in each
sample (disintegrations per minute per oocyte) to the initial concentration in
the uptake buffer (disintegrations per minute per microliter). All murine
Mct6-mediated uptake was calculated as the difference between the murine
Mct6 cRNA-injected oocytes and the water-injected oocytes. Data analysis
was performed using GraphPad Prism 7 (GraphPad Software Inc., San Diego,
CA). The concentration-dependent bumetanide uptake rate (picomoles per
oocyte per hour) was calculated as the ratio of radioactivity in each sample
(disintegrations per minutes per oocyte) to the concentration in the uptake
buffer (disintegrations per minutes per picomole). The kinetic parameters of
concentration-dependent uptake of bumetanide was calculated by fitting with
the equation below (eq. 1) using weighted nonlinear regression analysis
(ADAPT 5; Biomedical Simulations Research, University of South Califor-
nia, Los Angeles, CA):

_ J, max * C
K +C

(1)

where J is the Mct6-mediated uptake rate, C is the concentration of substrate
(micromolar), J,. is the maximum uptake rate, and K, is the substrate
concentration at the half-maximal uptake rate (micromolar).

For bumetanide pharmacokinetic parameters, noncompartmental analysis
(NCA) was performed in Phoenix WinNonlin 7.0 (Pharsight, Mountain View,
CA). Oral bioavailability (F) was calculated using eq. 2:

sensitivity: declustering potential, 38 V; entrance potential, 10 V; collision F:D,l,.-AUC,m (2)
energy, 22 V; and collision cell exit potential, 20 V. The ion spray voltage was Dy, - AUC;,
A B
:c_' 100 - 10 mg/kgi.v. E' 100 - 25 mgl/kg p.o.
2 -~ 1 mg/kgiv. 2 - 2.5mglkg p.o.
e 10 P
b} =
= = Fig. 3. Concentration-time profiles of bumeta-
o 1 ki nide after intravenous (A) and oral (B) admin-
g g istration in Mct6™* wild-type mice. N = 3 to 4
m m mice per group. Data are plotted as mean * S.D.
E E
& &
E 0 01 T T T T T T E 001 T T T T T T
0 60 120 180 240 300 0 60 120 180 240 300
Time (min) Time (min)
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TABLE 1
NCA of bumetanide PK in Mct6** mice

Data are reported as mean values. For AUCq 300 min, the S.E.M. values are reported in parentheses.

Route Intravenous Oral
Dose (mg/kg) 10 1 25 2.5
AUC(-300 min (pegemin/ml) 1.57 x 10° (142) 159 (11.8) 719 (52.2) 82.0 (9.37)
AUC_., (gemin/ml) 1.57 x 10° 159 1.16 x 10° 122
CL or CL/F* (ml/min per kilogram) 6.37 6.28 21.0 20.6
Terminal #,,, (min) 36.2 34.0 284 224

F 0.295 0.309

t12, half-life.
“CL/F was reported for oral routes of administration.

where D is dose and AUC is area under the curve from time zero to infinite
(AUCp-).

For intravenous doses, the fraction eliminated unchanged in the urine (f,) was
calculated by dividing A 24-hour by the dose for each mouse individually and then
reported as mean * S.D. For oral doses, f. was calculated by dividing A 24 hour bY
the dose multiplied by F for each mouse individually and then reported as mean *
S.D. The observed maximum plasma concentration (Cy,,,) wWas also determined
after oral administration. Renal clearance (CLg) was calculated by multiplying
total plasma clearance (CL) by f.. Nonrenal clearance was calculated by
subtracting CLg from CL. All statistical analyses were performed using an
unpaired Student’s ¢ test or the one-way unpaired ANOVA followed by Dunnett’s
test to test for multiple comparisons.

Results

Mct6 Transported Bumetanide at Similar Affinity as Human
MCTe6. The results from the time- and concentration-dependent uptake
of bumetanide for murine Mct6 are presented in Fig. 2. Uptake of 0.1
wM bumetanide at pH 7.4 and room temperature was in the linear range
of uptake (Fig. 2A) prior to steady state at approximately 180 minutes.
Therefore, for the purpose of the concentration-dependent uptake
studies, 60 minutes was used as the uptake time. By fitting with eq. 1,
the transporter kinetic parameters (K, J;,.x) for murine Mct6-mediated
(Fig. 2B) transport of bumetanide were calculated. At pH 7.4, the affinity
(Ky) was 77.6 = 12.6 nM, and the maximal capacity (J;,.x) Was 258 =
35.3 picomoles per oocyte per hour.

Plasma Pharmacokinetics of Bumetanide in Wild-type Mct
Mice. After intravenous (1 and 10 mg/kg) and oral (2.5 and 25 mg/kg)
administration, bumetanide exhibited apparent biphasic PK (Fig. 3), and
no major changes were observed in dose-normalized AUC_.. estimates
from the NCA (Table 1). In addition, there were no changes in CL or F
at these doses, suggesting that the absorption and elimination of
bumetanide at different routes of administration were also linear in
mice. The average terminal half-life for bumetanide after intravenous

6+/+

administration in mice was calculated to be ~35 minutes, which is
similar to what was reported in the literature (47 minutes) (Topfer
et al., 2014). After oral administration, although absorption appeared
to be rapid (Cpax =15 minutes), the terminal half-life was much
longer compared with that after intravenous administration.

Comparative Plasma Pharmacokinetics of Bumetanide in Mct6**
and Mct6™'~ Mice. To investigate the contribution of Mct6 on the
plasma PK of bumetanide, bumetanide was administered at 10 mg/kg
i.v. and 25 mg/kg orally to the Mct6 '~ and Mct6™* mice (Fig. 4). For
intravenous administration, there were no statistically significant
differences between the AUC, CL, or terminal half-life (Table 1).
After oral administration, the AUC(_300 min and Cpax both decreased
(by 15% and 37%, respectively), although there were no statistically
significant differences, likely because of the observed large variability
(Table 2).

Urinary Elimination of Bumetanide and Diuresis in Mct6*'* and
Mct6™'~ Mice. As depicted in Fig. 5, there were no significant
differences in the A z4-hour between the two groups of mice for the
highest intravenous and oral doses in the Mct6** and Mct6 '~ mice
(Table 3). CLg accounted for <25% in all cases, suggesting that the
urinary elimination of bumetanide plays a minor role in the total
clearance of bumetanide in mice. Upon measuring the volume of urine
excreted 24 hours post—dose administration (diuresis) (Fig. 6), there was
a significant difference between the Mct6™’~ and wild-type Mct6*'*
mice after intravenous administration (~55% decrease in Mct6 ™/~
mice).

Impact of Mct6 on Liver and Kidney Concentrations of
Bumetanide. To investigate the impact of Mct6 on the exposure of
bumetanide to major tissues involved in bumetanide’s PK/PD, liver and
kidney concentrations of bumetanide were evaluated after oral and
intravenous administration, respectively. Figure 7A shows a decrease
in liver bumetanide concentrations 60 minutes after an oral dose of
25 mg/kg in the Mct6 '~ compared with Mct6™* mice; however, this

-+ Mct*"*

o Mct”"
Fig. 4. Concentration-time profiles of bumeta-
nide after 10 mg/kg i.v. (A) and 25 mg/kg oral
(B) administration in Mct6™* (closed symbols)
and Mct6™'~ (open symbols) mice. N = 3 to 4
mice per group. Data are plotted as mean *
S.D.
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TABLE 2
NCA of bumetanide PK in Mct6** and Mct6 ™'~ mice after 10 mg/kg i.v. and 25 mg/kg oral dose administrations

Data are reported as mean values. For AUCq 300 min, the S.E.M. values are reported in parentheses.

Intravenous (10 mg/kg)

Oral (25 mg/kg)

Route

Mct6** Mct6™’ Mct6*™* Mct6™’

AUCy-300 min (tgemin/ml) 1.57 x 107 (142) 1.45 x 10 (45.3) 719 (52.2) 613 (43.7)

AUCq_.. (pgemin/ml) 1.57 x 10° 1.46 x 10° 1.16 x 103 1.08 x 10°
CL or CL/F* (ml/min per kilogram) 6.35 6.84 21.0 22.0
Terminal 7, (min) 36.2 426 284 245
F 0.295 0.295

Crnax (ng/ml) 7.45 (1.15) 4.66 (0.917)

112, half-life.
“CL/F was reported for oral routes of administration.

decrease was not significant (P = 0.431). In addition, kidney cortex
concentrations of bumetanide, determined 30 minutes after an
intravenous dose of 10 mg/kg, exhibited a statistically significant
35% decrease in the Mct6 '~ mice compared with Mct6** mice
(Fig. 7B).

Discussion

In this study, we investigated the contribution of Mct6 to the PK/PD
of bumetanide in mice. Previously, Murakami et al. (2005) suggested
that Mct6 may play a role in the transport of bumetanide in vivo because
of the predicted lack of saturation of human MCT6 at physiologic
concentrations of bumetanide. To confirm this in mice, the affinity for
murine Mct6 for bumetanide was determined to be 78 wM, which was
very similar to what was reported for human MCT6 at physiologic pH
(84 pwM) (Murakami et al., 2005). Prior to investigating potential
changes of bumetanide PK in Mct6 ™/~ mice, bumetanide PK was
evaluated in wild-type Mct6™* mice using two different oral and

A 10 mglkg i.v. B

1

Ac 24.nr (19)

\
«
C 25 mglkg p.o. D
80+ 804
—_— 60- —_—
f=2] t=)]
2 2
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3 3
< e <
20+
0- T
Q,\,'
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intravenous doses. The PK appeared to be biphasic and linear, with no
apparent changes in total plasma clearance or bioavailability with
changes in dose. The terminal half-life of bumetanide after intravenous
administration in mice was similar to what was reported in previous
studies in mice (Topfer et al., 2014; Tollneret al., 2015) (~30-50
minutes). The half-life is somewhat shorter than what is reported for
humans (~1 hour) (Dixon et al., 1976). Similar Kinetics have been
reported in other species, including rat (Lee et al., 1994), dog (Smith and
Lau, 1983), and monkey and baboons (Walmsley, 1985), which all
demonstrated polyexponential elimination. Additionally, the long
terminal half-life after oral administration seen in our data was also
demonstrated in baboons, which suggests absorption-limited elimination
after oral doses of bumetanide. This phenomenon was also reported in
humans (Brater et al., 1984).

Studies of bumetanide PK in Mct6 '~ mice indicated that Mct6
does not significantly influence the plasma PK in mice after oral and
intravenous administration. Although decreases in Cy,,x, AUC, and liver
concentrations of bumetanide were observed after oral administration

1 malkg i.v.

T

1

¥ Fig. 5. Amount of bumetanide eliminated
& unchanged in the urine (A 24.nour) after differ-
& ent dose administrations [intravenous (A and

B); oral (C and D)]. Urine was collected after
a 24-hour urine collection. N = 4 mice per
group. Data are plotted as mean = S.D. An
unpaired Student’s ¢ test was performed to test
for statistical significance.
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TABLE 3

Summary of clearance parameters in Mct6** and Mct6~’~ mice after 10 mg/kg i.v. and 25 mg/kg oral dose administrations

Data are reported as mean values = S.D.

Intravenous (10 mg/kg)

Oral (25 mg/kg)

Route

Met6** Met6 ™’ Met6** Met6 ™’
CL“ (ml/min per kilogram) 6.35 6.84 6.19 6.48
Acoan (Ug) 37.0 (22.8) 22.3 (3.87) 20.9 (2.82) 24.6 (2.62)
fe 0.101 (0.019) 0.107 (0.007) 0.248 (0.139) 0.145 (0.021)
CLg (ml/min per kilogram) 0.640 (0.122) 0.730 (0.048) 1.53 (0.857) 0.940 (0.138)
CLnr (ml/min per kilogram) 5.71 6.11 4.66 5.54

CLnr, nonrenal clearance.
“CL for oral administration was calculated as: CL = F-D/AUCq - .

in Mct6 '~ mice, these changes were not significant. These data suggest
that Mct6 may play only a minor role in the first-pass absorption of
bumetanide in mice at the doses used in this study. However, further
studies are needed prior to drawing these conclusions, partly because of
the large variability in the oral PK data. In addition, considering that our
AUCy_300 min and AUCy_.. were greater than 40% different after oral
administration, further terminal data are required to confirm the terminal
plasma concentrations of bumetanide after oral administration.

The diuretic effect of bumetanide was significantly attenuated after
intravenous bumetanide administration in Mct6 ™/~ mice compared with
wild-type mice; decreased urinary excretion was also observed after oral
administration in Mct6 '~ mice, but changes were not significant, likely
because of the larger variability compared with intravenous administra-
tion. Assuming the fraction unbound of bumetanide in mouse plasma is
similar to what is estimated in rats (~0.02) (Kim and Lee, 2001), the
clearance mediated by renal filtration (CLgg) can be estimated via

glomerular filtration rate [which is estimated to be ~260 pl/min (Levine
et al., 2006)] multiplied by the fraction unbound in plasma. Considering
the average weight of a mouse in this study is ~26 g, the CLgF is
~0.21 ml/min per kilogram for bumetanide. Therefore, active renal
secretion of bumetanide is a major component of its total renal clear-
ance (which is estimated to be greater than 0.6 ml/min per kilogram).
Although renal clearance of bumetanide is not a major route of
elimination in mice, it is important to note that its distribution and
diuretic effect in the kidney may still be impacted by changes in renal
disposition. It is possible that Mct6 plays a role in the secretion of
bumetanide into the cortical renal cells, a site of action of bumetanide’s
inhibition of NKCC?2, to exhibit its diuretic effect. This is supported by
the fact that bumetanide concentrations in kidney cortex were signifi-
cantly decreased in Mct6 '~ mice after an intravenous dose of 10 mg/kg
at 30 minutes postadministration. However, further kidney concentra-
tion data, as well as the evaluation of changes in other determinants of
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kidney tissue concentrations, are necessary to confirm this hypothesis.
Mct6 mRNA is expressed in kidney, but its protein expression and
localization in the kidney (basolateral vs. brush-border membrane
localization) is unknown. Further studies are necessary to elucidate the
function of Mct6 in the kidney.

It is also important to note that systemic concentrations of bumetanide
in humans range from nanograms per milliliter to micrograms per
milliliter (Pentikainen et al., 1977; Holazo et al., 1984), similar to
the range of concentrations observed in the present studies. In
addition, the bioavailability and overall elimination of bumetanide is
different between rodents and humans. In humans, it is reported that
the bioavailability of bumetanide is approximately 80% (Holazo
et al., 1984), whereas in mice we found it to be much less (~30%).
This is most likely due to the rapid first-pass metabolism of
bumetanide in rodents compared with humans via oxidation of the
N-butyl side chain (Topfer et al., 2014). In addition, the fraction
eliminated unchanged in the urine in mice was calculated to be less
than 25% in all cases compared with humans, which showed
60% eliminated as intact parent drug in the urine after a 1-mg oral
dose of bumetanide. Because of the greater importance of renal
clearance of bumetanide in humans, it is possible that human MCT6
may play a more important role in the kidney disposition and
pharmacodynamics of bumetanide in humans.

In summary, this study represents the first evidence that Mct6 may
play a role in moderating kidney concentrations of bumetanide in vivo,
which has a downstream impact on the diuresis mediated by bumetanide.
This is supported by PK/PD studies performed in our knockout animal
model, as well as recent studies performed by Xu et al. (2019) that
provide evidence for significant bumetanide interactions with rat Mct6.
Moving forward, additional studies performed with the Mct6’~ model
could provide evidence for significant MCT6-mediated drug-drug
interactions with other loop diuretics that could impact drug absorption,
distribution, metabolism, and excretion and efficacy.
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LQC MQC HQC LQC MQC HQC LQC MQC HQC
INTRADAY DAYT  (uaimil) (uaimi) (ug/mi) DAY2  (uaiml) (ua/mi) (ug/mi) DAY3 1 qiml) (ug/ml
Actual Conc. Actual Conc. Actual Conc.
(ug/mi) 0.125 125 50.0 (ug/mi) 0.125 125 50.0 mi) 0.125 125 50.0
0.119 12.100 45.500 0.122 13.100 52.100 0.118 12.300 45.700
0.119 12.500 49.500 0.122 12.500 48.700 0.118 12.200 49.400
0.123 11.700 49.000 0.121 12.800 50.700 0.109 11.700 48.700
S.D. 0.002 0.400 2.179 S.D. 0.001 0.300 1.709 S.D. 0.005 0.321  1.966
Average 0.120 12.100 48.000 Average 0.122 12.800 50.500 Average 0.115 11.950 47.933
%RSD 1.919 3.306 4.541 %RSD 0.475 2.344 3.384 %RSD 4.518 2.690 4.101
%Accuracy  96.1 96.6 96.0 %Accuracy 974 102.3 100.8 %Accuracy  92.0 96.4 95.8
Std. Curve (r) 1.0000 Std. Curve (r) 0.9995 Std. Curve (r) 0.9999
INTERDAY LQC MQC HQcC

Supplemental Table 1. Plasma bumetanide LC/MS assay validation.

(pg/ml) (pgiml) (pg/mi)

Actual Conc.

0.125 125 50.0

(ug/mi)
0.120 12.100 48.000
0.122 12.800 50.500
0.115 11.950 47.933
S.D. 0.004 0454 1.463
Average 0.119 12.283 48.811
%RSD 3.030  3.694 2.997
%Accuracy  95.1 985 975
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LQC MQC HaQC LQC MQC HaQcC LQC MQC HQC
INTRADAY DAYT  (ugimi) (ugimi) (ugimi) DAY2  (ugimi) (ug/mi) (ug/mi DAY3  (uaimi) (ugimi) (ug/mi)
Actual Conc. 0.05 50 20.0 Actual Conc. 0.05 50 50.0 Actual Conc. 0.05 50 20.0
(ug/mi) (ug/mi) (ug/mi)
0.0482 4910 19.500 0.0497 4.930 19.200 0.0495 5.040 20.600
0.0492 4930 19.600 0.0474 5.010 19.000 0.0504 5.000 19.900
0.0481 4.820 19.400 0.0466 4.790 18.700 0.0475 5.010 20.600
S.D. 0.0006 0.059 0.100 S.D. 0.0016 0.111  0.252 S.D. 0.0015 0.021  0.404
Average 0.0485 4.887 19.500 Average 0.0479 4910 18.967 Average 0.0491 5.017 20.367
%RSD 1.254 1.199 0.513 %RSD 3.360 2.268 1.327 %RSD 3.021 0415 1.984
%Accuracy  97.0 97.7 97.4 %Accuracy 958 98.1 94.8 %Accuracy 98.3 100.3 101.9
Std. Curve (1) 0.9998 Std. Curve (r) 1.0000 Std. Curve (r) 0.9999
LQC MQC HaQcC
INTERDAY (ug/ml) (pg/mi) (pg/mi)
Actual Conc.
(ug/mi) 0.05 5.0 20.0
0.0485 4.887 19.500
0.0479 4.910 18.967
0.0491 5.017 20.367
S.D. 0.0006 0.069 0.707
Average 0.119 12.283 48.811
%RSD 1.271 1404 3.603
%Accuracy 97.0 98.8 98.1

Supplemental Table 2. Urine bumetanide LC/MS assay validation.
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LQC MQC HQC LQC MQC HQC LQC MQC HQC
INTRADAY PAYT  (ngla) (ng/a) (ng/q) PAY2Z  (ngiq) (nglg) (nglg) PAY3  (ngia) (ng/a) (ngiq)
Actual Conc. 50 1250 6250 Actual Conc. 50 1250 6250 Actual Conc. 50 1250 6250
(ng/g) (ng/g) (ng/g)
489 1250 5930 491 1320 6330 489 1270 6340
50.6 1250 5770 51.6 1290 6300 51.1 1260 6250
50.8 1270 6030 48.2 1300 6620 50.1 1250 6280
S.D. 1.04 11.5 131 S.D. 176 153 177 S.D. 1.10 100 458
Average 501 1257 5910 Average 496 1303 6417 Average 500 1260 6290
%RSD 2.084 0919 2219 %RSD 3.549 1172 2754 %RSD 2202 0.794 0.729
%Accuracy 100.3 100.3 946 %Accuracy 99.2 1043 1027 %Accuracy 100.0 100.7 100.3
Std. Curve (r) 1.0000, Std. Curve (r) 1.0000, Std. Curve (r) 1.0000,
LQC MQC HaQC
INTERDAY na/d) (nala) (nal
Actual Conc.
na/q) 50 1250 6250
50.1 1257 5910
496 1303 6417
50.0 1260 6290
S.D. 0.252  26.0 264
Average 49.9 12763 6206
%RSD 0.506 2.045 4.249
%Accuracy 998 1019 99.3

Supplemental Table 3. Liver bumetanide LC/MS assay validation.
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LQC MQC HQC LQC MQC HQC LQC MQC HQC
INTRADAY DAYT  (ngia) (ngia) (naa) DAY2  (ngia) (ng/a) (nglg) bay3
Actual Conc. 50 1250 6250 Actual Conc. 50 1250 6250 Actual Conc. 50 1250 6250
(ng/g) (ng/g) (ng/g)
46.4 1290 6120 489 1230 6300 453 1310 6490
488 1270 6180 523 1320 6320 484 1270 6490
46.4 1230 5980 49.2 1170 6070 47.8 1340 6100
S.D. 1.39 306 103 S.D. 1.88 755 139 $.D. 164 351 225
Average 472 1263 6093 Average 50.1 1240 6230 Average 472 1307 6360
%RSD 2936 2418 1.684 %RSD 3.755 6.089 2.230 %RSD 3.486  2.688 3.540
%Accuracy 944 1008 975 %Accuracy 1004 995 99.7 %Accuracy 944 104.7 101.8
Std. Curve (r) 1.0000 Std. Curve (r) 1.0000 Std. Curve (r) 1.0000
LQC MQC HQC
INTERDAY nala) (naia) (ngl
Actual Conc. o 1555 gogp
(ng/g)
472 1263 6093
50.1 1240 6230
47.2 1307 6360
S.D. 1.70 338 133
Average 48.2 1270 6228
%RSD 354 266 214
%Accuracy 96.3 1016 99.6

Supplemental Table 4. Kidney bumetanide LC/MS assay validation.



