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Abstract

Optimized bumetanide extended (ER) and immediate release (IR) formulations were developed using fluid bed layering and
coating techniques. We postulated that the ER bumetanide formulation would have more effective and sustained diuretic and
saluretic effects than IR. The diuretic/saluretic effects of both formulations were measured in rabbits (n = 8) for two days
after dosing with 1 mg/kg bumetanide. During the first day, both formulations produced 2–3 times more urine volume and
sodium excretion than baseline. In the first 24 h, despite less bumetanide excretion from the ER formulation (101± 13.9�g/kg
compared to 146± 14.6�g/kg for the IR formulation;P < 0.04); the ER formulation produced diuresis and natriuresis that
was equivalent to that of the IR formulation. In contrast, urine production in the IR formulation group fell below that of placebo
controls on day 2. During the second day, the ER formulation was noted to produce persistent bumetanide excretion; the diuretic
and natriuretic effects were not statistically significant from baseline control. We speculate that the decrease in response to
bumetanide observed especially for the IR formulation during the second day may be due to the activation of compensatory
counter-regulatory homeostatic mechanism(s). We conclude that the ER formulation had similar diuretic/saluretic effects but
better drug excretion to urine production efficiencies than the IR formulation in the healthy rabbit model. The ER formulation,
while providing comparable diuretic/saluretic effect to the IR formulation, offers the advantage of avoiding the initial, rapid and
robust diuretic effect experienced with the IR formulations. Taken together, the data provide sufficient basis to warrant further
investigation and refinement of our ER bumetanide formulation in humans.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The term “loop diuretic” is used to describe a class
of drugs that block the reabsorption of sodium, potas-
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sium and chloride from the ascending limb of Henle
in the kidney nephron. In doing so, the loop diuretics
(also known as (a.k.a.) high ceiling diuretics) effect a
greater diuresis and saluresis than any other class of
diuretic/saluretic drug. Loop diuretics are mainly used
to relieve edema associated with congestive heart fail-
ure, hepatic cirrhosis and renal impairment diseases
(Ives, 1998). Furosemide (a.k.a. frusemide) was the
first loop diuretic introduced to the world market in
the 1960s. Other loop diuretics include bumetanide,
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torsemide, ethacrynic acid, azosemide, muzolimine,
piretanide, and tripamide.

Shaping the diuretic response to loop diuretics for
effective use in edemateous patients is important for
the successful treatment in these patients who are
more resistant to loop diuretics than normal subjects
(Brater et al., 1980; Fuller et al., 1981; Beermann,
1984; Voelker et al., 1987; Schwartz et al., 1993;
Vargo et al., 1995). Available evidence suggests that
slower delivery of loop diuretics to the urinary tubules
would improve the efficiency of the drugs (effect per
unit stimulus; i.e. urine volume effect in relation to
the molecules of loop diuretic excreted in the urine)
(Alvan et al., 1990; Rudy et al., 1991; Ryoo et al.,
1993). Moreover, the slow delivery of loop diuretic
is expected to offer the advantage of avoiding the
initial rapid and robust diuresis manifest with both
the immediate release oral formulations and intra-
venous injection. The extended release (ER) formu-
lation could also offer the potential advantage of not
evoking compensatory homeostatic countermeasures
typically activated by immediate release (IR) or par-
enteral formulations owing to the slow and sustained
loss of water and electrolytes with the ER formulation
(Castaneda-Hernandez et al., 1994).

In attempt to deliver loop diuretics in extended
and slower fashion to improve their diuretic and
saluretic responses, furosemide has been formulated
as extended release peroral formulations. However,
when tested in humans, ER furosemide formulations
have lower diuretic and saluretic responses than IR
formulations (P < 0.05) (Alvan et al., 1992). The
decrease in response is attributed to decrease in the
bioavailability of the drug from the extended release
formulation, as furosemide is only absorbed from
the stomach and the upper part of the small intestine
(Alvan et al., 1992; Menon et al., 1994).

Bumetanide, on the other hand, has been shown
to be absorbed from different segments of the
gastrointestinal tract (Lee et al., 1994). In addi-
tion, the bioavailability of bumetanide in humans
is not decreased, as it is with furosemide, when
co-administered with food (McCrindle et al., 1996).
Taken together, these results suggest that bumetanide
may not follow the same pattern of absorption as
furosemide. Therefore, because of its pharmacokinetic
and biopharmaceutical characteristics, bumetanide
would appear more suited for ER formulations. Ac-

cordingly, we selected bumetanide as the model loop
diuretic for this study in which we tested the hypoth-
esis that its peroral ER formulation would have more
effective and sustained diuretic and saluretic effects
than those produced by an IR formulation.

Multiparticulate immediate and extended release
bumetanide formulations with predetermined and
optimized in vitro release profiles were developed
(Hamed and Sakr, 2001, 2003). The study was de-
signed to compare and contrast the diuretic and
saluretic responses to both ER and IR bumetanide
formulations in a laboratory animal model.

2. Materials and methods

2.1. Materials

The following materials were used as received:
bumetanide (generously donated by American
Pharmaceutical International, Cincinnati, OH),
bumetanide USP reference standard (USPC, Inc.,
Rockville, MD), nupariels sugar pellets (CHR
Hansen, Vineland, NJ), acetonitrile optima, methanol
HPLC grade, glacial acetic acid HPLC grade, wa-
ter HPLC grade, sodium chloride (Fisher Scien-
tific, Fair Lawn, NJ), IL TestTM flame photome-
try standard 100 mmol Na/l 100 mmol K/l (Instru-
mentation Laboratory Company, Lexington, MA),
poly-ethylacrylate-methylmethacrylate-trimethylam-
monioethylmethacrylate chloride (Eudragit RS
30D, generously donated by Rohm GmbH, Darm-
stadt, Germany), polyvinylpyrrolidone (Plasdone
K29/32, International Specialty Products (ISP),
Wayne, NJ), talc powder (J.T. Baker, Phillipsburg,
NJ), and triethyl citrate (Morflex Inc., Greensboro,
NC).

2.2. Methods

2.2.1. Manufacture of bumetanide IR
and ER formulations

The details of the manufacture of IR and ER
bumetanide formulations are described elsewhere
(Hamed and Sakr, 2001, 2003). In summary,
bumetanide was layered on nupariel sugar pellets
using fluid bed equipment with the Wurster insert
(GPCG-1, Glatt Air Technique, Ramsey, NJ). The
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loaded pellets were subsequently coated with 6% Eu-
dragit RS plasticized with 20% triethylcitrate using
the same equipment. Sodium chloride (5% of the
polymer dry weight) was incorporated in the coat-
ing dispersion to serve as channeling agent. When
the coated particles come in contact with aqueous
medium, sodium chloride leaches out creating chan-
nels within the film coat. Therefore, it is expected
that the level of sodium chloride in the film coat can
affect the release rate of bumetanide and can be used
to optimize the in vitro release to a predetermined
release profile.

2.2.2. Testing the release of bumetanide
from coated pellets

The bumetanide pellets were tested for their re-
lease profiles in USP purified water using Vankel
7000 dissolution apparatus (Vankel Technology
Group, Cary, NC) utilizing the USP XXV bas-
ket dissolution method (Apparatus 1) at a rotation
speed of 50. Samples removed after 0.5, 1, 2, 4,
8, and 12 h were analyzed for their bumetanide
contents using fluorescence spectrophotometer (Hi-
tachi f-2500 fluorescence spectrophotometer, Hitachi
Instruments Inc., Naperville, IL) at an excitation
wavelength of 326 nm and emission wavelength of
406 nm.

2.2.3. Testing IR and ER bumetanide formulations
in laboratory animals
2.2.3.1. Animal study design.Eight male white
New-Zealand rabbits (Myrtle’s Rabbitry Inc., Thomp-
son Station, TN) weighing 2.1 ± 0.36 kg were used
for the study. Each rabbit received both the IR and
ER bumetanide formulations according to a random-
ized two-treatment cross over design with one-week
washout period. All studies were conducted in accor-
dance with applicable federal, state and local regula-
tions and research subject guideline consistent with
an institutionally approved protocol (#10-10-08-03).
Calculations were made so that each rabbit received
1 mg bumetanide per kg body weight. Each rabbit
was used as its own control; urine samples were col-
lected for at least 48 h before the administration of
bumetanide formulations.

2.2.3.2. Drug administration. Bumetanide multi-
particulate formulations were administered orally

using 12-french gauge gastric gavage together with
15 ml water. Elizabethan collars were used to prevent
drug re-administration by fecal ingestion.

2.2.3.3. Urine sample collection.After dosing with
bumetanide formulations, the rabbits were introduced
into a metabolism cage specifically designed to sep-
arate urine from feces. Urine samples were collected
for 48 h after dosing.

2.2.3.4. Analysis of urine samples.

Volume and osmotic pressure.Urine sample
volume was measured to the nearest 0.1 ml using
10-ml volumetric cylinder. The osmotic pressure
(mOsm/kg) of the urine samples collected was de-
termined in 20�l aliquots using the freezing point
depression method with an AdvancedTM 3300 Micro
Osmometer (Advanced Instrument Inc., Norwood,
MA).

Bumetanide concentration in urine.The bume-
tanide content in urine was determined using the
HPLC method described byRyoo et al. (1993). The
HPLC system consisted of a 126 solvent module and
a 507-2 autosampler coupled with a 157 Fluores-
cence Detector (Beckman Coulter Instruments Inc.,
Fullerton, CA). Urine samples were centrifuged at
4000× g for 5 min (Marathon 21K/BR Centrifuge,
Fisher Scientific, Fair Lawn, NJ), 0.2 ml of the super-
natant was mixed with 0.5 ml acetonitrile by shaking
followed by centrifugation at 10,000× g for 10 min.
The supernatant was carefully transferred into vials
from which 20�l was injected first through C18 guard
column (MetaGuard 4.6 mm Inertsil ODS-3 5�m
(particle size), Ansys Technologies Inc., Torrance,
CA) then through C18 HPLC reverse phase column
(Inertsil SDS 5, 3.9 mm× 30 mm, 5�m particle size,
Ansys Technologies Inc., Torrance, CA). The mobile
phase consisted of methanol: water: acetic acid in a
volume ratio of 70:30:1 and was run at a flow rate
of 1 ml/min. Bumetanide was detected using Beck-
man 157 fluorescence detector using excitation filters
of 305–395 nm and emission filters of 350–650 nm
wavelengths. The bumetanide peak had a retention
time of around 9 min. Chromatograms were recorded
using Varian 4270 integrator (Varian Inc., Palo Alto,
CA).
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Sodium and potassium concentration in urine.
Urine samples were analyzed for their sodium and
potassium content using flame photometer (Instru-
mentation Laboratory 943 flame photometer, Instru-
mentation Laboratory Company, Lexington, MA).
The flame was sparked using propane fuel and the
equipment was calibrated using standard sodium
and potassium solution (100 mmol/l of each). Urine
samples were injected into the flame and their
sodium and potassium content was measured di-
rectly. The equipment was re-calibrated after each 14
samples.

Calculation of diuretic/saluretic efficiency.Effi-
ciency, as a concept, reflects the ratio of useful
work done to the total energy expended or heat
taken in. In pharmacology the definition of drug ef-
ficiency is modified to designate pharmacological
effect per unit stimulus (Alvan et al., 1999). For
loop diuretics, efficiency can be calculated by di-
viding the diuretic/saluretic effect by the amount
of drug excreted within a specific period of time
(Alvan et al., 1990, 1992; Rudy et al., 1991; Yoon
et al., 1995). In this study, the diuretic/saluretic effi-
ciency of bumetanide was calculated by dividing the
urine volume or urine sodium content by the amount
of bumetanide excreted. The diuretic/saluretic effi-
ciency was expressed as ml-urine/�g-bumetanide or
mmol-sodium/�g-bumetanide.

2.2.3.5. Statistical analysis.The following statisti-
cal analyses were applied to the data:

1. Analysis of variance (ANOVA) using SAS software
(SAS Institute Inc., Cary, NC) to test for carryover
and period effects as well as to compare the effects
of both formulations to control.

2. Pairedt-test using SAS software to compare the
difference in responses to the IR and ER formula-
tions among the rabbits. Pairedt-test is preferred
in cross-over design as it can limit the effect of
inter-subject variability by using the variance of the
difference in the calculations rather than the vari-
ance among each group. The differences were con-
sidered significant atP-values less than the univer-
sally accepted value of 0.05, marginally significant
atP-values between 0.05 and 0.1, and insignificant
at P-values above 0.1.

3. Results and discussion

3.1. Optimization of bumetanide in vitro release

The in vitro release profiles of bumetanide from un-
coated and coated pellets with and without the incor-
poration of sodium chloride in the coat are shown in
Fig. 1. Coating with 6% Eudragit RS plasticized with
20% triethyl citrate significantly extended the release
of bumetanide in water. The release profile obtained
was slower than the target profile as seen inFig. 1. The
target release profile was selected as part of in progress
in vitro/in vivo correlation study. Three different re-
lease profiles were targeted for the in vitro/in vivo
correlation study. The release profile selected for this
study was the fastest among the three target profiles.
Selection was based on our belief that the gastrointesti-
nal residence time in rabbits would be faster than that
in humans (Kararli, 1995). Therefore, the faster tar-
get profile was selected to assure reliable comparison
to the immediate release formulation in terms of the
amount of bumetanide released in vivo. Coated pellets
with faster in vitro release profile were expected to re-
lease most of their drug contents before they reach the
lower part of large intestine where drug absorption is
known to be limited (Lee et al., 1994).
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Fig. 1. Effect of incorporating sodium chloride as channeling agent
in the coat on the in vitro release for bumetanide from the coated
pellets. (�) Uncoated pellets; (�) coated pellets with sodium
chloride; (�) target release; (�) coated pellets without sodium
chloride.
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The use of water soluble salts as channeling agents
in coating systems to accelerate and optimize drug
release has been reported in the literature (Ghebre-
Sellasie et al., 1987; Bodmeier and Paeratakul, 1991;
Tirkkonen and Paronen, 1992). The addition of 5%
sodium chloride as the channeling agent accelerated
bumetanide release from the coated pellets. As seen
in Fig. 1, the predetermined target release profile was
intermediate between those of the coated pellets with
and without sodium chloride. A 1:1 mixture of coated
pellets with and without sodium chloride was prepared
and tested for its release in USP purified water. The
pellet mixture had a release profile that coincided with
the target release profile. The mixture of pellets was
used in laboratory rabbits to test our hypothesis that
an ER bumetanide formulation would produce a more
efficient and sustained diuresis and saluresis than an
IR formulation containing an equivalent amount of
active drug.

3.2. Comparison of the rabbit responses to IR and
ER bumetanide formulations

3.2.1. Urine output
Both IR and ER bumetanide formulations signif-

icantly increased the urine output during the first
24 h after dosing compared to control (Table 1). A
comparable diuretic effect was produced by both
the IR and ER formulations during the first 24 h af-
ter dosing (P-value = 0.3570). Statistical analysis
using ANOVA revealed no significant carryover ef-

Table 1
Effect of formulation on the urine output (ml/kg) in rabbits (n = 8)

Control Immediate release Extended release

0–24 h
Average± standard error 23.0± 2.8 66.3± 3.8 57.2± 4.9
Percentage of the total response 89.8 69.0
P-value (comparison to control) 0.0001 0.0009
P-value (comparison to ER) 0.3570

24–48 h
Average± standard error 21.9± 3.3 7.5± 1.6 25.7± 5.4
Percentage of the total response 10.1 31.0
P-value (comparison to control) 0.0006 0.7891
P-value (comparison to ER) 0.0642

Total response (0–48 h)
Average± standard error 73.8± 4.3 82.9± 5.2
P-value (comparison to ER) 0.4383

fect (P-value = 0.7240) or period effect (P-value =
0.3666). An insignificant carryover effect reflects in-
dependence of the response to the second treatment
in relation to the response to the first treatment, while
an insignificant period effect removes any concern
that treatment sequence influenced the outcome.

When the urine flow rate was calculated separately
for the first and second 12-h period, the ER for-
mulation maintained constant flow rate during both
periods (1st 12 h= 2.0 ± 0.5 ml/h/kg; 2nd 12 h=
2.5 ± 0.5 ml/h/kg; P-value = 0.6606). As expected,
the IR formulation produced a rapid and robust di-
uresis in the first 12 h (3.9 ± 0.2 ml/h/kg) compared
with what occurred during the second 12-h period
(1.6 ± 0.3 ml/h/kg,P-value= 0.0115).

The diuretic effect during the second 24 h after dos-
ing with the IR formulation was significantly less than
control. In contrast, the ER was associated with a com-
parable diuretic effect to control during the second
24-h period. During the second 24-h period after dos-
ing, animals treated with the ER formulation produced
more urine compared to those treated with the IR for-
mulation. When comparing the overall 48-h diuretic
effect, both the ER and the IR bumetanide formula-
tions produced equivalent diuretic effects.

3.2.2. Urinary excretion of bumetanide
The amount of bumetanide excreted in the urine

after the peroral administration was formulation-
dependent (Table 2). During the first 24-h period,
more bumetanide was excreted in the urine following
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Table 2
Effect of formulation on the urinary excretion of bumetanide (�g/kg) in rabbits (n = 8)

Immediate release Extended release P-value

0–24 h
Average± standard error 145.8± 7.5 101.4± 13.9 0.0387
Percentage of the total dose 14.6 10.1

24–48 h
Average± standard error 23.0± 4.5 79.1± 14.9 0.0215
Percentage of the total dose 2.3 7.9

0–48 h
Average± standard error 168.8± 8.7 180.5± 7.5 0.2045
Percentage of the total dose 16.9 18.1

administration of the IR formulation than following
the ER formulation. During the second 24-h period,
more bumetanide was excreted in the urine of animals
treated with the ER formulation than in the urine of an-
imals treated with the IR formulation. Taken together,
the 48-h period data shows equivalent amounts of
bumetanide excretion for the IR and ER formulations.

Similar to bumetanide excretion, the cumulative
urine output was temporally different for each for-
mulation (Fig. 2). The cumulative amount of urine
excreted after the IR formulation was produced more
rapidly and robustly in the first 16 h than that which
followed administration of the ER formulation. In
the subsequent period of 16–48 h, urine volume ex-
cretion continued in the ER-treated animals, while
that in the IR-treated animals abated. The net result
of these different urine excretion patterns was that
equivalent urine volumes were collected from IR and
ER formulation-treated animals over a 48-h collection
period. The same pattern was noticed with the cumu-
lative amounts of bumetanide excreted from both for-
mulations. The amount of bumetanide excreted into
the urine from the IR formulation rose faster than that
of the ER formulation within the first 24 h after dos-
ing. Bumetanide excretion from the ER formulation
continued to rise at almost the same rate throughout
the following 24 h while that excreted from the IR
formulation rose at slower rate. At the end of the
48-h urine collection period, equivalent amounts of
bumetanide were excreted from both formulations.

Bumetanide was excreted into the urinary tubules
from the ER formulation at a relatively high level dur-
ing the second 24-h period however, no associated di-
uretic response higher than control was observed. For

the IR formulation, somewhat surprising, less urine
output than the daily animal control was obtained dur-
ing the second 24-h period after dosing. This response
is a presumed result of the activation of compen-
satory homeostatic countermeasures evoked by the
more rapid and robust diuresis and saluresis produced
during the first 24-h observation period following the
administration of the IR formulation. Such compen-
satory regulatory countermeasures are postulated to in-
clude activation of the renin–angiotensin–aldosterone,
sympatho-adrenal, natriuretic peptides and possibly
other systems that would, individually or in con-
cert with increase sodium and water reabsorption
from the distal and collecting tubules, decrease the
sustained diuretic/saluretic response to bumetanide
(Hammarlund and Paalzow, 1985; Hammarlund
et al., 1985; Li et al., 1986; Cook and Smith, 1987;
Wakelkamp et al., 1996; Vadlamani and Abraham,
2000). The activation of compensatory mechanisms
following single dose administration of loop diuret-
ics has been reported in the literature and described
as acute tolerance (Hammarlund and Paalzow, 1985;
Hammarlund et al., 1985; Li et al., 1986). When there
is inadequate timely replacement of extracellular wa-
ter volume consequent to urinary loss, homeostatic
mechanisms are rapidly brought into play. However,
the relative contribution of these homeostatic regula-
tory countermeasure systems to the development of
acute tolerance to loop diuretics remains speculative
but highly probable (Wakelkamp et al., 1996).

3.2.3. Sodium and potassium excretion
The subacute (first 24-h) response in urinary excre-

tion of sodium was enhanced, while that of potassium
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Fig. 2. Effect of formulation on the cumulative urine output (ml/kg) and bumetanide excretion (�g/kg) in rabbits (n = 8). (�) Urine
output after the immediate release formulation; (�) urine output after the extended release formulation; (�) bumetanide excreted from the
immediate release formulation; (�) bumetanide excreted form the extended release formulation.

was not changed following both IR and ER formu-
lations (Table 3). The amount of sodium excreted
within the first 24 h after dosing with either the IR or
ER formulation was significantly more than control.
The amount of potassium excreted after dosing with
either formulation did not significantly differ from
control.

The results are in agreement with other reports in
the literature where intravenous bumetanide induced
significant increase in the amount of sodium excreted
while exerted no effect on the amount of potassium ex-
creted in rabbits (Ryoo et al., 1993; Yoon et al., 1995).
The insensitivity of potassium excretion to bumetanide
was attributed to the constant rate of potassium excre-
tion in the distal tubules (Ryoo et al., 1993). In contrast

to rabbits, bumetanide has been shown to increase both
sodium and potassium excretion in humans. However,
the increase in sodium excretion is higher than that of
potassium (Marcantonio et al., 1982). Sodium rather
than potassium excretion has been reported to paral-
lel water diuresis in humans particularly during the
short period of time after dosing (Marcantonio et al.,
1982).

The ER bumetanide formulation had better saluretic
efficiency during the first 24 h since comparable
amounts of sodium and potassium were excreted de-
spite less bumetanide was available in the urinary
tubules. Our results are in agreement with those com-
paring IR to ER release furosemide formulations.
Similar saluretic effects were obtained from both
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Table 3
Effect of formulation on the urinary excretion of sodium and potassium (mmol/kg) in rabbits (n = 8)

Control Immediate release Extended release

0–24 h (sodium)
Average± standard error 2.1± 0.2 6.4± 0.2 5.4± 0.4
P-value (comparison to control) 0.0001 0.0009
P-value (comparison to ER) 0.1064

24–48 h (sodium)
Average± standard error 2.3± 0.2 0.3± 0.05 0.8± 0.2
P-value (comparison to control) 0.0006 0.0070
P-value (comparison to ER) 0.1776

0–24 h (potassium)
Average± standard error 4.9± 0.8 3.6± 0.2 3.7± 0.5
P-value (comparison to control) 0.1991 0.3213
P-value (comparison to ER) 0.8316

24–48 h (potassium)
Average± standard error 5.0± 0.4 3.1± 0.7 5.8± 1.4
P-value (comparison to control) 0.1628 0.6918
P-value (comparison to ER) 0.1065

formulations despite furosemide was less available to
the urinary tubules from ER formulation relative to
the IR formulation (Beerman, 1982).

On the second 24-h period (sustained response pe-
riod) after dosing, IR formulation had lower sodium
but comparable potassium excretion to control. Simi-
larly for the ER formulation, less sodium was excreted
during the second 24 h compared to control. However,
comparable amounts of potassium were excreted com-
pared to control.

During the second 24 h after dosing, more
bumetanide was available to the urinary tubules
from ER formulation however, it induced compara-
ble sodium and potassium excretion to that obtained
from the IR formulation and the natriuretic effect was
less than the control value. Again, the results can be
explained by considering the activation of compen-
satory regulatory countermeasures during the second
24-h period with a subsequent increase in sodium and
water reabsorption.

Both formulations did not differ statistically in the
amount of sodium and potassium excreted during
the 48-h period after oral administration (for sodium
excretion,P-value = 0.1064 for the first 24 h and
0.1776 for the second 24 h, for potassium excretion,
P-value= 0.8316 for the first 24 h and 0.1065 for the
second 24 h).

3.2.4. Diuretic/saluretic efficiency
The diuretic/saluretic efficiency is an estimation

of how much effect (i.e. urine output and sodium
content) is obtained per unit stimulus (i.e. amount
of bumetanide excreted in the urine). The efficiency
concept is used to evaluate the performance of dif-
ferent loop diuretics and their various formulations
(Alvan et al., 1990, 1992; Rudy et al., 1991; Yoon
et al., 1995). It is worth mentioning that the rabbits
used in the study were conscious, ambulatory and not
catheterized for urine collection. Therefore, rabbits
voided voluntarily and irregularly during the 48-h
urine collection period. Consequently, there was some
variability in the timing of urine collection among
the rabbits particularly within the first 12 h after dos-
ing. This variability affects the rigorous calculation
and assessment of the diuretic/saluretic efficiency.
However, the data collected and presented are highly
suggestive that bumetanide ER formulation had bet-
ter diuretic/saluretic efficiency than IR formulations
during the first 24 h after dosing (Fig. 3) (diuretic
efficiency= 0.5± 0.03 ml-urine/�g-bumetanide/24-h
for the IR formulation compared to 1.0±0.3 ml-urine/
�g-bumetanide/24-h for the ER formulation; saluretic
efficiency = 0.04 ± 0.01 mmol-sodium/�g-bumet-
anide/24-h for the IR formulation compared to
0.1 ± 0.04 mmol-sodium/�g-bumetanide/24-h for the
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Fig. 3. Effect of formulation on the diuretic/saluretic efficiency of bumetanide during the first and second 24 h after dosing.

ER formulation). The observed trends of differences
in efficiencies between the two formulations were not
confirmed by statistical analysis (P-value = 0.2855
and 0.2743 for the diuretic and saluretic efficiencies,
respectively).

The results suggest that slow delivery of bumetanide
from the gastrointestinal tract to the bloodstream
and consequently to the urinary tubules improves
the diuretic/saluretic effect obtained per molecule of
bumetanide excreted in the urine. The findings are
in agreement with other reports (Rudy et al., 1991;
Ferguson et al., 1997) where the slow infusion of
bumetanide to patient with chronic renal failure and
congestive heart failure had better natriuretic effi-
ciency than i.v. bolus. Similar results have also been

reported for other loop diuretics (Alvan et al., 1992;
Van Mail et al., 1992; Piantaud et al., 1995). The re-
sults can be explained by considering the concept of
diminishing return reported with loop diuretic (Alvan
et al., 1999). The concept hypothesizes the decrease
in response to loop diuretics compared with the input
stimulus (i.e. molecules of loop diuretic excreted in
the urine) with the gradual increase in the concentra-
tion of the drug at the receptor sites (presumably at
the loop of Henle) due to gradual saturation of the
receptors (Alvan et al., 1999). The slower increase in
bumetanide concentration at the receptor sites from
the ER formulation compared to the IR formulation
may have led to less receptor saturation and bet-
ter utilization of the bumetanide molecules excreted
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Table 4
Effect of formulation on the urine osmolarity in rabbits (n = 8)

Control Immediate release Extended release

0–24 h
Average± standard error 1131.1± 22.9 482.9± 31.8 445.0± 8.5
P-value (comparison to control) 0.0001 0.0001
P-value (comparison to ER) 0.4555

24–48 h
Average± standard error 1131.1± 22.9 1605.5± 136.6 1065.3± 89.0
P-value (comparison to control) 0.0608 0.6229
P-value (comparison to ER) 0.0460

reflected in an improvement of the diuretic/saluretic
efficiency.

The diuretic/saluretic efficiency of both formu-
lations decreased during the second 24-h period of
urine collection as compared to the first 24-h period.
For the IR formulation, diuretic efficiency= 0.5 ±
0.03 ml-urine/�g-bumetanide/24-h for the first 24 h
compared to 0.3± 0.03 ml-urine/�g-bumetanide/24-h
for the second 24 h; saluretic efficiency= 0.04 ±
0.01 mmol-sodium/�g-bumetanide/24-h for the first
24 h compared to 0.02 ± 0.01 mmol-sodium/�g-
bumetanide/24-h for the second 24 h. For the ER for-
mulation, diuretic efficiency= 1.0±0.3 ml-urine/�g-
bumetanide/24-h for the first 24 h compared to 0.5 ±
0.1 ml-urine/�g-bumetanide/24-h for the second 24 h;
saluretic efficiency= 0.1 ± 0.04 mmol-sodium/�g-
bumetanide/24-h for the first 24 h compared to
0.01 ± 0.001 mmol-sodium/�g-bumetanide/24-h for
the second 24 h. Again the reported differences are
trends and were not confirmed by statistical analysis.
The decrease in diuretic/saluretic efficiency during
the second 24 h after dosing can be explained by our
earlier discussion that the activation of compensatory
mechanisms in response to water and electrolyte loss
during the first 24 h, particularly relevant to the IR
formulation, may have led to the sharp decrease in
both the diuretic/saluretic response of bumetanide
during the second 24-h period of urine collection.

3.2.5. Urine osmolarity
The urine osmolarity was determined using

AdvancedTM Micro Osmometer and reported as
mOsm/kg water (Table 4). The urine osmolarity de-
creased significantly during the first 24 h after dosing
with both formulations. The two formulations were

equivalent in reducing the urine osmolarity (P-value=
0.4555). The results suggest that bumetanide induces
more diuresis than saluresis during the first 24 h.

In the second 24 h after dosing with the IR
bumetanide formulation, hyper-osmotic urine was
collected (P-value = 0.0608 reflecting marginal sig-
nificance). The ER formulation, on the other hand,
maintained iso-osmotic urine excretion compared
to control. The results are in agreement with our
previous discussion that compensatory mechanisms
triggered by water and electrolyte loss during the first
24 h lead to more water reabsorption from the urinary
tubules (and perhaps electrolyte retention) during the
second 24 h. Consequently, the urine collected during
the second 24 h after dosing with the IR formula-
tion was hyper-osmotic compared to control urine.
For the ER formulation, bumetanide continued to be
excreted during the second 24 h at a level that main-
tained water excretion at normal level (suggesting a
lesser activation of compensatory mechanisms) and
therefore, the urine collected during the second 24 h
was iso-osmotic with control urine collected prior to
dosing with bumetanide formulation.

4. Summary and conclusions

The ER formulation was successful in presenting
the drug to the urinary tubules of rabbits in an ex-
tended fashion. During the first 24 h after dosing, com-
parable diuretic and saluretic effects were produced
by both formulations despite less bumetanide was
excreted from the ER reflecting improvement in the
diuretic/saluretic efficiency with the ER formulation.
The diuretic/saluretic effects of both formulations
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decreased significantly in the second day after dosing.
The decrease in response to bumetanide during the
second 24 h is postulated to be due, in part, to com-
pensatory mechanisms activation including but not
limited to renin–angiotensin–aldosterone, sympatho-
adrenal and natriuretic peptides in response to water
and electrolytes loss during the first 24 h. The exact
mechanisms involved and the extent of their contri-
bution are still to be thoroughly investigated.

The results presented here suggest the potential ap-
plicability of the ER formulations in improving the di-
uretic/saluretic efficiency of loop diuretics in general
and bumetanide in particular in treating edema associ-
ated with congestive heart failure, liver cirrhosis and
renal failure. The ER formulation can offer the advan-
tage of providing less intense but sustained diuretic
response which can be of great benefit to the patients
life style and timing of dosing.

Another aspect of great interest will be the inter-
action of the developed ER formulation with other
medications used in combination with loop diuretic
in treatment of edema such as ACE inhibitors and
beta-blockers. These drugs inhibit the proposed com-
pensatory mechanisms that reduced the diuretic/
saluretic effect of the ER formulation in the second
24 h and therefore, expected to have augmenting
interaction with the ER formulation.
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