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ABSTRACT

The pharmacokinetics and pharmacodynamics of furosemide were investigated after
intravenous (i.v.), 1 mg/100 g body weight, and oral administration, 2 mg per 100 g body
weight, to spontaneously hypertensive rats (SHRs) and deoxycorticosterone acetate-salt-
induced hypertensive rats (DOCA-salt rats). After i.v. administration, the 8 h urinary
excretion of furosemide/g kidney (397 versus 572 ug) was significantly lower and the
non-renal clearance (5-78 versus 3-94 ml min—! kg~ ') was significantly faster in SHRs
of 16 weeks of age than in age-matched control Wistar rats. This suggested that the non-
renal metabolism of furosemide could be faster in SHRs of 16 weeks of age than in
age-matched control Wistar rats, and this could be supported by the significantly greater
amount of 4-chloro-5-sulphamoyl anthranilic acid, a metabolite of furosemide, excreted
in 8 h urine as expressed in terms of furosemide (11-1 versus 4-79% of the i.v. dose)
in SHRs. It could also be supported at least in part by a study of liver homogenate;
the amount of furosemide remaining per gram of liver after 30 min incubation of 50ug
of furosemide with the 9000g supernatant fraction of liver homogenate was significantly
smaller (40-4 versus 43-7ug) in SHRs of 16 weeks of age than in age-matched Wistar
rats. The greater metabolic activity of furosemide in liver may also be supported by the
result that the amount of hepatic cytochrome P-450 (0-7013 versus 0-5186 nmol/mg
protein) and the weights of liver (3-52 versus 2-93% of body weight) were significantly
greater in SHRs of 16 weeks of age than in age-matched Wistar rats. After i.v.
administration of furosemide, the 8 h urine output (9-93 versus 16-5 ml) and 8 h urinary
excretion of sodium (1-21 versus 2-05 mmol) and chloride (1-37 versus 2- 17 mmol) per
gram of kidney in SHRs of 16 weeks of age were lower than those in age-matched Wistar
rats, this could be due to the significantly smaller amount of furosemide excreted in
8 h urine per gram of kidney. After oral administration, the pharmacokinetics and
pharmacodynamics of furosemide were not significantly different between SHRs and
the control Wistar rats of 16 weeks of age. After i.v. and oral administration of
furosemide, there were no significant differences in the pharmacokinetics and
pharmacodynamics between DOCA-salt rats and control SD rats of 16 weeks of age
except for the significantly lower urinary excretion of potassium per gram of kidney
in DOCA-salt rats. On the other hand, the 8 h urinary excretion of furosemide and
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non-renal clearance were not significantly different between SHRs of six weeks of age
and age-matched control Wistar rats after i.v. administration of furosemide. Since the
non-renal metabolism of furosemide was not faster in either DOCA-salt rats of 16 weeks
of age or SHRs of six weeks of age than that in the respective age-matched control group,
the faster non-renal metabolism of furosemide in SHRs of 16 weeks of age could be
due to the physiological factor from the chronic phase of hypertension in SHRs, and
could not be due solely to the heredity of SHRs or the hypertensive state itself.

KEY WORDS Pharmacokinetics Pharmacodynamics Furosemide Spontaneously hypertensive
rats (SHRs) Deoxycorticosterone acetate-salt-induced hypertensive rats (DOCA-salt
rats)

INTRODUCTION

Furosemide, a loop diuretic, is used for treating ascites and oedema of cardiac,
renal and hepatic origin, and also hypertension.!'> In the treatment of
hypertension, furosemide is usually administered with antihypertensive agents
for the prevention of secondary salt and fluid retention. Although the pharmaco-
kinetics and/or pharmacodynamics of furosemide in both volunteers and
patients with specific diseases have been well documented,!,2 and references therein
it appears that the detailed studies on hypertensive patients are rare to
date.?

In many other studies, spontaneously hypertensive rats (SHRs)*-% and
deoxycorticosterone acetate-salt-induced hypertensive rats (DOCA-salt rats)®10
have been employed as animal models for human primary (essential) and
secondary hypertension, respectively. The antihypertensive effect of furosemide
in SHRs is still controversial; an antihypertensive action of furosemide in SHRs
was reported in some studies;3%!! however, it was not found in other reports.57
While the antihypertensive effect of furosemide in SHRs has been extensively
studied,>%!1 the comparison of the pharmacokinetics and pharmacodynamics
of furosemide between SHRs and normotensive Wistar rats (as a control group)
seems not have been published.

The purpose of this study is to report the pharmacokinetics and pharmaco-
dynamics of furosemide after intravenous (i.v.) and oral administration to SHRs
of 16 weeks of age, following chronic exposure to the hypertension,!2 and to
age-matched control normotensive Wistar rats. A similar study in DOCA-salt
rats of 16 weeks of age and age-matched control Sprague-Dawley (SD) rats
was also performed in order to investigate whether some differences in
pharmacokinetics and pharmacodynamics of furosemide between SHRs and
normotensive Wistar rats of 16 weeks of age are caused by either heredity of
SHRs or the hypertensive state itself. Furthermore, the pharmacokinetics and
pharmacodynamics of furosemide were also reported after i.v. administration
to SHRs of six weeks of age, corresponding to the early phase of development
of the hypertension at which time blood pressure remains in the normotensive
range,!? and age-matched control Wistar rats.
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MATERIALS AND METHODS

Chemicals

Furosemide i.v. solution (Lasix, 20 mg/2 ml) was kindly supplied by Han Dok
Pharmaceutical (Seoul, Korea), and 4-chloro-5-sulphamoyl anthranilic acid
(CSA) was purchased from U.S. Pharmacopoeia (Rockville, MD, U.S.A.).
DOCA, p-aminohippuric acid (PAH), 8-glucuronidase, sodium dithionite, tris
base, nicotinamide adenosine dinucleotide phosphate (NADP), glucose-6-
phosphate (G6P), magnesium chloride, glucose-6-phosphate dehydrogenase
(G6PD), and uridine diphosphoglucuronic acid (UDPGA) were products of
Sigma Chemical (St Louis, MO, U.S.A.). The other chemicals were reagent grade
and used without further purification.

Animals

SHRs of five weeks of age were kindly supplied by Yuhan Research Centre
(Kunpo, Korea). At 16 weeks of age, systolic blood pressure was measured using
tail cuff plethysmography (Narcotrace 40, NBS, Houston, TX, U.S.A.). The
rats having systolic blood pressure higher than 170 mm Hg were employed for
the study. Wistar rats used as control group for SHRs were purchased from
the Laboratory Animal Centre, Seoul National University (Seoul, Korea). The
rats having systolic blood pressure lower than 110 mm Hg were employed for
the study. The SD rats of five weeks of age were also purchased from the
Laboratory Animal Centre. The SD rats were randomly divided into two groups,
DOCA-salt rats and control rats. DOCA-salt rats were given subcutaneous
injections of 12-5mg/kg body weight of DOCA (5mg ml-1) dissolved in
cotton seed oil every three days and 1% NaCl as drinking water ad libitum from
12 to 16 weeks of age. The control SD rats were given equivalent volumes of
subcutaneous injections of cotton seed oil and the tap water as drinking water
ad libitum. Systolic blood pressure was similarly determined at 16 weeks of age.
The DOCA-salt rats and the control SD rats having systolic blood pressure higher
than 150 mm Hg and lower than 110 mm Hg, respectively, were employed for
the study. Approximately two days before the experiment, 24 h urine output
and urinary excretion of sodium, potassium, and chloride were measured with
food and drinking water ad libitum.

Intravenous study

On the early morning at the end of 16 weeks (after overnight fasting with
drinking water ad libitum), the carotid artery and jugular vein were catheterized
with polyethylene tubing (Clay Adams, Parsippany, NJ, U.S.A.) under light
ether anaesthesia. Both cannulas were exteriorized to the dorsal side of the neck,
where each cannula terminated with long Silastic tubing (Dow Corning, Midland,
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MI, U.S.A)). The Silastic tubings were covered with wire to allow free movement
of the rat. Each rat was housed in a rat metabolic cage (Daejong Scientific,
Seoul, Korea) and allowed to recover from anaesthesia for 4-5h before
study. They were not restrained at any time during the study. The Lasix solution
was freshly diluted with 0.9% NaCl injectable solution (Choong Wae
Pharmaceutical, Seoul, Korea) before use. Water and electrolyte losses in urine
induced by furosemide were replaced volume by volume by i.v. infusion of
Ringer’s lactate solution (Dai Han Pharmaceutical, Seoul, Korea) via the jugular
vein, because it has been reported!3 that the pharmacodynamic effects of i.v.
furosemide are dependent on the rates and compositions of fluid replacement.
Food and drinking water were restrained during the experimental period.
Furosemide, 1 mg/100g body weight, was administered by i.v. infusion
in 1 min via the jugular vein (the total injection volume was approximately
0-6ml) of SHRs (n=10), Wistar rats (n=10), DOCA-salt rats (n=9), and
SD rats (n=8). PAH, 80mg/kg body weight, was also administered by
i.v. infusion in 1 min via the jugular vein (the total injection volume was
approximately 0-3ml) of each rat at 10 min before i.v. administration of
furosemide. Blood samples (0-12ml) were collected via the carotid artery
before (to serve as a control) and at the end of infusion of PAH and 1 (at
the end of infusion of furosemide), 5, 15, 30, 60, 90, 120, 180, 240, 300,
and 360 min after i.v. administration of furosemide. Heparinized 0-9% NaCl
injectable solution (10 units ml—!), 0-25 ml, was used to flush the cannula
after each blood sampling. Blood was centrifuged immediately to minimize
the ‘blood storage effect’ of the plasma concentrations of furosemide,!4 and
0-05 ml of plasma was stored at —20 °C until HPLC analysis of furosemide
and PAH. 8h after i.v. administration of furosemide, a large volume of
blood was collected through the carotid artery and the rat was sacrificed by
cervical dislocation. The plasma was stored in the freezer prior to the analysis
of creatinine, and the measurement of plasma protein binding. After measuring
the exact volume of urine, the metabolic cage was rinsed with 20 ml of distilled
water. The rinsings were combined with the urine, and the urinary bladder
was cut and washed into the combined urine. After measuring the exact volume
of the combined urine, an aliquot of the combined 8 h urine was collected
and frozen prior to the analysis for PAH, furosemide, CSA, sodium, potassium,
chloride, and creatinine. A portion (0-5ml) of the combined urine was
also incubated for 24 h with 1 ml of pH 5-0 phosphate buffer,! containing
10000 units of S-glucuronidase, in a water-bath shaker that was kept at
37 °C and 50 oscillations min—1 (opm). The liver, kidney, and stomach of
each rat were excised and weighed. At the end of the experiment, the whole
gastrointestinal (GI) tract (including its contents) was removed, transferred
to a 500 ml beaker filled with 200 ml of 0-01 M NaOH (to facilitate extraction
of furosemide), and cut into small pieces using scissors. After vigorously shaking
for 10min, two 0-1ml aliquots of the supernatant were collected from
each beaker and stored in the freezer prior to the analysis of furosemide. Similar
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experiments were also performed using normotensive SHRs (n=7) and Wistar
rats (n=15) of six weeks of age.

Oral study

Furosemide, 2 mg/100 g body weight, was administered orally (the total oral
volume was approximately 1-0ml) to SHRs (n= 14), Wistar rats (n=9), DOCA-
salt rats (n = 6), and SD rats (n=9) of 16 weeks of age, using a feeding tubing
after overnight fasting with drinking water ad libitum. PAH, 80 mg/kg body
weight, was also administered by i.v. infusion in 1 min via the jugular vein of
each rat 14 min after oral administration of furosemide. Blood samples were
collected via the carotid artery 0 (to serve as a control), 15 (at the end of infusion
of PAH), 30, 60, 90, 120, 180, 240, 300, 360, 420, and 480 min after oral
administration of furosemide. Urine was collected for 24h after oral
administration of furosemide. The other procedures were similar to those of
the i.v. study.

Plasma protein binding studies

The plasma protein binding of furosemide was determined by the equilibrium
dialysis technique using plasma from SHRs (n=15), Wistar rats (n=15), DOCA-
salt rats (n=5), and SD rats (n=5) of 16 weeks of age. 1 ml of the plasma was
dialysed against 1 ml of isotonic phosphate buffer of pH 7-4 containing 3%
dextran in order to minimize volume shifts,!%:16 using 1 ml dialysis cells (Fisher
Scientific, Fair Lawn, NJ, U.S.A.) and Spectra/Por membrane 2 (m.w. cut-
off of 12 000-14 000, Spectrum Medical, Los Angeles, CA, U.S.A.). In order
to reduce equilibration time, furosemide was spiked into the plasma side!” with
an initial plasma concentration of 10 ug ml—!. The spiked dialysis cells were
incubated for 24 h in a water bath shaker kept at 37 °C and at the rate of 50 opm.
The plasma protein binding of furosemide has been reported!8 to be relatively
constant for furosemide concentrations of up to 36ug ml-! using the
equilibrium dialysis method. The plasma protein binding of furosemide is not
influenced by CSA at CSA concentrations up to 2-6 ug mi—1,18

Metabolism in homogenate of liver and kidney

The procedures were similar to the method!? reported by Litterst ef /.20 In
the early morning at the end of 16 weeks, SHRs (n=15) and Wistar rats (n=35)
of 16 weeks of age were sacrificed by cervical dislocation. 1 g of liver or kidney
was excised, rinsed in 50 mM of tris-HCI buffer (pH 7-4), blotted dry with
tissue paper and weighed. All subsequent procedures were conducted at 4 °C.
Each tissue was minced into small pieces with scissors and then homogenized
with four volumes of cold 0-25 M sucrose in a tissue homogenizer (Ultra-Turrax
T25, Janke & Kunkel, IKA-Labortechnik, Federal Republic of Germany). The
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homogenates were then centrifuged (Beckman Model J2-21, Palo Alto, CA,
U.S.A.) at 9000 g for 20 min. After discarding the floating fat layer, the 9000 g
supernatant fraction was collected.

Metabolic activity was initiated by adding 1 ml of the above supernatant to a
glass test tube containing 0-05 ml of diluted Lasix solution (50 ug of furosemide),
2-045ml of the NADPH-generating system (1 mM NADP, 10mM G6P,
5mM magnesium chloride, and two units G6PD), 100mM of pH 7-4 tris-
HCI buffer, and 3:-3 mM of UDPGA. The mixture was thoroughly mixed by
hand and shaken in a water bath shaker kept at 37 °C and at the rate of 50 opm.
After 30 min of incubation, 1 ml of 1 M NaOH was added in order to terminate
the enzyme activity. After centrifugation, two 0-1 ml aliquots of the supernatant
were collected and stored in the freezer prior to the analysis of furosemide.

Analytical procedure

The concentrations of PAH,2! and furosemide and CSA'® were determined
by the reported sensitive HPLC methods. The sample preparation for PAH,
furosemide, and CSA was simple; 2-5 volumes of acetonitrile was added to the
biological samples. For the analysis of furosemide in tissue homogenate, 0-1 ml
of 0-3% HCI was added after addition of the acetonitrile.22 After vortex mixing
and centrifugation, an aliquot of supernatant was injected directly onto the
column. Therefore, the formation of CSA in the present urine sample was not
due to an artifact in the process of acid extraction for the sample preparation.2?

Concentrations of creatinine in plasma and urine, and of chloride in urine
were determined using a chemical analyser (Gilford SBA-300, Corning
Laboratory, Oberlin, OH, U.S.A.), and sodium and potassium in urine were
determined using flame photometry (Model I1L-943, Instrumentation Laboratory
SpA, Milano, Italy).

Measurement of cytochrome P-450 contents

The microsomal fractions of liver from SHRs (n = 5) and Wistar rats (n=>5)
of 16 weeks of age were prepared by differential centrifugation as previously
described,? and the protein content of liver microsomes was assayed by the
method of Lowry et al.25 The contents of cytochrome P-450 in liver microsomes
were determined by its carbon monoxide difference spectrum after reduction
with sodium dithionite according to the reported procedure? using a spectro-
photometer (Shimazu UV-260, Japan). An extinction coefficient of 91 cm~!
mmol—! was used to calculate the hepatic cytochrome P-450 contents of liver.

Pharmacokinetic analysis

The area under the plasma concentration—time curve from time zero to time
infinity (AUC) was calculated by the trapezoidal rule-extrapolation method;!%2
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this method employed the logarithmic trapezoidal rule recommended by
Chiou?’ for the calculation of area during the declining plasma level phase and
the linear trapezoidal rule for the rising plasma level phase. The area from the
last data point to time infinity was estimated by dividing the last measured
plasma concentration by the terminal rate constant.

The standard method?® was used to calculate the following pharmacokinetic
parameters after i.v. administration: the time-averaged total body clearance
(CL), area under the first moment of the plasma concentration-time curve
(AUMC), mean residence time (MRT), apparent volume of distribution at steady
state (V,,), and time-averaged renal (CLg) and non-renal (CLyg) clearances:

CL = Dose/AUC (1)

AUMC = S (Cp dt @
[+

MRT = AUMC/AUC ?3)

Vs = CL MRT 4)

CLy = Xyr/AUC )

CLNR = CL—CLR (6)

where Cp is the plasma concentration of furosemide at time ¢, and Xy g, is the
amount of furosemide excreted in urine up to time infinity. In the estimation
of CLg, the amount of furosemide excreted in urine up to time infinity was
assumed to equal the total amount excreted in 8 and 24 h after i.v. infusion
and oral administration, respectively, since negligible amounts of furosemide
were found in urine collected later. The total AUC instead of AUC from time
zero to the last blood sampling time was employed for the calculation of CLy
after i.v. studies, since the mean contributions of AUC from the last blood
sampling time to time infinity to the total AUC were lower than 1-06% for
each group of rats. Only AUC and CLy were estimated after oral administration.

The extent of the dose absorbed into the general circulation after oral
administration (F) was determined by the following plasma area-clearance
method;1%:2%

- CLoral AUCoral

F
Dosegral

)

where CL,.,, the CL after the oral dose, was calculated by the summation of
CLy obtained from the oral study (CLg o) and CLyg obtained from the i.v.
study (CLng ;.v) as illustrated below:
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CLNR,jv. = CLjy, —CLgiv. ®)
CLgrai = CLngiiv. + CLR oral- )]

Creatinine clearance (CLg) was estimated assuming that the kidney function
was stable during the study.

The mean values of each clearance, V,,, and half life were calculated by the
harmonic mean method.3

Pharmacodynamic analysis

The diuretic, natriuretic, kaluretic, and chloruretic efficiencies were calculated
by dividing the total urine output (ml) and total amount (mmol) of sodium,
potassium, and chloride excreted in the urine by the total amount (mg) of
furosemide excreted in the urine, respectively.

Statistical analysis

Levels of statistical significance were assessed using the ¢ test between two
means for unpaired data. Significant differences were judged as p<0-05. All
results are expressed as mean t+ standard deviation (S.D.).

RESULTS AND DISCUSSION

The mean arterial plasma concentration—time curves of furosemide after i.v.
administration to SHRs and Wistar rats of 16 weeks of age are shown in Figure 1,
and the relevant pharmacokinetic parameters are listed in Table 1. After i.v.
administration, the plasma levels of furosemide declined rapidly with lower levels
in SHRs. The mean terminal half life was significantly shorter in SHRs (49:0
versus 84-8 min) and resulted in a significantly shorter MRT (16+7 versus
22-2min) in SHRs than in Wistar rats. Since it has been reported that the CL
of furosemide is dose3! or concentration3? dependent in rats, and that CLg of
furosemide is urine flow dependent in rabbits,334 the values of CL, CLg, and
CLyr in the present studies were time-averaged values. There was no significant
difference in the time-averaged CL and CLy between SHRs and Wistar rats;
however, the CLyg was significantly faster (5:78 versus 3:94 ml min—! kg—1!)
in SHRs. The amount of furosemide excreted in 8h urine (X, gy, ¢_spn) Was
significantly smaller (31-2 versus 42-8% of the i.v. dose) in SHRs, and the
smaller urinary excretion of furosemide has also been reported in hypertensive
patients; the 24 h urinary excretion of furosemide was 14-7 and 25-4 mg for
patients with severe arterial hypertension (n=6) and an age-matched control
group (n=6), respectively, when furosemide, 40 mg, was administered
intravenously.3 The smaller X, p,0_sn in SHRs could be due to the faster
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Figure 1. Mean arterial plasma concentration—time profiles of furosemide after i.v. administration
of furosemide, 1 mg/100 g body weight, to SHRs (@) and Wistar rats (O) of 16 weeks of age. The
bars represent S.D. *, p<0-05; **, p<0-01; ***, p<0-001

metabolism of furosemide in SHRs as will be discussed later; however, it was
not due to the lower plasma protein binding or glomerular filtration rate (GFR)
in SHRs; the unbound fraction of furosemide in plasma, and the GFR values
estimated by creatinine renal clearance (CLcg), were not significantly different
between SHRs and Wistar rats (Table 1). It has been reported? that the
majority of furosemide available for excretion in the urine is delivered by active
secretion rather than passive filtration when considering the high plasma protein
binding of furosemide. The values of ¥, and plasma protein binding were not
significantly different between SHRs and Wistar rats (Table 1), and similar
results were also reported between patients with severe arterial hypertension and
an age-matched control group.? The glucuronide formation of furosemide
reported in humans,35 dogs,3¢ and rabbits (unpublished data) was less than 3%
of the i.v. dose (as expressed in terms of furosemide) in SHRs, Wistar rats,
DOCA-salt rats and SD rats. A negligible amount of glucuronide formation
of furosemide was also reported in SD rats.!%22 The exact reason for the
negligible formation of the glucoronide of furosemide in rats is unknown;
however, it may be due to the inhibition of UDP-glucuronyltransferase activity
caused by furosemide in rats.3’
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The contribution of biliary and/or GI excretion of furosemide to CLyg after
i.v. administration seemed to be minor, because 0-901 and 1-47% of the i.v.
dose were recovered from the GI tract 8 h after the i.v. dose for SHRs and Wistar
rats of 16 weeks of age, respectively (Table 1). Similar results have also been
reported; less than 5% of the i.v. dose was excreted in bile3® or recovered from
the GI tract!® after i.v. administration of furosemide to rats. Therefore, the
significantly faster CLyg in SHRs of 16 weeks of age than that in age-matched
Wistar rats suggested that the non-renal metabolism of furosemide could be
faster in SHRs. This could be supported by the significantly greater amount
of CSA (X, csa, 0-8 h» s expressed in terms of furosemide) excreted in 8 h urine
(11-1 versus 4-79% of the i.v. dose) in SHRs (Table 1) than that in age-matched
Wistar rats. The faster metabolism of furosemide in SHRs of 16 weeks of age
could also be supported at least in part by the result of the in vifro incubation
of 50 ug of furosemide with the 9000 g supernatant fraction of liver homogenate
(n=15); the amount of furosemide remaining per gram of liver after 30 min of
incubation was significantly smaller (40-4+1-44 versus 43:-7+1-38 ug;
p<0-006) in SHRs than that in age-matched Wistar rats. However, the values
for kidney homogenate were not significantly different between SHRs and Wistar
rats (48-8 £ 3-22 versus 49-5 1+ 3-45 ug; p<0-75). The greater metabolic activity
of furosemide in the liver may also be supported by the significantly greater
amount of hepatic cytochrome P-450 in SHRs of 16 weeks of age; the mean
values were 0-701+0-01 and 0-519+ 0-120 nmol/mg protein (p<0-023) for
SHRs (n=5) and Wistar rats (n=35), respectively. The weights of liver and
stomach per body weight were significantly greater in SHRs of 16 weeks of age
than in age-matched Wistar rats; however, the values for kidney were not
significantly different between SHRs and Wistar rats (Table 1).

The mean arterial plasma concentration-time curves of furosemide after i.v.
administration to DOCA-salt rats and SD rats of 16 weeks of age are shown
in Figure 2, and the relevant pharmacokinetic parameters are also listed in
Table 1. After i.v. administration the plasma levels of furosemide declined
rapidly with mean terminal half lives of 95-2 and 99-7 min for DOCA -salt rats
and SD rats, respectively. None of the pharmacokinetic parameters of
furosemide listed in Table 1 were significantly different between DOCA-salt
rats and SD rats. It is of interest to note that the CLyg of furosemide was not
significantly different between DOCA-salt rats and SD rats, and 1-01 and
0-371% of the i.v. dose were recovered from the GI tract at 8 h after i.v.
administration for DOCA-salt rats and SD rats, respectively. This suggested
that the non-renal metabolism of furosemide in DOCA-salt rats of 16 weeks
of age was no faster than that in age-matched SD rats. Therefore, the faster
non-renal metabolism of furosemide in SHRs of 16 weeks of age than in age-
matched Wistar rats might not be due to the hypertension itself. The weights
of liver and stomach per body weight were not significantly different between
DOCA-salt rats and SD rats of 16 weeks of age; however, the values for kidney
were significantly greater in DOCA-salt rats than in SD rats (Table 1).
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Figure 2. Mean arterial plasma concentration-time profiles of furosemide after i.v. administration
of furosemide, 1 mg/100 g body weight, to DOCA-salt rats (O) and SD rats (®) of 16 weeks of
age. The bars represent S.D.

The mean arterial plasma concentration—time curves of furosemide after i.v.
administration to SHRs and Wistar rats of six weeks of age are shown in Figure
3, and relevant pharmacokinetic parameters are listed in Table 2. After i.v.
administration, plasma concentrations of furosemide declined similarly with
terminal half lives of 48-2 and 55-7 min for SHRs and Wistar rats, respectively.
No pharmacokinetic parameters of furosemide listed in Table 2 were significantly
different between SHRs and Wistar rats of six weeks of age except the MRT.
It is to be noted that the CLyR of furosemide in SHRs of six weeks of age was
no faster than that in age-matched Wistar rats. Therefore, the faster CLyy of
furosemide in SHRs of 16 weeks of age than in age-matched Wistar rats (Table
1) could be due to the physiological factors drived from the chronic phase of
hypertension in SHRs and not due solely to hereditary of SHRs itself. However,
more studies are needed to prove this hypothesis.

The mean arterial plasma concentration-time curves of furosemide after oral
administration to SHRs and Wistar rats, and DOCA-salt rats and SD rats of
16 weeks of age are shown in Figures 4 and 5, respectively, and the relevant
pharmacokinetic parameters are listed in Table 3. None of the pharmacokinetic
parameters listed in Table 3 were significantly different between SHRs and
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Figure 3. Mean arterial plasma concentration-time profiles of furosemide after i.v. administration
of furosemide, 1 mg/100 g body weight, to SHRs (@) and Wistar rats (O) of 6 weeks of age. The
bars represent S.D.

Wistar rats, and similar results were also obtained from DOCA-salt rats and
SD rats. The F value was 25-3% in SD rats of 16 weeks of age and similar
F values in SD rats, 30-2%/!9 and 27-6%3? have also been reported. The mean
percentage of dose recovered from GI tract at 24 h after oral dose in SD rats
of 16 weeks of age was 13-3%, this value was lower than the values of 40-13°
and 40-3%!° where the values were estimated at 8 h after oral administration
of furosemide to SD rats. This suggests that some of the orally administered
furosemide may be absorbed from the GI tract between 8 and 24 h after oral
administration. Furosemide has been reported to be fairly stable in human gastric
juice, 1935

The pharmacodynamic parameters of furosemide after i.v. administration
to SHRs and Wistar rats of 16 weeks of age are also listed in Table 1. The 8h
urine output per gram of kidney (UOy_gy) was significantly lower (9-93 versus
16-5ml) in SHRs, and could be due to the significantly smaller amount of
furosemide excreted in 8 h urine per gram of kidney (397 versus 572 ug) in SHRs
(Table 1). The lower value of UOgy_gp, in SHRs was not due to the difference
in protein binding, GFR, or effective renal plasma flow (ERPF) as listed in
Table 1; the value of ERPF estimated by PAH renal clearance (CLppy) Was
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Table 2. Pharmacokinetic and pharmacodynamic parameters of furosemide after i.v.
administration of furosemide, 1 mg/100 g of body weight to SHRs and Wistar rats of
six weeks of age

SHRs Wistar rats
(n=17) (n=5)

Mean+S.D.2 Mean+S.D.

Body weight (g) 114+9-76 125+7-07
t,, (min) 48-2+7-68 55-7+25-6
AUC (ug min ml~Y) 665 + 107 6641 68-0
MRT (min) 16-4+2-98* 21-2+2-62
Vi(ml kg1 243+45-0 306+ 56-3
CL (ml min—! kg~!) 15-0+2-37 15-1+1-48
CLg(ml min—!kg~!) 2-78+1-20 3-3740-927
CLy\g(ml min—! kg~ 1) 12-0+1-42 11-5+1-24
X, Fu0-8 n(18) 228+49-3 294+178:7
X, Fu0-3 n(#8/8 kidney) 180+42-5 212+44-6
CLgP(ml min—! kg—1) 3:27+0-939 3-47+0-735
UOy_s (ml/g kidney) 12-5+5-37 13-3+2-98
Xy Na+ 0-8 n(mmol/g kidney) 1-56+0-272 1-97+£0-432
X, x+,0-8 (mmol/g kidney) 0-322+0-0920 0-348+0-108
X...c1- 0-s n(mmol/g kidney) 1-76 +0-662 2-03+0-576
Diuretic efficiency (ml/mg of Fu®) 67-31+17-2 64-81+21-4
Natriuretic efficiency (mmol/mg of Fu) 8-30+1-83 9-58+2-94
Kaluretic efficiency (mmol/mg of Fu) 2-1240-374 1-774+0-904
Chloruretic efficiency (mmol/mg of Fu) 9:-58+1-88 10-2+4-44

*Standard deviation.

*Renal clearance of creatinine.
‘Furosemide.

* p<0-05.

not significantly different between SHRs and Wistar rats. The total amount
of sodium (X, na+,0-8hs 1°21 versus 205 mmol) and chloride (X, ci- o-gn, 1°37
versus 2+ 17 mmol) excreted in 8 h urine per gram of kidney were also significantly
lower in SHRs than in Wistar rats. The urinary excretion of sodium has also
been reported to be lower in hypertensive patients; the 24 h urinary excretion
of sodium was 134 and 293 mmol for patients with severe arterial hypertension
and an age-matched control group, respectively.? However, the values of
potassium were not significantly different between SHRs and Wistar rats
although their urine output and urinary excretion of sodium were significantly
different. Similar results were also obtained after administration of furosemide
to humans* and dogs.#! This might be due to the constant rate of potassium
secretion in the distal tubule.4? It is of interest to note that the diuretic,
natriuretic, kaluretic and chloruretic efficiencies were not significantly different
between SHRs and Wistar rats. The 24 h urine output and urinary excretion
of sodium, potassium, and chloride per gram of kidney were also measured
before i.v. administration of furosemide, and they were not significantly
different between SHRs and Wistar rats (Table 1).
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Figure 4. Mean arterial plasma concentration-time profiles of furosemide after oral administration
of furosemide, 2 mg/100 g body weight, to SHRs (@) and Wistar rats (O) of 16 weeks of age. The
bars represent S.D.

The pharmacodynamic parameters of furosemide after i.v. administration
to DOCA-salt rats and SD rats of 16 weeks of age are also listed in Table 1.
The 8 h urine output per gram of kidney was not significantly different between
DOCA-salt rats and SD rats, as expected because the urinary excretion of
furosemide per gram of kidney was not significantly different between DOCA-
salt rats and SD rats (Table 1). The 8 h urinary excretion of sodium and chloride
per gram of kidney was not significantly different either, however, the value
for potassium was significantly lower in DOCA-salt rats (0-119 versus
0-322 mmol) than in SD rats. The 24 h urine was also collected before i.v.
administration of furosemide; the urine output and urinary excretion of sodium
and chloride per gram of kidney were significantly greater in DOCA-salt rats
than in SD rats, since the water containing 1% NacCl was supplied as drinking
water ad libitum to DOCA-salt rats during the 24 h urine collection period.

The urine output and urinary excretion of sodium, potassium, and chloride
per gram of kidney were not significantly different between SHRs and Wistar
rats of six weeks of age after i.v. administration of furosemide, as expected
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Figure 5. Mean arterial plasma concentration-time profiles of furosemide after oral administration
of furosemide, 2 mg/100 g body weight, to DOCA-salt rats (O) and SD rats (@) of 16 weeks of
age. The bars represent S.D.

since 8 h urinary excretion of furosemide per gram of kidney was not significantly
different between SHRs and Wistar rats of six weeks of age (Table 2).

The pharmacodynamic parameters of furosemide after oral administration
to SHRs and Wistar rats, and DOCA-salt rats and SD rats of 16 weeks of age
are also listed in Table 3. The pharmacodynamic parameters of furosemide were
not significantly different between SHRs and Wistar rats. The corresponding
parameters were not significantly different between DOCA-salt rats and SD rats
either, except for the significantly lower urinary excretion of potassium per gram
of kidney in DOCA-salt rats. Similar results were also obtained after i.v.
administration in DOCA-salt rats, and the exact reason remains to be fully
elucidated. As expected, the 24 h urine output and urinary excretion of sodium
and chloride per gram of kidney were significantly greater in DOCA-salt rats
than in SD rats when 24 h urine was collected before oral administration of
furosemide.

In conclusion, urinary excretion of furosemide (due to the significantly faster
non-renal metabolism), urine output, and urinary excretion of sodium and
chloride per gram of kidney in SHRs of 16 weeks of age were significantly lower



S. H. JANG ET AL.

202

¥28-0F91-2 028-0%91-¢ LO-TFLL-T €9¥-0F ST 1 (Koupry 8/10wu)? F-0 + BNy
8S-9Fp-LI SE-9F€-ST 68-6Fb-£l L1-€F40-8 (&supry 8/[w)" 00
£-52 0-87 1-0C 8.6 o
TV F9-01 EEVFEI-L 69-TF1-01 €L €708-8 G-8% (- urw ), Y7o
08-1F8Z- LZ-1599-9 LS-TFO0S-S €86-0F LL'9 (-3 —unw qu), ¥
€€-TFT6-6 §T-SFL-21 68-1768-¥ -y F8L-L (95) ewseld ur uonoely punoqur)
LITFE-€1 8Y-TFL6P TTUFL-L 75-8F8-07 R0 1D
UIOIJ PIIBAOIAI omow m%. %
QZ .QZ Qz uh—z Awiv.:&no V! .M\M\
961 ¥ 65T T-ELF6IT 1-TLFEIT 9-19FSLI (Koupry 8/8n)1 V0 Ty
£I9F 9L 897 +9vL SIZTFLOS opT F 80P (B)yive-ondny
SL9-0FES € ¥S-TF0I1-2 £6-1F18-T 796-0FL0-T -8y j_unu qu) ¥p
19§ F 1€S 9y T €8 60 T S6S 1LZF6£9 (-1 up 87) DNV
0-v9F 061 TELF €91 ¥-$6F vl 0-Z8FLET (uru) %y
L-IPFLLE T-YTF8SE S-PS F €6T T-LTFE6T (3) y31om Apog
‘A'S Fueda ‘a’SF ues ‘a’S FuBsN e d'S FUBN
6=1u) (9=1) 6=u) Fr=2
siel s sjel :.mm-A\UOQ siel uﬁm_B SYHS

a8e Jo syoam 9 JO sjel (IS PUE Sjel )[es-yY DO PUE SIBl JeISIp\ pue SYHS 01 ‘1ydm
Kpoq 8 001 /3w 7 ‘OpIwasoiny jo UOHRIISIUIWPE [RIO J9)JB SPIIAsOIny Jo s1apurered ospureusposeurreyd pue opsuryoseweyd “¢ s[qel



203

PHARMACOKINETICS AND PHARMACODYNAMICS OF FUROSEMIDE

100:0>d ‘aun 10:0>d ‘4s §0-0>d ‘s

*3prmasomy,

*9pIWAS0IN] JO UONHENSIUMUPE [BI0 9I0J3q Y $Z 10] PIIddN0d dlom sojdures sun(),
*UOIRMOII [2IOUSE oY1 OJUT PAQIOSGR 3SOP JO JUAIXS YL,

“poe sunddnjourure-d Jo 0URIBI [BUIY,

*3UMUNEIID JO 2OURILI [BUNY,
*31q®15939p 0N,

*3pIMasoImy JO StId) Uy passaidxy,
"UOHBIAP PIEpURS,

8750-0+ LEV-0
9L80-0+FL9L-0

68T-0F6E-€
87-§¥9-11

PS-1¥45-T
I-S+6-01

1-Tv+8-48

18€-0F6LY-0
OLI-0¥865-0
TLT-0+ LLE-O

88-S+¥€-6

065-0+92-2
$0L0-0F LOS -0

90S0-0+ LLY-0
+£€L0-0¥816-0

01ZT-0+16-T
92-§+2-11

wxnlLT-0F €650
L8-v¥¢S-01

L-8EF6-EL
suebP-1+88-€
STT-0F LE9-0
waeVE [ FSE- €
«EL-LFL-ST
7680+ 8C-T
«»sP6£0-0FPZ1-0

12L0-0+0LY-0
L§90-0F+€6L-0

60E-0FEE-€
7€-$+68-8

€LV-0F8L-1
20-€+66-L

$-0£+9-LS
99¥-0+ 1690
801-0+98S-0
1ST-0F 0590
ov-¥+85-8
PE-T+18-1
STI-0F¥9¢-0

+8010-0F LPS-0

0v60-0+£08-0

6T€-0+15-¢
0E-T+8€-L

1€L-0+96-1
LYy-TFSS-L

$-12¥0-0¢
LTS-0F196-0
122-0+7€5-0
18€-0F LEL-0
L9-TFL9-9
S6v-0FvT 1
0£50-0+ LOE-0

(3ySrom
£poq JO 05) WBdM YorwWOIS
Oysom
Apoq Jo 0p) B1om Koupry
(1y8em Apoq Jo o0f) 1YBom JaAr]
(ng jo 3uw/[ourur)
ASUIDIJJO S1RINIONYD
(ng jo
Swr/fowrur) A5uswIlje dndINEy
(04 jo
Swi/jourur) £5uaNd1yJe SURININEN
(qnd Jo Sw/[u) Aouspdyye omAIMIq
(43upry 8/jouru)’ ¢ -0y
(Aaupry 8/10tmu)’ ¥+ Ay
(Asuppy 3/jourur)’ ¥+ ™Ng'y
(Asupry 3/1w)s’ "“ON)
(Koupry 8/[ourm)? V-0 -y
(Ksupry 8/[ourun)? VE0+ ATy



204 S. H. JANG ET AL.

than those in age-matched Wistar rats after i.v. administration of the same dose
of furosemide based on body weight. However, the corresponding values were
not significantly different between DOCA-salt rats and SD rats of 16 weeks
of age and similar results were also obtained from SHRs of six weeks of age
and age-matched Wistar rats. Therefore, the significantly faster non-renal
metabolism of furosemide, and the resulting significantly lower urine output
and urinary excretion of sodium and chloride in SHRs of 16 weeks of age than
in age-matched Wistar rats may be due to physiological factors derived from
the chronic phase of hypertension in SHRs, and not due solely to heredity of
SHRs or the hypertensive state itself. Our present data might suggest (if they
can be extrapolated to humans) that the i.v. dose of furosemide in essential
hypertensive patients may require modifications.
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