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Furosemide was administered intravenousty (IV) and intramuscularly (IM) to
Thoroughbred horses at various doses. After rapid 1V injection, furosemide pro-
duced up to a 40-fold increase in the rate of urine formation with a concomitant
decrease In its specific gravity. This effect peaked between 15 and 30 minutes
after dosing and then declined rapidiy. >

i

At doses of up to 1 mg/kg IV, the bulk of the diuretic effect occurred within 1
hour. A second dose at 1 or 2 hours again produced substantial diuresis (70% of
the initial response). Larger doses or intramuscular (IM) administration pro-
tonged and enhanced the diuretic effect. The diuretic effect was closely related to
plasma levels of the drug, and the transient response after IV administration was
apparently due to the short plasma half-life of the drug. Increasing doses of
furosemide produced a graded increase in urine volume and a fivefold increase in
its Na+ concentration at all doses above 0.01 mg/kg. In contrast, increasing doses
pmdueqdagndeddmhuﬂnaryl(* concentrations. The net effect on K~
excretion was that all doses tested produced a small and transient increase in
urinary K+ output.

At 1 mg/kg IV, furosemide increased packed cell volume (PCV) sbout 5%,
total plasma solids by about 16%, and reduced plasma K* concentrations. These
effects peaked between 10 and 30 minutes postdosing, then returned rapidly to
control values. 5 ‘

Repeated doses of furosemide resulted in loss of the diuretic effect. Dosing
everyhonrntlmﬂu,ammwm%dmdiuuﬁsofmnrst
dose, while a fourth doumaboutone-qmrterasdl‘ecﬂventhcﬁrstdose.
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This loss of diuretic effect was associated with no further
changes in the blood picture. These repeated dosing exper-
iments suggested that about 25 liters of fluid can be with-
drawn from a 435 kg (1,000 1b) horse by furesemide.
Marked reductions in plasma K* concentrations were sgen
after repeated doses of furosemide, but no clinically signifi-
cant changes in blood enzymes were observed. Similarly,
daily dosing with 1 mg/kg furosemide IV for 4 days pro-
duced no clinically significant cumulative changes in any of
the blood values tested.

Time trials over a 1-mile course showed no statistically
significant changes in the performance of Standardbred
horses treated with 0.55 mg/kg furosemide IV 30 minutes
prior to the test. Similarly, a study of the track times of 58
Standardbred horses running with and without furosemide
at Louisville Downs showed no significant difference be-
tween times on and off furosemide.

Introduction

Furosemide (Lasix¥®)* is a member of the “*high ceiling™’
group of diuretics and is the member of this group most
widely used in equine medicine.? It is used in the treat-
ment of various forms of edema, in azoturia, to reduce
space-filling lesions. and more recently, in the
prophylaxis of epistaxis in racing horses.” As well as its
actions against epistaxis, it is suspected in racing circles
of “*diluting out™ prohibited drugs in the urine of racing
horses and also improving their racing performance.'? In
recent years its use for the prophylaxis of epistaxis in
horses during races has been approved by some racing
authorities; as a resuit, its use in horses racing in these
jurisdictions has increased up to 80%, a frequency of use
far beyond that which might be expected on the basis of
the relatively small (<5%) incidence of epistaxis in
Thoroughbred horses.'? E

Because of this widespread use of furosemide in rac-
ing horses, many questions concerning its actions and use
in the horse have arisen. Surprisingly, even the diuretic
effect of this drug in the horse is not well characterized,®
in particular, with respect to dose and time response rela-
tionships. Beyond recent work from this laboratory,'**
no data whatsoever were available on its pharmaco-
kinetics and clearance times from urine in the horse. Pre-
liminary reports on the effect of furosemide on the dispo-
sition of other drugs in the equine have been published
from this laboratory.'s-14 No studies on the efficacy of

« Lasix®, 50 ng/ml Hoechst-Roussel Pharmaceuticals, Somerville, NF.

furosemide in the prophylaxis of nosebleed nor on the
effect of furosemide on racing performance in the horse
are available. Further, concern exists among horsemen
regarding the effects of repeated doses of furosemide in
the horse because of the possibility of producing hypo-
kalemia, dehydration, or other forms of toxicity.*

In this study, we report on dose and xihae response
relationships for the natruretic, kaluretic, and diuretic re-
sponses of horses to furosemide after its IV and IM injec-
tion. We further report on the performance effects and the
effects of repeated doses of furosemide in the horse.
Companion papers on the detection and pharmaco-
kinetics of furosemide and its effects on the disposition of
other drugs in the horse have been published.'*" and
preliminary reports of this work have been presensed.*

Materials and Methods

Mature Thoroughbred and half-Thoroughbred mares
(375-550 kg), kept on pasture, were housed in individual
box stalls with hay and water ad {ibitum unless otherwise
noted on the days of an experiment. The horses were
administered agents either intravenously into the left jug-
ular vein or by intramuscular injection into the deep mus-
cles of the neck. Blood samples were collected in 15-mil
heparinized Vacutainer®® tubes from the opposite jugular
vein. Urine samples were collected by bladder catheteri-
zation. Urine samples for analysis were collected.**mid-
stream’ after catheterization. Bladders were drained
completely at each time period, and volumes were re-
corded to calculate the quantity of drug or electrolytes
excreted over a time period. Because the diuretic effect of
furosemide administered IV was both very marked and
very short lived (Fig 1), complete draining of the bladder
at up to 15-minute intervals was important to accurately
monitor the time course of the diuretic effect. Mean uri-
nary flow rates were calculated by dividing urine volume
for each period by the collection time in minutes. All
samples were held on ice until they could be taken to the
laboratory for analysis or for further storage at —40°C
until the samples were analyzed.

Sodium and potassium concentrations in plasma and
urine were analyzed by flame photometry.” Urine sam-
ples were centrifuged at 10,000 X g for 10 minutes to pre-
vent clogging of the aspirator line. Sodium and potassium
concentrations were recorded as millicquivalents/liter
(meq/liter). Urine specific gravity was determined by
means of a urinometer float. Total plasma solids were

¢ Becron-Dickinson Co., Rutherford, NJ.

¢ Model 143, | Lab ries, lac., Lexington, MA'
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EFFECT OF FUROSEMIDE ON
URINE OUTPUT
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indicated doses of furosemide intravenously. Open circles (O-C),
0.01 mg/kg; solid squares (8-W), 0.04 mg/kg; solid triangles
(A-4), 0.1 mg/kg; open squares (O-0)), 0.4 mg/kg; open triangles
(4-3), 1.0 mg/kg; solid circles (8-@), 4.0 mg/kg. Al experiment
points except those for 0.01 mg/kg (2 horses) represent means of
experiments on 4 different horses.

determined by refractometry.” Hematocrits were deter-

mined by centrifugation,” red blood celi counts on a Coul-

ter counter,” and hemoglobin on a hemophotometer.”
Serum glutamic oxaloacetic transaminase (SGOT), serum
glutamic pyruvic transaminase (SGPT), and creatine
phosphokinase (CP) were determined by the Spin Chem
method.* Other methods, drugs, and chemicals were as
previously oqtlined."-" Unless otherwise noted, all val-

ues are the means =+ standard errors of the means of

determinations on at least 4 different horses.

The effects of furosemide on performance were de-
termined in Standardbred horses. Standardbred horses in
training were purchased Jocally (commercial value $500-
1,000) and entered into the training program. The horses
were between 2 and 15 years of age. Training followed the

« Optical Refractometer, Bausch & Lomb, Rochester, NY.

« v Autoerit™ Centrifuge, Clay-Adams, Inc., NY.

 ZB1 Coulter Counter, Coulter Electronics, inc., Columbus, OH.
* Hemophotometer, Fisher, Inc., Cincinnati, OH.

* Spin Chem, Smith-Kline Instruments, L1d.. Palo Alo, CA.

traditional Kentucky pattern for Standardbred horses und
consisted of daily jogging for 5 miles, Sundays and
weather permitting, with 1 day of *“full speed’” training
each week. When the horses attained what appeared to be
their optimal performance, they were entered into the
drug trial program. Ali drug trials were performed
double-blind, with an equivalent number of control (saline
injection) treatments randomly inserted into the drug se-
quence. Inasmuch as the diuretic effects of the dose of
furosemide were occasionally observable. the driver
trainer was aware of the nature of the drug during the
trials. Dosage was 0.55 mg/kg of furosemide (about 3 ml
of 50 mg/kg furosemide to a 1,000 1b, 453 kg horse) 30
minutes before the timed run. Times were recorded by the
driver by stopwatch. Data were analyzed for statistical
significance by the t test and P <0.05 was selecied as the
criterion for statistical significance.

For analysis of the effects of furosemide on racing
performance at Louisville Downs, a list of the horses
which elected to go on furosemide during this meet was
made available to us. Furosemide was the only permitied
medication allowed during this meet, and urine samples
taken from these horses were checked for furosemide (o
monitor compliance with their declared furosemide
status. Performance times for these horses abtained prior
to going on furosemide were obtained from the track pro-
gram and compared with those on furosemide. For statis-
tical analysis a randomized block design was used with
each horse representing a single block. Statisticul signifi-
cance was determined by an F test.

Results |
»

Furosemide was administered 1V to groups of 4
horses at doses of between 0.01 and 4.0 mg/kg. Figure |
demonstrates changes,in urinary flow rates produced by
these doses. A base line urine flow of 6.6 mi/minute in the
absence of the drug was determined by averaging flow

rates for the 30 minutes just prior to injection of drug for

all horses tested in this experiment.

The lowest dose tested, 0.01 mg/kg, briefly increased
urine flow about threefold over base line. which then re-
turmed to the control rate by 30 minutes postdosing. Al
higher dose rates, urine flow peaked between 15 and 30
minutes after 1V injection. Urinary output was lurgely
complete within the first hour and had returned to close 10
control values by 2 hours postadministration for all but
the largest dose, 4.0 mg/kg.

Figure 2 shows the effect of these doses on urinary
specific gravity. Mean specific gravity in control urines
was 1.031 = 0.004, with a range of from 1.025 1o 1.050.
Urinary specific gravity was rapidly reduced after
furosemide treatment, with peak reduction occurring be-
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URINARY SPECIFIC GRAVITY AFTER INTRAVENOUS
FUROSEMIDE

T T 1 ¥ i ¥

0.01 mg kg O~~-Q
004 mg/hg B—8 -
0.10 my/hg a—b -
040 mg/ kg O—O

D 1.0Cmg/ kg O—d
400mg/%g —8
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10004,

Fig 2—Effect of intravenous furosemide on urinary specific grav-
ity. Furosemide at the indicated dose levels was administered to
Thoroughbred horses by rapld IV injection. The symbols show
urinary specific gravity after 0.01 mgfkg (open circles, O-0); 0.04
mg/kg (solid squares, B-E); 0.1 mg/kg (solid triangles, A-A); 0.4
mg/kg {open squares, [-0); 1.0 mg/kg (open triangles, A-A); 4.0
mg/kg (sotid circles, ®-@), All points except those at 0.01 mg/kg (2
horses) are the results of experiments on 4 different horses.

tween 20 and 40 minutes. At higher doses of furosemide,
urinary specific gravity dropped to less than 1.005 and
then slowly returned toward control values.

Figure 3 shows dose response curves for the indi-
cated doses of furosemide on peak urinary output and the
sodium and potassium content of urine al the times of
peak flow. The data demonstrate that while urine volume
responded with a graded increase to increasing dose, uri-
nary potassium concentration declined ina similar graded
manner. In contrast to-these graded responses, urinary
sodium content was minimally affected by the 0.01 mg/kg
dose but was maximally affected by the 0.04 mg/kg dose.
Thus, doses of furosemide above 0.04 mg/kg all produced
the maximal increase in the concentration of Na* in
equine urine in contrast with their graded and opposite
effects on volume and K * concentration.

Figures 4 and 5 show the results of these effects on
urinary excretion of Na* and K*. While urinary Na*
excretion increased with dose in a graded fashion, urinary
excretion of K * was maximally increased by the smallest
dose tested (0.01 mg/kg) and was not further increased by
increasing the dose.
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Fig 3—Dose response relatlonships of urinary output and cation
concentrations at peak diuresis due to intravenous furosemide.
Furosemide af the indicated concentrations was given by rapid
intravenous injection to horses. The solid circles (®-®) show peak
urinary output at each of the indicated doses. The crosses {X-X)
and open circles (O-O), show urinary concentrations of Na™ and
K*, respectively, at the indicated dosage levels. Al experiments
except those at 0.01 mg/kg (2 horses) are the means of experiments
on 4 different horses + standard deviation.

DOSE RESPONSE OF FURGSEMIDE ON PEAK
EXCRETION RATES OF Na' AND K’
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Fig 4—Dose response relationship for intravenous furosemide on
catfon excretion rates. All data points represent cation excretion
mustpukdtugeﬂed.mwdrdu(O-O)thwmk uri-
pary output of Na* after the indicated concentrations of

, while the open squares {0-U) show peak urinary out-
put of K* after the indicated doses of furosemide, AN experiments
except those at 0,01 mg/kg (2 horses) are the means of experiments
on 4 different horses = standard deviation. .
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Fig 5—Effect of intravenous furosemide on rates of urinary loss of
Na* and K*. The left-hand panel shows the effect of the indicated
doses of furcsemide on Na* output/minute; the right-hand panel
the effect of the indicated doses on K* less/minute. All points are
means =+ standard deviation of determination on 4 different
horses.

Figure 6 shows the effect of 1 mg/kg furosemide 1V
on a number of blood values. Packed cell volume in-
creased by about 6%, which effect was accompanied by
parallel increases in hemoglobin and red blood cell count
(data not presented). Total plasma solids increased by
about 10%. while serum K * concentrations showed up to
a 20% drop. No consistent changes in plasma Na* con-
centrations were observed. All the changes observed
were rapidly reversed, and all values had returned to con-
trol levels by 120 minutes postdosing.

Figure 7 shows the diuretic response obtained after
IM injection of 1 mg/kg of furosemide. Peak flow rate
achieved after injection by this route was less than that
observed after 1V injection, but the diuretic effect was
more prolonged. Similarly, the effects on cation concen-
tration in urine were of longer duration than after 1V in-
jection and paralleled the proionééd diuretic effect. As
shown in Table 1, about 50% more water and 25% more
Na* were eliminated after 1 mp/kg furosemide was given
by the IM rather than by the IV route.

Figure 8 shows the relationship between plasma
levels of furosemide and the diuretic response. The diu-
retic responses to 1 mg/kg furosemide IV or IM were

replotted from Figs 1 and 6, while plasma levels of the -

drug were replotted from Figs 6 and 8 of Roberts e al.*
Baseline urine flow rates were subtracted from all values
presented in Figs 1 and 6, so that only the diuretic re-
sponse to the drug was represented. The data show that in
both cases the diuretic response to furosemide declined a
littte more rapidly than ptasma levels of the drug.

Traditionally, the diuretic effect of furosemide has
been thought to be limited by the amount of extraceliular

FUROSEMIDE Img/kg 1/V

z ! i { T 1 T T
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* 2 e o+
& v b o >
o O O O o

f

PERCENT CHANGE FROM CONTROL VALUES

S50 .
-I00 F SERUM K* =
. CONCENTRATION
-15.01 .
-200 + .
-2504 ber—

0 3 80 90 20 50 200
MINUTES POST FUROSEMIDE

Fig 6—Effect of 1 mg/kg furcvemide intravenously on blood values.
Horses were sdministered 1 mg/kg furosemide intravenously and
blood samples drawn st the indicated times. The solid circles (9-@)
show the percent incresse in total plasma solids, while the open
circles (O-O) show the percent Increase in packed cell volume fol-
lowing furveemnide, The solid squares (l-B) show the percent de-
crease In serum K*. Control serum K* levels were 3.70 = 0.12
Eqftiter. All dsts are expressed as percent change from predrug
controls and are the means *+ standard error of the means of ex-
periments on 6 horses.
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Fig 7—Effect of 1 mg/kg furosemide intramuscularly on urine
volume and cation concentration. The open circles (O-O) show
urinary output after the indicated dose of furesemide, while the open
squares (0-00) and triangies (A-A) show urinary coacentrations of
Na* and K*, respectively. All experimental points are
means t sisndard deviation of experiments on 4 different horses.



May, 1978, Vol. 2

The Pharmacology of Furosemide 221

TABLE 1

Cumulative Water and Na* Loss After 1 mg/kg Furosemide
Intravenously and Intramuscularly

Time 1.0 mg/kg IV 1.0 mg/kg IM
after Urine Vol. Na* Excretion Urine Vol. Na* Excretion
administration (liter) (mEqg/liter) diter) (mEq/liter)
1 hour 8.2° 732 8.4 621
2 hours 9.0 744 12.6 887
4 hours 10.5 748 16.2 994

"n = 4 horses

fluid available 1o be excreted. However, because of the
close correlation between the plasma half-life of furose-
mide and its pharmacological action (Fig 8), we decided to
test this hypothesis by administering repeated IV doses of
furosemide to horses. Figure 9 (Experiment 1) shows that
a second dose of furosemide within 120 minutes elicited a

§ .

prompt diuretic response of about 73% of the magnitude
of the first response. Similarly, Fig 9 (Experiment 2)
shows that about the same response was obtained if a
second dose was administered within 60 minutes of the
first dose. These experiments show that at the | matkg
dose level considerable quantities of fluid remain availa-
ble to furosemide at 1 hour after dosing. It thus appears
reasonable to assume that the diuretic response 1o a single
IV dose of furosemide at | mg/kg is limited primarily by
rapid elimination of the drug.™

Q
L]
o
300 — 3
2 If, however, the | mg/kg 1V dose of furosemide was
e o & repeated, the diuretic response decreased rapidly. Thus, a
& 2 third dose produced a diuretic response of only 37% of the
£ 5 original response, and a fourth dose produced a response
E —-13% of about 25% of that observed initially. Since these horses
t - were deprived of water during these experiments, it ap-
Z 0 -0 = pears likely that the 21.3 liters of fluid withdrawn over the
£
3 &
§ 30+ -30 .,
E DIURETIC RESPONSE TO REPEATED DOSES OF FUROSFIMIOE
E Q= 1%y 'mmmumstmuq'J_ o worses §vomsEs 3 omses um:s_
§ e DAL it i Lt ] o= Il = GAL b SA L —oh—RAL— |
¢ CPUROSEMIDE , i mp /by, I/V) 4 4
o3 \‘\ ~103 9 ] R b e ]
\ I 1 3 s | Z * B ]
0 1O 20 30 40 50 5 4 o
HOURS POST DRUG H ! E 1 b
Fig 8—Relationship between plasma levels of furosemide and 0% ny :E E
diuresis. The solid symbols and lines show rates of urine formation ; L L ] T
in mi/minute after IV injection (solid squares, H-W, replotted from L T T

Fig 1) and after IM injection (solid circles, ©-@, replotied from Fig
& of 1 mg/kg furosemide. Control rates of urine lormation were
subtracted from all values so the points represent diuresis due to
furosemide only, The open squares (0-0J) and circles (O-O) show
plasma levels of drug after similar doses of furcsemide, replotted
from Roberts et al.'* Plasms levels of furosemide were superim-
posed on urinary flow rates by muitiplying oll plosma levels by 9.2.
The approximate half-lives for the diuretic effect afier each route
of administration compare with kinetically determined plasma
half-lves for furcsemide of about 30 and 86 minutes, respectively
(Roberts er al.').

Fig 9—Diuretic response to repeated doses of furcscmide. The left .
panel (Experiment 1) shows the diretic response to | mg/kg of
fercscentde IV at indicated xero thne and 2 hours, respectively. All |
data peints are the means of experimental determinations on 4 .
diffevent horses. The right-hand panel (Experiment I) shows the
effect of 4 doses of 1 mg/kg furcsemide IV. The liter figures refer to
the total volumes of urine volded between doses, while the percen-
tage figures express the diuretic response as & perceninge of the
response to the first dose. No access to water was allewed during
these experiments.



~

[ |

2992 The Pharmacology of Furcsemide

May, 1978, Vol. 2

1 ¥ 1

L)
| TOTAL SOLIDS __———— %
— —

o
o)
i

100 | _

oy
o

FUROSEMIDE Img/kg LV.
ON THE HOUR

| 1 i
0 LO 2.0 30 40
HOURS POST FIRST DOSE

PERCENT INCREASE ABOVE CONTROL

o]

Fig ID—Eﬁeﬁofnpwedekmldeon!otdwlids,
hematocrit, hemoglobin, and RBC content. Blood samples were
dr.nmmmummzmhsmumumam
mhdueefmmmlde.mnnddrdu(.-.}dmwmu!plm
solids, the solid squares (B-8) hematocrit, the solid triangles
(A-A) total henwglohh,mdtheopendrdu-(O-O) RBC. All val-
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course of experiments of Fig 9 approached the maximal
amount of fluid available to this dose level of furosemide
in these horses. :

Throughout Experiment 2 (Fig 9) blood samples were
drawn at 45 minutes after each IV dose of furosemide and
analyzed for total protein, Na”, K+, SGOT, SGPT, CP,
hematocrit, hemoglobin, and total RBC. Figures 10 and
11 show the changes observed :Hematocrit, hemoglobin,
and total RBC all increased up to about 8%, whereas
about twice this change in total plasma solids were ob-
served. In each case the bulk of the effect was observed
with the first dose, and the increases thereafter were con-
siderably smaller.

Figure 11 shows the effect of repeated doses of
furosemide on plasma Na*, K*, SGOT, SGPT, and CP.
Again, no significant change was seen in plasma Na* con-
centration, while plasma K* was markedly reduced. No
clinically significant changes in any of the plasma enzyme
levels were observed.

In another sequence of experiments, 4 horses were
dosed daily with 1 mg/kg furosemide IV for 4 days with
blood samples being drawn 15 minutes before and 45 min-
utes after each dose. This experiment was designed to test
for any cumulative change in these parameters, either

FUROSEMIDE mg/kg 17V EACH HOUR

S0 8—8 seot i

0 A— & SGPT
3 +40 L O=- O CREATIN PROSPHOKINASE -
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]

A0t i/ - /.
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Fig 11—Effect of repeated doses of furosemide on plasma enzymes
and monovslent cations. Biood sampiles drawn from the horses of
Fig 9 (Experiment 2) at 15 minutes prior to furosemide and 45
minutes after each dose were analyzed for Na* (open circles, C-0),
K* (solid circles, @-@), SGOT (open triangles, 4-1), SGPT {solid
triangles, A-4A), and CP (open squares, G-0). All values represent
means = standard errors of the means on 3 or more horses, and all
values are expressed as a percentage of control values at 15 minutes
prior to furosemide.

predrug or at peak drug effect (45 minutes postdosing).
Again, total protein, plasma Na*, K*, SGOT. SGPT,
hematocrit, hemoglobin, and total RBC were foliowed.
No clinically significant cumulative effects on any of
these values were observed.

The effect of furosemide on the performance of
Standardbred horses is presented in Table 2. The dose of
0.55 mg/kg IV or about 5 m!/1,000 Ib (453 kg) horse was
selected on the advice of Dr. Gene Bierhaus of the Col-
orado Racing Commission. The test time of 30 minutes
after dosing was selected on the basis of the very brief
pharmacological action of furosemide and its rapid etimi-
nation, demonstrated in this and earlier reports from this
laboratory.* The data show no statjstically significant ef-
fects of this dose of furosemide to improve the perform-
ance of these horses at 30 minutes after dosing. Table 2
shows the times observed for Standardbred horses racing
on furosemide at Louisville Downs this summer. Pre and
postfurosemide times were compared for horses which
clected to go on furosemide medication during the meet.
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TABLE 2

Effect of Furosemide on Time Trials
in Standardbred Horses

-

Trial Horse Saline Furosemide A

1 Noelle 131 141 +10
2 135 134 -1
3 135 129 -6
4 Doc Stultz 134 135 + 1
5 134 132 -2
6 Beau 142 136 - 6
7 ) 139 141 + 2
g Ballards 143 142 -1

Love Bug

9 Wilson 134 134 0
All Horses 136.33 136.00 -0.33

Time trials were performed as described in Methods. All vaiues represent
times in seconds required for these horses to pace | mile. The & symbol
refers 10 the change from the matched control assaciated with furosemide
administration. Applying & t 1est to all data points, t = 0.2, less than
one-tenth the value required for significance at the 0.05 level.

The data show no significant difference betwen the times
of these horses before and after they went on furosemide.

Discussion

The most surprising result from the present studies
has been the apparently fast onset and decline in the diu-
_ retic effect of furosemide after IV injection (Fig 1). At all
doses and by all routes tested (Figs 1 and 7), the diuretic
effect of furosemide peaked between 15 and 30 minutes
postinjection. At all 1V doses up to 1 mg/kg, the bulk of
the diuretic effect was over within 1 hour. Similar results

have been reported by Muir er al.’? who observed appa-

rent spontaneous voiding of urine for the fir§t 55 minutes
after 1 mg/kg of furosemide [V and no voiding during the
following hour. Other work by Garner et al.® did not re-
port the time course of diuresis due to furosemide.

The rapid peaking and decline in the diuretic effect of
furosemide appears to be due to rapid elimination of the
drug. Inspection of the data of Roberts et al. (Fig 6)"
shows that, between 10 and 60 minutes postinjection,
plasma levels of furosemide fell from 3,000 ng/ml to about
150 ng/ml. This 20-fold drop in plasma concentrations of
the drug is sufficient to account for the rapid decline in the
pharmacological response to furosemide. The decline in
response was not due to any limited availability of fluid to
excrete, because a second dose 1 or 2 hours after the first
immediately produced a good diuresis (Fig 9). The in-
terpretation that the decay in the diuretic .effect of
furosemide is primarily due to c¢learance of the drug is

well supported by the data of Fig 8, which shows a close
relationship between diuresis due to furosemide and its
plasma levels after IV or IM administration.

Intramuscular administration of furosemide resulted
in a more prolonged diuretic effect that after IV injection
(Fig 7) and in the excretion of about 50% more urine
(Table 1). This prolonged diuretic effect after IM injection
correlated well with the more prolonged plasma levels of
furosemide observed after IM injection. Therefore, in a
situation where a more prolonged or more effective di-
uretic response to a given dose of furosemide is required.
IM injection would appear to be the route of choice.

In these horses, 0.04 mg/kg appeared to be the
threshold dose for significant renal effect after IV injec-
tion. Below this dose, little effect on urinary Na*, K™, or
volume was observed. At or above this dose level, uri-
nary Na* concentration was maximally increased in what
appeared to be an all or none effect (Fig 3). In contrast to
this effect on Na* concentration, increasing doses of
furosemide produced a graded increase in volume and a
graded decrease in urinary K * concentration (Fig 3}. The
upshot of these relationships is that while increasing con-
centrations of furosemide preduced an increasing output
of urine and also of Na*, increasing the dose had very
little effect on K* output. As shown in Figs 4and 5, loss of
K * was approximately maximally increased by the Jowest
dose of furosemide tested and was not further increased
by higher doses.

Studying the effects of doses of up to 18 mg/kg
furosemide IV in horses, Garner et al.® reported no signif-
icant effects on K* excretion. The discrepancy between
the resufts reported here and those of Garner and co-
workers® is probably due to the fact that these workers
pooled all urine samples obtained in the first 6 hours post-
drug. As shown in Fig 5B, the effect of furosemide on K*
output is smail and occurs within the first hour. Therefore
pooling samples for the first 6 hours would tend to dilute
out the effect of furosemide on K * excretion and render it
more difficult to detect. In addition, the dose response
data of Fig 4 show, if anything, a tendency for the effect
on K * output to remain the same or possibly decrease as
the dose was increased. For this reason, even the larger
doses used by Gamer ef al.¢ would not tend to overcome
this problem.

After intravenous administration of furosemide, the
changes in blood values (Fig 6) closely followed the time
course of the diuretic effect. Hematocrit values increased
about 69, peaking between 20 and 30 minutes postdosing
and then declining. Total plasma solids also increased,
but to about 109, and then declined back to baseline.
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Plasma Na* levels showed no change, while plasma K*
levels declined and then turned toward normal.

Muir and co-workers'? observed similar discrepan-
cies between the effects of furosemide on hematocrit and
total solids, and Fregin and co-workers® suggested that
the effect was due to albumin moving into the circulating
compartment. The same effect has also been observed in
human plasma, where total colloid osmotic pressure was
increased about 15% after a dose of furosemide, com-
pared with a 5% increase in hematocrit.® Fregin et al.®
chose to interpret this phenomenon in terms of a furose-
mide induced net entry of albumin into the vascular com-
partment but failed to suggest a site or mechanism for
such an effect, The reduction in plasma K * reported here
is similar to that reported by Fregin e al.% and in good
agreement with the observed increase in urinary loss of
K * after furosemide (Fig 5).

The shape of the curves for the increase in total s0l-
ids and hematocrit post-1V furosemide reported here (Fig
6) differs considerably from those reported by Muir et
al.'* These workers did not observe the sharp peaking of
these values at 30 minutes and subsequent rapid return to
control values reported here (Fig 6). The reason for thése
differences is not clear but may relate to the fact that the
horses in these experiments had free access to water,
while those of Muir er al.’ were likely restrained in
stocks and had no access to water.

Another unexpected finding from these studies was
the close relationship between plasma levels of furose-
ride and its diuretic effect. Based on studies on the ef-
fects of probenecid on the saluretic effect of low doses of
furosemide, Hook and Williamson' suggested that either
cellular or luminal (urinary) furosemide levels would be
most closely related to the natruretic activity of this com-
pound. However, inspection_of Fig 9 in the paper of
Roberts er al.™ shows that, after IM injection of furose-
mide, its urinary concentrations rose steeply throughout
the diuretic effect, while plasma levels of the drug were
falling in parallel with diuretic response. The urinary data
are in apparent contradiction with the observations of
Burg and Stoner* who report that in vitro furosemide only
acts from the luminal surface of the renal tubule. How-
ever, it is difficult to relate bladder concentrations of
furosemide (such as were reported by Roberts e al.™) to
concentrations at receptor sites in tubules, especially
since urinary output was falling (and therefore drug con-
centration in urine rising) throughout the experimental
period (Fig 9).1 '

In contrast to the apparent lack of relationship be-
tween urinary levels of furosemide and the diuretic effect,

plasma levels of furosemide were closely related 1o the
diuretic effect (Fig 8). This slightly faster decay of the
diuretic effect when compared with plasma levels of the
drug probably reflects the fact that we were unable to
rehydrate these horses. As shown in Fig 9. the diuretic
response to furosemide declined as fluid was eliminated
by these animals. 1t appears probable that u much closer
plasma levei: diuretic effect relationship could be demon-
strated in an experimental situation in which hydration of
the test animals could be maintained.

These observations on the correlation between
plasma levels of furosemide and its diuretic effect are also
in good agreement with some recent work in man. Study-
ing chlorothiazide'* and more recently furosemide.' Bra-
ter has observed a probenecid-induced prolongation and
enhancement of the diuretic response to both drugs in
human subjects. Probenecid apparently inhibited tubular
secretion of these drugs, prolonged their plasma half-life.
and thus gave rise to a prolonged and enhanced clinical
response. In the study reported here. IM administration
of furosemide also acted to prolong its plasma half-lite
and similarly prolonged and enhanced its diuretic re-
sponse (Fig 7). Similarly, Branch and co-workers' have
recently reported a linear relationship between plasma
levels of furosemide and the rate of Na* excretion in man.
in good agreement with the results reported here.

Studies on the performance effects of furosemide
posed the problem of selection of a dose and a suitable
time period postdosing to conduct the test. The dose of
0.55 mg/kg (about 5 ml of 50 mg/mi furosemide 1V 1o u
1,000-1b horse) was selected on the advice of Dr. Gene
Bierhaus of the Colorado Racing Commission. A time of
30 minutes between dosing and exercise was selected be-
cause this was the time at which peak changes in total
plasma solids and hematocrit were observed (Fig 6).
Other workers? have selected doses of furosemide of |
mg/kg 1V and waited 130 minutes before their perform-
ance tests. Judging from data reported in this paper and
elsewhere,' a 130-minute delay would allow 90% of the
drug to be eliminated and most or all of the acute car-
diovascular and hematological effects to dissipate.' Per-
forming trials under these circumstances hampers in-
terpretation of negative data, since the most likely in-
terpretation becomes dissipation of the drug effect. We
therefore elected to run the trials reported here as close to
peak drug effect as possible. As shown'in Table 2, no
statistically significant effect of pretreatment with
furosemide on the times to pace 1 mile were observed.
These data are apparently in good agreement with those

¢ Brater, D.L.. Department of Pharmacology, Univ. of Tcxas South\;vestern Medical
Schaol, Dallas, TX: Personal communication.
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of Gabel and co-workers? who reported a small but statis-
tically nonsignificant improvement in the performance of
horses pretreated with furosemide in drug trials similar to
those reported here.

The principal problem with the drug trial study re-
ported in Table 2 and that of Gabel e7 al.” is the small
number of animals involved. Thus, if a single trial (trial
#1) in which an unusually slow time for furosemide was
observed is eliminated, furosemide then improved the
performance of 4 out of 5 horses and had no effect in one.
Under these circumstances the probability that furose-
mide improved performance becomes 1 in 16, close to but
still less than the 1:20 required for statistical significance.
We therefore decided to perform a retrospective study of
the effect of furosemide on racing performance of Stand-
ardbred horses racing under the furosemide medication rule
in Kentucky in 1977.

Through the cooperation of the Kentucky Harness
Commission, the list of horses electing to go on
furosemide medication during the 1977 Louisville Downs
Summer Meet was made available to us. From the names
of these horses and the date on which they went on
furosemide, their performance times pre- and
postfurosemide were obtained from the published race
programs. A comparison of these times showed that the
mean times to pace 1 mile of the 58 horses selected for
study was actually increased by 0.1441 seconds in the
horses treated with furosemide. This small slowing in

their performance times by furosemide was not statisti--

cally significant. The data show that the average horse-
“men and presumably their veterinary advisors at Louis-
ville Downs were not able to improve the performance of
horses during this meet by medication with furosemide. It
should be borne in mind that nothing is known about the
doses of furosemide used, the times before‘ racing that

they were administered, or the conditions which prompted
administration of the drug. These observations sup-
port the results obtained in the performance trials re-
ported here and those of Gabel and co-workers? and
suggest that furosemide has no effect on the time to pace i
mile of Standardbred horses.

Because of the widespread use of furosemide in rac-
ing horses, questions arise concerning the safety of re-
peated doses of furosemide. Studies by the manufacturer
indicate that the acute toxic IV dose of furosemide is not
less than 300 mg/kg. Irreversible deafness has been re-
ported in human patients receiving massive doses of
furosemide.? Other workers have reported enhanced
tubular necrosis in patients simuitaneously receiving
furosemide and cephaloridine.? Further, very high doses
of furosemide in mice have been shown to be metabolized
to a chemically reactive metabolite which produces mas-
sive hepatic necrosis."

Because of these considerations we studied the effect
of repeated dosing with furosemide on a number of blood
values. Figure 9 shows that at | mg/kg IV the diuretic
response to furosemide was self-limiting, and the data
suggest that at this dose level about 25 liters of fluid can
be obtained from a 1,000-1b (453 kg) horse. Once this
amount of fluid was withdrawn, the animal became resis-
tant to further 1 mg/kg doses, and little further diuresis or
hemoconcentration was seen. No clinically significant
changes in plasma enzymes were seen in this experiment.
but plasma K* was markedly reduced. Hypokalemia
would thus seem to be the most likely acute toxicity prob-
lem to be encountered during repeated dosing with
furosemide in this horse. However, the horses in these
experiments appeared clinically normal at the end of
these repeated dosing experiments. Similarly, in the ex-
periments in which 1 mg/kg furosemide was administered
IV daily to horses for 4 days, no cumulative deviations

TABLE 3

Effect of Medication with Furosemide on the Performance of Horses Racing at
Louisville Downs, Summer, 1976

# of Horses  # of Trials Mean Times S.EM.
| Prefurosemide 58 160 128-5925 0.2031 F=<0.00
- With Furosemide 58 232 128-7366 0.1594  (F for significance

shouid be >3.0)

. Anhkmeetfurouuﬁdewnmeonlypcrmiuednpdicmon.andiuunmmnimmdbyun'mlyﬁs. Hotses could elect to go on furosemide at any time
- throughout the meet, but once on furosemide had 1o stay on it. Mmmﬁmfwhmmmmmmmmowmmm

, Programs and compared. Only times on good or fast tracks were taken. For

the 38 horses selected, 160 prefurosemide times were available and 232

. post!uro:emidetimes.Am;domiudblwkduiuwuusetlwherend:houeWM:bbck.AﬂuaﬂMngtmblocks(i.e..diﬁmbﬂmn
" horses), there was g0 significant difference between treatments (i.¢., times on and off furosemide).
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from control values were seen in any of the parameters
tested.

These results support the conclusions of Gabel and
co-workers’ that, at the commonly used doses,
furosemide is a safe drug in the horse. From these studies
it is clear that these are relatively small doses (0.5-1
mg/kg) of the drug, and that when administered 1V their
action is brief and the drug is rapidly eliminated. The 8-9
liters of water eliminated after a | mg/kg dose IV is only
about 2.8% of the total body water in a 1,000-1b (453 kg)
horse. If access to water is restricted, this deficit can
presumably be distributed throughout total body water.
Given access to water, this deficit is probably readily re-

placed and accounts for the rapid reversal of the hemo-
concentration observed in Fig 6. The sharp decline in
plasma K * after furosemide {Figs 6 and 11) must acutely
reduce the turnover of membrane Na~K ~-ATPase!* and
increase the net flux of K+ along the leak pathway to
extracellular sites, accounting for the rapid reversat of the
decline in plasma K * levels observed in Fig 6. Because of
the large excess of K* in the normal equine diet and the
ready availability of intracellular K- for the
plasma pool, acute hypokalemia would seem un uniikely
event in the normal horse after single doses of furose-
mide. However, the possibility of clinically significant
hypokalemia after large or repeated doses of furosemide
is very real (Fig 11) and deserves further investigation.
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