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Ethacrynic acid (MK-595) 1 is a new orally ac-
tive saluretic agent structurally unrelated to or-
ganomercurial or benzothiadiazine diuretics (2).
Its biological properties in experimental animals
were first studied by Baer, Russo, Michaelson,
and Beyer (3, 4), who reported it to be a natri-
uretic drug more potent than chlorothiazide and
suggested that it might have a novel mode of
action. Clinically, its potency seems to be com-
parable to parenterally administered organomer-
curials, and it has been effective in patients previ-
ously refractory to other diuretics (5, 6). Be-
cause of the potential importance of this drug as
an effective agent in the treatment of edema, the
present study was undertaken to gain knowledge of
the site or sites of action of the drug in the human
kidney by determining its effects on urinary dilu-
tion and concentration.
Knowledge of the mechanisms of urinary con-

centration and dilution, recently reviewed by
Gottschalk (7) and Ullrich, Kramer, and Boylan
(8), has provided a basis for studying the locus
of action of diuretics in the kidney of intact sub-
jects. In the normal kidney, after reabsorption
of approximately two-thirds of filtered sodium
and water in isotonic proportions in the proximal
convoluted tubule, the remaining urine may be
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diluted or concentrated in the loop of Henle
and distal nephron. In the ascending limb of
Henle's loop, sodium is actively reabsorbed in
excess of water, resulting in the production of
a dilute urine in the tubular lumen before pas-
sage of the fluid from the ascending limb into
the early distal tubule. Simultaneously, the sol-
ute reabsorbed in the loop is extruded into the re-
nal medulla where the countercurrent multiplier
system maintains a markedly hypertonic inner
medulla. In the presence of antidiuretic hormone
(ADH), the final urine is concentrated by the
passive movement of solute free water from iso-
tonic urine in the collecting duct into the hyper-
tonic medulla. In the absence of ADH (water
diuresis), the hypotonic urine entering the early
distal tubule is diluted further by the reabsorption
of sodium at water-impermeable sites.
Thus urinary dilution or free water generation

may occur at two sites in the nephron-the first
site in the ascending limb of Henle's loop where
the extracted solute is also involved in the mecha-
nism of concentration of the final urine and the
second site in the distal tubule [and possibly also
the collecting duct (9, 10)] where dilution oc-
curs by processes not directly related to the
countercurrent mechanism.

Based on these concepts, a diuretic acting solely
in the proximal tubule would be expected to en-
hance free water clearance (CHo) during water
diuresis because more sodium would be presented
to both of the diluting sites for reabsorption, and
also there would be relatively less ADH-inde-
pendent back diffusion of water from the col-
lecting duct at high rates of urine flow (11).
During hydropenia, a proximally acting drug
would increase reabsorption of solute-free water
by the collecting duct (TH,,o) because of the
availability of more osmotically active solute for
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transport into the medulla. Indeed, nonspecific
osmotic or solute diuretics have been shown to
increase CH2o (12-15) and TCH2O (14, 16-18)
during water diuresis and hydropenia, respec-

tively. Drugs acting in the distal nephron would
have more variable effects. For example, chloro-
thiazide decreases CH20 in hydrated dogs (14) and
humans (19), but does not decrease Tc112o during
hydropenia (14, 19). This suggests an action
in the distal tubule at the second diluting site
(14). To date, no natriuretic agent has been
shown to lower both CH20 during water diuresis
and TCH20 during hydropenia, the requirements
necessary to invoke a site of action in the loop of
Henle. The results of the present study strongly
suggest a site of action of ethacrynic acid in
Henle's loop, since this drug lowers both CE20
and TCH20 over a wide range of solute excretion.

Methods

Twenty-seven acute studies were performed on eighteen
healthy human volunteers and two patients with diabetes
insipidus in the Clinical Research Center of the Hos-
pital of the University of Pennsylvania. The effects of
ethacrynic acid were observed both during water diu-
resis and during hydropenia.

Waterdiuresis|
Ten experiments were performed in seven normal

volunteers and two patients with diabetes insipidus.
The subjects, who maintained their usual dietary intake,
omitted fluids after midnight and reported for study at
8:30 to 9:00 a.m. After standing to empty the bladder,
the subject assumed the recumbent position for the re-

mainder of the study except to stand to void. In the
two female patients with diabetes insipidus, an indwelling
catheter was inserted, and urine was collected by using
suprapubic pressure and bladder washout with air. A
priming dose of inulin was administered, and a sus-

taining infusion of inulin in physiological saline was

maintained at a rate of 1 ml per minute throughout the
experiment. After a 45-minute urine collection period,
an oral load of tap water (20 ml per kg body weight)
was ingested in 20 to 30 minutes. Urine was collected
every 15 to 20 minutes. After each urine collection,
water was administered by mouth equal in volume to the
volume of the urine passed during the previous period
plus water at a rate of 0.7 to 1.0 ml per minute to re-

place insensible loss. In the normal subjects, this pro-

cedure induced a state of sustained maximal water di-
uresis ("physiological diabetes insipidus"). When urine
flow was stable, within 1 ml per minute, for at least
three consecutive periods, 150 mg of ethacrynic acid
was administered by mouth, and fluid replacement was

continued after each period at a rate equal to that re-

quired just before ingestion of the drug. Blood speci-
mens were drawn about every 60 to 90 minutes at the
mid-point of a collection period. The study was con-
sidered valid only if venipuncture had no observable
effect on the sustained water diuresis (i.e., on urine flow
or urine osmolality). Glomerular filtration rate (GFR)
was estimated by inulin clearance (Ci.) in one control
experiment and in four of the five studies involving the
administration of ethacrynic acid. In the remainder of
experiments during water diuresis, endogenous creati-
nine clearance (CCr) was used to estimate GFR.
Two types of control experiments were performed. In

two subj ects, a sustained water diuresis without any
drug administration was continued for 3 hours to as-
sess the adequacy of the hydrating procedure in maintain-
ing a steady state. In three subjects, after institution
and maintenance of the sustained water diuresis as de-
scribed above, an iv infusion of 3.75% mannitol was
begun at a rate of 20 ml per minute and maintained for
3 to 4 hours. These latter experiments were used to
compare the effects of osmotic diuresis with those of
ethacrynic acid on water diuresis.

Hydropenia

Seventeen experiments were performed in fourteen
healthy male volunteers. The subjects were maintained
on their usual diets. Food and fluids were omitted for
15 to 17 hours before the study which was begun at
8 :30 to 9:00 a.m. No oral fluids were administered dur-
ing the procedure except for 30 ml of milk given with
the oral administration of the drug. In each hydropenic
experiment, 350 mU of aqueous vasopressin was given
intravenously over a period of 1 hour before the ex-
periment. A priming dose of inulin was given, and an
infusion of physiological saline containing inulin and
vasopressin was infused at a constant rate of 1 ml per
minute. The quantities of these substances in the infu-
sates provided a sustaining infusion of inulin for clear-
ance determination and the administration of 350 mU
per hour of vasopressin. Blood specimens were obtained
every hour. GFR was estimated with Ci. in two con-
trol studies and nine of the twelve studies involving
ethacrynic acid. In the remainder, Ccr was used to esti-
mate GFR. Four types of experimental protocols were
Utilized in the hydropenic studies.
A. Control solute diuresis. After one 60-minute or

two 30-minute collection periods, in three subjects an
infusion of 10%o mannitol in saline (100 mmoles NaCl per
L) was started at a rate of 10 ml per minute. Subse-
quently, the rate of infusion was gradually increased
to give a progressively increasing rate of solute ex-
cretion. In two subjects, an infusion of 3% NaCl was
started instead of the mannitol at a rate of 10 ml per
minute, and the rate was also gradually increased. In
both types of control experiments, the infusions were
continued until rates of solute clearance (Cosm) were
between 20 and 40 ml per minute.

B. Ethacrynic acid alone (administered at low initial
rates of solute excretion). In four hydropenic sub-
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TABLE I

Protocols of three experiments during maximal water diuresis*

Subject Time V Uosm Co.. CH20 UN&V UKV GFR

min mi/min mOsm/kg mi/min mi/min 1tEq/min ,uEq/min ml/min
Control-sustained water diuresis

Water, 20 mi/kg by moutht
DM 0-23 12.6 69 3.1 9.5 90 110 95$

23-45 12.3 66 2.9 9.4 93 84 100$
45-66 12.5 66 2.9 9.6 111 76 101$
66-88 11.8 65 2.7 9.1 110 70 941
88-112 11.5 65 2.7 8.8 109 61 971
112-133 13.0 66 3.1 9.9 134 61 112$
133-157 11.4 66 2.7 8.7 124 48 95$
157-180 12.6 65 2.9 9.5 146 47 108$

Sustained water diuresis-superimposed mannitol diuresis
Water, 20 ml/kg by moutht

HB 0-20 12.7 64 2.9 9.8 163 183 107$
20-40 12.7 66 3.0 9.7 166 213 110$
40-60 12.0 67 2.9 9.1 159 79 108$

70 Begin 3.75% mannitol iv at 20 ml/min
60-80 12.1 79 3.4 8.7 159 66 107$
80-98 15.9 109 6.2 9.7 278 59 1071
98-113 17.2 126 7.8 9.4 360 57 101$
113-127 19.2 134 9.3 9.9 430 60 101$
127-142 20.7 139 10.4 10.3 496 59 104$
142-157 21.7 144 11.3 10.4 520 52 105$
157-172 22.4 144 11.7 10.7 540 49 106$

Diabetes insipidus-superimposed ethacrynic acid diuresis
Water, 20 ml/kg by moutht

AB 0-24 16.2 53 3.0 13.2 296 35 103$
24-44 16.4 64 3.7 12.7 388 42 108
44-60 16.5 65 3.8 12.7 395 47 112

61 Ethacrynic acid, 150 mg by mouth
60-75 15.2 66 3.6 11.6 356 65 105
75-95 16.0 65 3.7 12.3 360 76 112
95-113 17.4 125 7.8 9.6 916 122 106
113-131 22.4 194 15.6 6.8 2,020 162 103
131-147 21.4 178 13.7 7.7 1,730 128 108
147-165 17.1 156 9.6 7.5 1,211 89 102

* Abbreviations: V = urine flow, UOm = urine osmolality, Cosm = osmolar clearance, CHO = free water clearance,
UNaV = sodium excretion, UKV = potassium excretion, and GFR = glomerular filtration rate.

t Subsequently, water was given orally after each collection period in amounts equal to urine volume of the previous
period pIus 0.7 to 1.0 ml per minute for insensible loss.

t Clearance of endogenous creatinine. All other values for GFR represent inulin clearance.

jects, after making suitable control urine collections,
150 mg of ethacrynic acid was administered orally, and
the urine was collected every 15 to 30 minutes there-
after for approximately 4 hours.

C. Ethacrynic acid diuresis with superimposed solute
diuresis. In four hydropenic subjects, the experiments
were begun with the administration of ethacrynic acid as
above. When the effects of the drug were definitely
established (i.e., after a significant rise in urine flow
and solute excretion), an infusion of 10% mannitol in
saline (100 mmoles NaCl per L) at a rate of 10 ml per
minute was started in two subjects, and an infusion of
3% NaCl at a rate of 10 ml per minute was started in
two other subjects. These infusions were continued for
2 to 3 hours.
D. Solute diuresis with superimposed ethacrynic acid

diuresis (ethacrynic acid administered at high initial

rates of solute excretion). These studies were performed
in four hydropenic subjects. The experiments were be-
gun in a similar manner to the control studies with 10%
mannitol in saline. When solute clearance during the
osmotic diuresis was between 10 and 20 ml per minute,
150 mg of ethacrynic acid was given orally, and the
rate of the mannitol-saline infusion was maintained
through the remainder of the experiment at the same
rate as before drug administration.

Chemical methods and calculations
All of the urine and blood specimens were analyzed

for sodium and potassium by lithium internal standard
flame photometry, chlorides were analyzed by a chlorido-
metric technique (20), creatinine by the method of
Bonsnes and Taussky (21), and osmolality by a Fiske
osmometer. Inulin in plasma and urine was determined
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TABLE II

Summary of studies during water diuresis*

Subject V Uosm CH2 COSm UNaV UCIV UKV GFR

mI/min mOsm/kg ml/min ml/min AEq/min uEq/min uEq/min ml/min
Sustained water diuresis superimposed mannitol diuresis

Normal
HB 1t 12.5 66 9.6 2.9 163 190 80 108T

2 22.4 144 10.7 11.7 540 957 49 106t
RR 1 13.1 66 10.0 3.1 131 140 57 108

2 21.1 124 11.8 9.3 274 277 55 125
EH 1 12.1 80 8.6 3.5 181 135 100 127t

2 28.8 131 14.9 13.9 576 453 53 153t

Sustained water diuresis-superimposed ethacrynic acid diuresis
Normal
EF 1 15.1 57 11.9 3.2 151 144 120 109

2 25.5 185 8.2 17.3 2,150 2,240 191 102
3 21.7 179 7.4 14.3 1,750 1,820 174 97

LB 1 14.1 62 10.9 3.2 193 205 64 106
2 23.9 185 7.6 16.3 2,110 2,080 116 110
3 13.6 135 6.8 6.8 738 746 54 96

RR 1 16.4 65 12.6 3.8 144 163 44 103
2 20.2 174 7.7 12.5 1,460 1,640 65 85

Diabetes insipidus
AB 1 16.4 61 12.9 3.5 360 341 41 110

2 22.4 194 6.8 15.6 2,020 2,190 162 103
LG 1 11.8 51 9.7 2.1 82 43 142 111:

2 22.0 170 9.4 12.6 1,700 2,180 354 1091:
3 14.5 121 7.7 5.4 538 759 200 83:

* Abbreviations as in Table I. UciV = chloride excretion.
t For all studies during water diuresis, 1 represents the mean value of three control periods during sustained water

diuresis just before administration of mannitol or ethacrynic acid, 2 represents the values obtained during the maximal
diuretic response to mannitol or ethacrynic acid, and 3 represents the values obtained during maximal decrease in CHO
after ethacrynic acid when this did not coincide with maximal solute diuresis.

t Clearance of endogenous creatinine. All other values for GFR represent inulin clearance.

by the method of Walser, Davidson, and Orloff (22).
COsm, CH20, and TCH2O were calculated by the following
formulas: Cogm = UosmV/Posm, CH.o = V - Cosm during
water diuresis, and TCH20 = Cosm- V during hydropenia,
where Uosm = osmolality of urine (mOsm per kg), Posm
= osmolality of serum (mOsm per kg), and V =urine
flow (ml per minute).

Results

Studies in hydrated subjects

Control studies. Effects of osmotic diuresis
superimposed on water diuresis. The first two
protocols in Table I show one experiment in
which maximal diuresis was sustained for 3 hours
and one typical experiment in which mannitol di-
uresis was superimposed on sustained water diu-
resis. The first experiment illustrates the ade-
quacy of the hydrating procedure in maintaining a
steady state of hydration with regard to Uosm, V,

and CH20 In the experiment with mannitol, as
Cosm increased from 2.9 to 11.7 ml per minute,
there was a progressive rise in CH20 from a mean
control value of 9.6 ml per minute to 10.7 ml per
minute. Qualitatively similar changes in CH2o
were observed in the other two subjects during
water diuresis and superimposed mannitol diu-
resis (Table II). The greatest increment in
CH20 occurred in subject EH in whom CH20 in-
creased from 8.6 to 14.9 ml per minute, while
Cosm increased from 3.5 to 13.9 ml per minute.
These results agree with the data of other investi-
gators who studied the effects of mannitol diuresis
in hydrated subjects or animals (12-15).

Effects of ethacrynic acid in normal hydrated
subjects and patients with diabetes insipidus.
Figure 1 presents the effects of ethacrynic acid on
V; Cosm; CH20; UoSm/Posm; sodium, chloride, and
potassium excretion; and C1. in a typical experi-
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FIG. 1. ETHACRYNIC ACID IN A NORMAL MAXIMALLY HYDRATED SUBJECT (EF).
Effects on urine flow (V), free water clearance (Cno), osmolar clearance (Co.m),
electrolyte excretion, and inulin clearance. Before administration of the drug,
the control value for CHE2O was 11.9 ml per minute. At the peak of saluresis, CHo
fell to 8.2 ml per minute and subsequently reached a minimal value of 7.9 ml per
minute. U/P osm = urine osmolality/serum osmolality.

ment on a normal hydrated subject. The effects
of the drug in diabetes insipidus are presented in
the third protocol in Table I, and all studies dur-
ing water diuresis are summarized in Table II.

Results were essentially the same in both sub-
jects with "physiological" diabetes insipidus and
the patients with true diabetes insipidus. Twenty
to 40 minutes after ingestion of ethacrynic acid,
Cosm and sodium and chloride excretion began to
increase. The peak of the saluresis occurred at
60 to 90 minutes when the sodium and chloride
excretion rates were 1,460 to 2,150 and, 1,640 to
2,240 uEq per minute, respectively. These rates
of natriuresis correspond to 12.8 to 15.2%o of the

estimated filtered load of sodium. In contrast to
the effects of mannitol diuresis, however, there was
a distinct decrease in CH2o after ethacrynic acid.
As illustrated in Table II, CHio decreased in all
experiments in which ethacrynic acid diuresis
was superimposed on water diuresis. CHO fell
more than 4 ml per minute in four of the five ex-
periments, the maximal fall in CH2O ranging from
2.0 to 6.1 ml per minute. Although CH2o ap-
proached its minimal value during the peak of
saluresis, it continued to fall in three of the five
subjects even as solute excretion was decreasing,
so that the minimal value for CHO occurred dur-
ing the descending limb of the saluresis at values
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of Cosm varying from 14.3 to 5.4 ml per minute.
In one normal subject (RR) and in one patient
with diabetes insipidus (AB), the maximal Cosm
and the minimal CH2O occurred simultaneously.

Although the major rise in solute excretion
caused by ethacrynic acid consisted of a marked
natriuresis and chloruresis, appreciable increases
in the excretion of potassium, titratable acid, and
ammonium also occurred. As seen in Table II,
those subjects with the highest base-line potas-
sium excretion exhibited the highest potassium
excretion during the height of diuresis. In four
studies, maximal potassium excretion varied be-

tween 65 and 191 uEq per minute, and in patient
LG, with the highest control excretion, it rose to
354 ptEq per minute. At the peak of solute diu-
resis caused by ethacrynic acid in three hydrated
subjects (LB, EF, and RR), urinary excretion
of titratable acid rose to a mean value of 47 IAEq
per minute from a mean control value of 29 /AEq
per minute, urinary ammonium excretion rose to
a mean value of 48 juEq per minute from a mean

control value of 34 juEq per minute, and urinary
pH fell from 6.04 to 5.64.

In most of the hydrated subjects there was a

tendency for GFR to fall with time after ad-

TABLE III

Studies during hydropenia in normal subjects*

Subject V UoSm COSM TCH2o UNaV UCIV UKV GFR

ml/min mOsm/kg mi/min ml/min ,uEq/min JEq/min iEqlmin mi/min
A. Control solute diuresis
10% mannitol in saline

LB it 0.7 1,120 2.6 1.9 154 163 115 141:
2 6.7 548 12.1 6.4 503 520 153 121:
3 24.2 391 30.7 6.5 1,770 1,780 205 124:

RK 1 1.3 887 4.0 2.7 225 170 63 177$
2 7.2 568 14.2 7.0 626 538 82 175
3 34.5 376 41.1 6.6 2,540 2,600 466 141

FB 1 0.6 1,100 2.1 1.5 512 89 122 118:
2 6.4 586 12.4 6.0 360 409 166 109
3 14.6 456 21.9 7.3 875 995 259 112

3% NaCL
PL 1 0.9 1,120 3.6 2.7 238 171 47 133:

2 4.1 725 10.1 6.0 1,170 1,090 114 1551
3 16.0 528 27.2 11.2 3,720 3,820 393 123t

CS 1 1.1 1,020 3.7 2.6 266 215 69 1091:
2 5.3 650 11.6 6.3 1,230 1,400 152 131:
3 20.5 480 31.6 11.1 4,460 4,780 368 1624

B. Ethacrynic acid alone
SB 1§ 0.7 1,050 2.5 1.8 144 119 67 1291:

2 11.7 297 12.3 0.6 1,510 1,640 132 131
SW 1 0.9 952 2.8 1.9 183 142 73 159

2 10.5 332 12.0 1.5 1,400 1,600 166 130
3 8.2 321 9.0 0.8 1,100 1,210 124 158

RB 1 0.9 868 2.8 1.9 170 187 98 1281
2 8.5 317 9.6 1.1 1,070 1,220 213 105
3 7.0 320 8.0 1.0 863 985 185 112

EH 1 1.4 866 4.1 2.7 273 198 149 142
2 11.6 322 13.2 1.6 1,520 1,620 167 108
3 6.4 334 7.0 0.6 767 842 106 85

* Abbreviations as in Table I. TCH2O = tubular reabsorption of solute-free water. UcIV = chloride excretion.
t For studies with control solute diuresis, 1 refers to values obtained before administration of 10% mannitol in saline

or 3% salt, 2 refers to values obtained during solute diuresis at intermediate values of Co,.., and 3 refers to values obtained
at high values of C,5.

t Clearance of endogenous creatinine. All other values for GFR represent inulin clearance.
§ For studies with ethacrynic acid alone, 1 refers to values before drug administration, 2 refers to values during the

peak of diuretic response, and 3 refers to values after the peak of diuretic response during which minimal T!H2O was ob-
tained, if the latter did not occur during the peak of diuresis.
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TABLE III- (Continued)

Subject V UOSM CoM TcEi2o UNV UCIV UKV GFR

ml/min mOsm/kg ml/min ml/min uEq/min pEqlmin AEql/min ml/min

C. Ethacrynic acid diuresis-superimposed solute diuresis
10% mannitol in saline

AE IlI 1.3 1,130 5.1 3.8 347 396 114 124:
2 10.0 335 11.6 1.6 1,330 1,540 203 97t
3 44.8 322 45.7 0.9 3,990 4,310 316 117t

WR 1 0.8 1,180 3.0 2.2 179 114 39 134t
2 7.7 357 9.4 1.7 1,110 1,200 123 111t
3 37.6 299 37.6 0.0 4,100 4,370 221 1201:

3% NaCl
MA 1 0.9 970 3.1 3.2 220 219 109 128:

2 10.9 320 12.1 1.2 1,430 1,650 200 133t
3 21.5 329 23.0 1.5 3,360 3,440 215 134:

EH 1 1.2 998 4.0 2.8 298 261 118 148t
2 15.8 313 17.1 1.3 2,140 2,210 248 122
3 31.5 332 34.7 3.2 4,880 4,780 315 140

D. Solute diuresis (10% mannitol in saline)-superimposed ethacrynic acid diuresis
FB IlI 0.8 904 2.6 1.8 153 165 114 1424

2 16.0 434 22.9 6.9 871 966 236 143
3 34.4 328 35.8 1.4 2,840 3,020 468 102

RK 1 1.6 828 4.6 3.0 358 288 89 160:
2 9.3 486 15.7 6.4 817 747 88 128
3 37.3 308 38.0 0.7 3,190 3,510 366 112

LE 1 1.0 981 3.4 2.4 199 209 117 136t
2 5.8 540 10.6 4.8 382 401 97 101
3 32.7 320 34.3 1.6 3,210 3,370 262 103

RR 1 0.6 1,110 2.2 1.6 126 79 54 111t
2 5.3 596 10.6 5.3 257 234 61 74
3 21.7 343 23.7 2.0 2,060 2,370 304 73

If For studies with combined ethacrynic acid and nonspecific solute diuretics, 1 refers to values before administration
of any diuretics, 2 refers to values obtained during established diuresis from the first agent and just before administration
of the second agent, and 3 refers to values obtained during the peak of diuretic response to both agents simultaneously.

ministration of ethacrynic acid. During the peak
of diuresis, GFR fell slightly (2 to 18%) in four
subjects, but later, on the descending limb of the
diuresis about 3 hours after the drug was adminis-
tered, GFR was 10 to 30%o below control values
in all five experiments during water diuresis. No
detectable changes in systemic blood pressure were
associated with the above alterations.

Studies in hydropenic subjects

A. Control solute diuresis. All control solute
diuresis studies using 10%o mannitol in saline or
3%o sodium chloride are summarized in Table III,
A. Figure 2 illustrates the relationship between
TeH2o and Co.m in these experiments. (A typical
control experiment with mannitol also appears at
the top of Figure 4.) In both types of solute
diuresis, TCH20 rose to approximately 7 ml per

minute when Cosm increased to 15 ml per minute.
When Co.m exceeded 20 ml per minute, however,
no further rise in TCH2O occurred during mannitol
diuresis; it actually decreased slightly to 5 ml per
minute when Cosm exceeded 35 ml per minute.
In contrast, in the two experiments with 3%o so-
dium chloride, TCH2O did not fall but continued
to rise with increasing Cosm, reaching 11 ml per
minute when Co.m exceeded 27 ml per minute.
Although the rate of rise in TCH2O decreased
moderately at high values for Cosm, values for
TCH2O were consistently higher during hypertonic
saline diuresis than in hypertonic mannitol diure-
sis at comparable values for Cosm above 15 ml
per minute.

B. Effects of ethacrynic acid alone (adminis-
tered at low initial rates of solute excretion).
Summaries of the results with ethacrynic acid
alone in four subjects are contained in Table

207



GOLDBERG, McCURDY, FOLTZ, AND BLUEMLE

0

0

00

0 .00
0

0 0

0
0

*O S

0
0

0

0

0
0 0

cP 0
0 0

0 0 0 0

0

5 10o 15 20 2~5 30 3b 40

0osm (mi./min.)

FIG. 2. RELATIONSHIP BETWEEN TUBULAR REABSORPTION OF SOLUTE-FREE WATER (TCa20) AND
OSMOLAR CLEARANCE (Co.m) IN HYDROPENIC SUBJECTS UNDERGOING OSMOTIC DIURESIS. Open
circles represent three subjects undergoing hypertonic mannitol diuresis, and closed circles
represent two subjects undergoing hypertonic saline diuresis. TCH20 was consistently higher
during hypertonic saline diuresis when Co.m exceeded 15 ml per minute.

III, B. A typical study is illustrated in Figure
3 showing the effects on V; Uosm/Posm; Cosm;
TcH2o; sodium, chloride, and potassium excretion;
and C1,,. As in hydrated subjects, ethacrynic acid
produced predominantly a natriuresis and chloru-
resis, although the magnitude of the saluresis was

less than during water diuresis. Maximal sodium
excretion varied from 1,070 to 1,520 ,uEq per min-
ute. The rise in potassium excretion was similar
to that seen in hydrated subjects; a moderate de-
crease in GFR was also noted.
The most significant results of this study were

the alterations produced in the renal concentrating
mechanism. In contrast to the control solute di-
uresis studies, TCHO fell rapidly below control
values with the onset of diuretic action. This fall
in TCHIO caused by ethacrynic acid continued well
beyond the maximal saluresis, reaching values as

low as 0.6 to 1.0 ml per minute when COsm was

between 7.0 and' 12.3 ml per minute.
C. Ethacrynic acid diuresis with superimposed

solute diuresis. These studies are summarized in
Table III, C. A typical experiment in which
ethacrynic acid was followed by hypertonic man-

nitol is shown at the bottom of Figure 4. The
relationships between TCH20 and Cosm in four ex-
periments in which either 3% saline (two sub-
jects) or hypertonic mannitol (two subjects) was
administered after the onset of action of etha-
crynic acid are illustrated in Figure 5, A.
As in the previous group of studies, in every

subject TCH2o decreased below control values as

COsm increased due to ethacrynic acid. After
hypertonic mannitol was begun, TCHO0 rose slightly
and transiently in one subject (AE) and then
fell progressively to values less than 1 ml per
minute as Cosm increased. In subject WR, whose
study is illustrated in the lower chart in Figure 4,
despite the administration of mannitol, TCH20
progressively fell to zero. In both experiments
with 3%O saline, TCHO increased slightly to 3.2
ml per minute at a Cosm of 34.7 ml per minute in
subject EH, but did not rise above 1.5 ml per
minute in the other subject (MA). Thus, com-

pared to the control studies, ethacrynic acid
blocked the rise in TCHo normally occurring with
osmotic diuresis during hydropenia.

D. Solute diuresis (10%o mannitol in saline)
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FIG. 3. ETHACRYNIC ACID IN A NORMAL HYDROPENIC SUBJECT (EH). Effects
on urine flow (V), tubular reabsorption of solute-free water (TeCHo), osmolar
clearance (Co.m), electrolyte excretion, and inulin clearance. As C.mm increased,
TCHO progressively fell from a control value of 2.7 ml per minute to a minimal
value of 0.6 ml per minute.

weith superimposed ethacrynic acid diuresis.
These studies are summarized in Table III, D.
In Figure 4, the upper and middle charts il-
lustrate two different experiments in the same
subject. The upper chart shows a control study
with 10%o mannitol in saline in subject RK in
which TCHIG remained relatively constant between
6.6 and 7.1 ml per minute at values of Cosm varying
from 10 to 41 ml per minute. In the experiment
represented in the middle chart, after a mannitol
diuresis was established and TCH2o had approached
its maximal value at a Cosm of 15 ml per minute,
ethacrynic acid was given. In 50 minutes TCH2O
had decreased to 4.3 ml per minute at a Cosm of 30
ml per minute, and later when Cosm was 38 ml per
minute, TCH2O reached 0.7 ml per minute. At
comparable values of Cosm in the control experi-

ment, TCHIO exceeded 6 ml per minute. There
was also a difference between the curves repre-
senting the Uo.m/Posm ratios in the two experi-
fments. These curves were almost identical until
the effects of ethacrynic acid became manifest in
the second study. After this, the Uo.m/Po.m ra-
tio decreased rapidly towards 1.0 (i.e., the urine
was virtually isotonic to blood). In the control
mannitol diuresis, however, even at a CO.m of 41
ml per minute, the UO../Po.m ratio was 1.20.

In the other three experiments utilizing the
same protocol, the results were qualitatively the
same (Table III, D). Figure 5, B illustrates the
relationship between TCHIo and Cosm during these
studies. TCHO during the initial mannitol diuresis
reached values of 4.89 to 6.90 ml per minute at
values of Cosm varying from 10.6 to 22.9 ml per
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10% mannitol in saline
10 mi./min. I 5ml./mm.In L/m!flI
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FIG. 4. THREE EXPERIMENTS DURING HYDROPENIA. The upper chart illustrates
the effects of hypertonic mannitol diuresis on tubular reabsorption of solute-free
water (TCH2o) in subject RK. T iH2o remained relatively constant between 6.6
and 7.1 ml per minute while osmolar clearance (Co.m) varied from 10 to 41 ml
per minute. The middle chart shows another experiment in subject RK in which
ethacrynic acid was given during a mannitol diuresis. In contrast to the control
experiment, TH,,o fell markedly to a value of 0.7 ml per minute. The lower
chart illustrates the inability of hypertonic mannitol to elevate Txs2o during a
saluresis due to ethacrynic acid. At the end of the study, the urine was isotonic
to blood. U/P osm = urine osmolality/serum osmolality.

minute. During superimposed ethacrynic acid
diuresis, TcHIO fell below 2 ml per minute in all
four subjects at values of Cosm from 23.7 to 39.4
ml per minute.
Thus the administration of ethacrynic acid at

either low or high initial rates of solute excre-
tion had essentially the same effect on the renal
concentrating mechanism. TCH2O decreased mark-
edly, often to values less than 1.0 ml per minute

while the urine became virtually isotonic with
blood. In no instance, however, did ethacrynic
acid during hydropenia result in the excretion of
urine hypotonic to blood. Figure 6 summarizes
the effects of ethacrynic acid on the Uosm/POsm
ratio in all hydropenic studies compared to the
effects of hypertonic mannitol or saline. In this
chart, it is clear that once ethacrynic acid begins
to show its effects, no matter what the rate of
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FIG. 5. A. RELATIONSHIP BETWEEN TUBULAR REABSORPTION OF SOLUTE-FREE WATER (TcH,0)
AND OSMOLAR CLEARANCE (Cosm) IN FOUR EXPERIMENTS DURING HYDROPENIA WHEN A NON-

SPECIFIC OSMOTIC DIURESIS WAS SUPERIMPOSED ON A DIURESIS OWING TO ETHACRYNIC ACID. Each
curve represents one subject. The first point of each curve represents the control value just
before administration of ethacrynic acid. The arrows indicate the point at which an infusion
of hypertonic mannitol (star symbols) or hypertonic saline (circle symbols) was begun.
The rise in Te0,o normally seen with solute diuresis did not occur.

B. RELATIONSHIP BETWEEN TcH0o AND Co.m IN FOUR EXPERIMENTS DURING HYDROPENIA WHEN

ETHACRYNIC ACID WAS ADMINISTERED DURING AN ESTABLISHED MANNITOL DIURESIS. Each curve

represents one subject. The first point of each curve represents the control value just before
beginning the mannitol infusion. The arrows indicate the point at which ethacrynic acid was

given. With onset of action of ethacrynic acid, TCHO fell markedly despite a rising Coim; the
low values of TeHO persisted even as Co.m was decreasing.

solute excretion, the kidneys are unable to con-

centrate the urine.

Discussion

From these studies, it is apparent that etha-
crynic acid has a definite effect on the renal proc-
esses of dilution and concentration. During maxi-
mal water diuresis, the increase in Co.m (predomi-
nantly due to a sodium chloride diuresis) was

proportionately greater than the rise in urine flow.
Hence, CH2o was reduced in association with a

rise in Uosm. This effect of the drug could be
due to a locus of action in either of the two di-
luting sites-the ascending limb of Henle's loop

or the distal tubule. An action solely in the

distal tubule affecting dilution would be expected
to increase solute excretion without appreciably
increasing urine flow (14). Consequently, if
ethacrynic acid were to act in the distal tubule,
another simultaneous effect would have to be
postulated at a site where solute is reabsorbed
isosmotically, such as the proximal tubule, to ac-

count for the significant rise in urine volume af-
ter the drug. As pointed out by several investi-
gators (13, 14, 19), action of a drug solely in the
proximal convoluted tubule could not explain a

decrease in CH2O. Like the control studies with
mannitol, a proximally acting drug would be ex-

pected to increase CI20 in contrast to our obser-
vations with ethacrynic acid.

H20tz 2

(ml/min.)1

Tc I
H20

(Mi./mirk)

6

4
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FIG. 6. EFFECTS OF ETIIACRYNIC ACID (SOLID SQUARES), HYPERTONIC

MANNITOL (OPEN CIRCLES), AND HYPERTONIC SALINE (CLOSED CIRCLES) ON
URINE OSMOLALITY TO SERUM OSMOLALITY RATIO (U/P osm). The control
points for all experiments are in the upper left portion of the chart. The
points representing ethacrynic acid are taken from all hydropenic experi-
ments after onset of drug action. Once the effects of ethacrynic acid are
manifest, a virtually isotonic urine is excreted at all rates of solute excretion.

On the other hand, an effect in the ascending
limb of Henle's loop could account for the de-
crease in CH,0 and, in large part, the rise in both
solute excretion and urine volume. According to
micropuncture studies in the rat, approximately
10 to 15% of filtered water is reabsorbed in the
loop of Henle (23). Solute (i.e., sodium chlo-
ride) reabsorption in the loop is greater than
water reabsorption, corresponding to approxi-
mately 14 to 21%o of filtered sodium.2 A drug
that would completely inhibit sodium reabsorption
in the ascending limb during maximal water diu-
resis would be expected to cause 1) predominantly
a sodium chloride diuresis, 2) a decrease in CHI20
but not to 0 since a more distal diluting site would
still be intact, and 3) a rise both in solute excre-
tion and urine volume in relatively hypertonic
proportions. Ethacrynic acid appears to meet
these requirements qualitatively. During water
diuresis, maximal sodium- excretion due to etha-

2 The Uosm/Posm ratio in the early distal tubule is as-
sumed to be 0.7 (23).

crynic acid was 13 to 15% of the estimated fil-
tered load. Obviously, quantitative comparison
of our data with rat micropuncture data is not
possible. The rise in potassium, titratable acid,
and ammonium excretion following ethacrynic
acid suggests that sodium reabsorption occurred
distal to the loop of Henle (24-36). Hence, a
portion of sodium rejected proximal to the distal
tubule and collecting duct would not have been
excreted.

Detailed studies on hydropenic subjects were
performed to localize further the site of action of
ethacrynic acid. If the drug impaired dilution
by an action distal to the loop of Henle, then
TCHO might be expected to increase or remain
unchanged (14, 18). On the other hand, inhibi-
tion of sodium reabsorption in the ascending limb
would disrupt the countercurrent multiplier sys-
tem and prevent the hypertonic accumulation of
medullary solute. Therefore, TCHO would de-
crease, since the osmotic gradient between the
medulla and collecting duct would be markedly
reduced or obliterated. Such indeed was the case
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after ethacrynic acid. When the drug was ad-
ministered at either low or high initial rates of
solute excretion, TCu2o consistently decreased re-
gardless of its preceeding value. In several sub-
jects TCH2O fell to less than 1 ml per minute and
in one subject reached 0.
These results were in striking contrast to the

control studies of nonspecific solute diuresis with
hypertonic mannitol or saline. In the latter ex-
periments, increasing quantities of sodium enter-
ing the loop from the proximal tubule were avail-
able for reabsorption in the ascending limb.
Thus, more osmotically active solute accumulated
in the hypertonic medulla to produce greater net
movement of water into the medulla from the
large volume of isotonic collecting duct urine.
Similar to observations by other investigators
(14, 16-18), an apparent maximum or ceiling
for Tci2o was observed in the mannitol experi-
ments. In the two control studies with 3%o saline,
however, TCH2O was still rising at a Cosm of 27 ml
per minute. This suggests that mannitol, in
contrast to saline, by retarding tubular water re-
absorption and lowering the sodium concentration,
may have an inhibitory effect on active sodium
transport in the loop.

Perhaps the most critical experiments during
hydropenia were those in which hypertonic man-
nitol or saline was administered during an estab-
lished diuresis caused by ethacrynic acid. Once
the effects of ethacrynic acid were manifest and
TCH2O had fallen below control values, the super-
imposition of an osmotic diuresis could not sig-
nificantly raise TCH2o. This suggests that, even
though increasing quantities of sodium were pre-
sented to the loop, active transport into the me-
dulla was blocked by the drug, and the counter-
current multiplier system was rendered ineffective.
Higher values for TCH20 after hypertonic saline
than after hypertonic mannitol suggests that some
sodium reabsorption may still have occurred in
the ascending limb. This may reflect the higher
intratubular sodium concentration presented to
the loop with hypertonic saline diuresis than
during mannitol diuresis, or incomplete block in
active sodium reabsorption due to submaximal
dosage of ethacrynic acid, or both.
Another possible explanation for the impair-

ment in renal concentrating ability is that etha-
crynic acid in some way interfered with the ac-

tion of vasopressin (ADH). This would neces-
sitate postulating two different actions of the
drtug, one inhibiting sodium chloride transport in
the proximal, or distal nephron, or both, and
one inhibiting directly or indirectly the movement
of water along transtubular osmotic gradients in
the distal nephron. The possibility of interference
with the action of ADH appears to be very un-
likely; under conditions of impaired distal tubular
permeability to water and high rates of intratu-
bular urine flow, if solute removal were to con-
tinue normally in the loop of Henle, the excre-
tion of a hypotonic urine would be anticipated.
In none of the hydropenic studies, even at values
of Co.m exceeding 40 ml per minute, was a hypo-
tonic urine produced after ethacrynic acid. In
contrast, in clinical or experimental states be-
lieved to be associated with impaired distal tu-
bular permeability to water (such as hypercal-
cemia and hypercalciuria), moderately high rates
of flow of distinctly hypotonic urine have oc-
curred in the presence of maximal quantities of
vasopressin (27, 28).

It is theoretically possible that a locus of action
of the drug on solute transport in the collecting
duct could have contributed to some of its effects
on dilution and concentration. Klumper, Ullrich,
and Hilger (29) have demonstrated in the ham-
ster that sodium is reabsorbed from the collecting
duct urine. Studies of Jaenike and Berliner sug-
gest that chloride is also removed (30). Evi-
dence is lacking that the salt transported out of
the collecting duct contributes to the countercur-
rent system. Micropuncture studies in rodents
have suggested that some degree of urinary dilu-
tion may be achieved in the collecting duct (9,
10). These movements of solute, however, al-
though probably important in the regulation of
sodium excretion, apparently make a relatively
minor contribution to the over-all processes of
dilution and concentration. Compared to the
magnitude of the changes observed in our studies,
it is most unlikely that the sole or most important
action of ethacrynic acid is in the collecting duct,
if it acts there at all.

Thus, the evidence strongly suggests that a
major site of action of ethacrynic acid is in the
loop of Henle. Inhibition of sodium chloride
reabsorption in the ascending limb impairs a ma-
jor component of the diluting mechanism and, by
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blocking medullary solute accumulation, disrupts
the concentrating mechanism. Our data do not
eliminate the possibility of an additional action
of the drug in the proximal convoluted tubule.
Although the increment of saluresis in our stud-
ies approached the magnitude of solute estimated
to be reabsorbed in the loop, it is possible that un-
der other experimental or clinical conditions a
greater solute diuresis might be demonstrable.
The final solution to this problem will have to
come through micropuncture studies in the dog or
monkey, since the drug is ineffective in the ro-
dent (3, 4).
While this study was in progress, a preliminary

report on the use of ethacrynic acid in thirteen
edematous patients was presented by Nash and
associates (31). Their studies, similar to ours, re-
vealed a decreased CH20 during water diuresis, a
maximal tubular rejection of sodium of 15%go,
and a moderate reduction in GFR because of the
drug. No studies during hydropenia were re-
ported.
The clear-cut action of ethacrynic acid on both

CH20 and Tc12zo differentiates it qualitatively from
the other major diuretics. Carbonic anhydrase
inhibitors such as acetazoleamide produce an in-
crease in CH2O with increasing solute excretion
(14, 32, 33), an effect opposite to that of etha-
crynic acid. The effects of chlorothiazide on uri-
nary dilution and concentration have been stud-
ied in humans and dogs by Heinemann, Demartini,
and Laragh (19) and Earley, Kahn, and Orloff
(14). Like ethacrynic acid, chlorothiazide dimin-
ishes CH2o during maximal water diuresis, al-
though in humans the magnitude of the decrease
with benzothiadiazine compounds does not appear
to be so great as with ethacrynic acid (19). In
contrast, however, chlorothiazide had no effect on
TCH2O in one hydropenic human subject (19) and
produced a greater increase in TCH2O than did
mannitol diuresis in dogs at high rates of solute
excretion (14). Because of these observations,
Earley, Kahn, and Orloff (14) postulated an ac-
tion of chlorothiazide at the diluting site in the
distal nephron distal to the loop of Henle. In-
terpretation of the data in the literature on stud-
ies with organomercurial diuretics on renal dilu-
tion and concentration with respect to site of
action is more difficult. In some studies, im-
pairment in the concentrating mechanism has

been reported (34, 35), and in some, enhancement
of CH2o with meralluride has been observed (19,
36). More recently, however, Becker and Ginn
(15) in dogs and Goldstein, Levitt, Hauser, and
Polimeros in man (13) have demonstrated that
nontheophylline-containing mercurials have no ob-
servable effect on CH20. Although a site of action
in the loop of Henle by mercurials is possible,
strong evidence for this is lacking. The equivocal
effects of mercurial diuretics on both TCH2o and
CH2o are in striking contrast to the definite effects
of ethacrynic acid on these variables.

Summary

The effects of ethacrynic acid, a new orally ac-
tive diuretic agent, on the renal mechanisms of
dilution and concentration were studied. Twenty-
seven acute experiments were performed on eight-
een normal human subjects and two patients with
diabetes insipidus. The experimental conditions
included water diuresis and hydropenia with and
without superimposed osmotic diuresis.

Ethacrynic acid caused primarily a natriuresis
and chloruresis and had a distinct effect on both
free water clearance (CH20) during maximal wa-
ter diuresis and tubular reabsorption of solute-
free water (TCH2o) during hydropenia. In maxi-
mally hydrated normal subjects and in patients
with diabetes insipidus, CH20 was significantly
decreased as osmolar clearance increased, in con-
trast to mannitol diuresis. The drug also caused
a moderate reduction in glomerular filtration rate
and an increase in the excretion of potassium and
hydrogen ions.

During hydropenia, TCH20 was markedly de-
creased at both low and high rates of solute ex-
cretion. Hypertonic mannitol or saline diuresis,
which in themselves increased TCH2O, when su-
perimposed on a diuresis due to ethacrynic acid,
could not raise TCH20 to normal levels. Charac-
teristically, during the peak of diuresis caused by
the drug, a virtually isotonic urine was excreted
at various levels of solute clearance, and this ef-
fect persisted even after the peak of saluresis.
These results differentiate ethacrynic acid qual-

itatively from other diuretic agents and suggest
that an important locus of action is in the ascend-
ing limb of the loop of Henle where sodium chlo-
ride is reabsorbed in excess of water. This hy-
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pothesis would explain the effects of ethacrynic
acid on both the renal diluting and concentrating
mechanisms and also could account in large part
for the type and magnitude of the solute diuresis
following administration of the drug.
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