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PREFACE

The discovery by Vogel that the organic mercurial
merbaphen (Novasurol) produced diuresis initiated exten-
sive studies on the effects of such compounds that have
continued up to the present ime. Early in their studies,
Saxyl and Heilig established that the effect of merbaphen
consisted in a massive excretion of sodium chloride accom-
panied by a large volume of water. They further observed
that the ingestion of excessive amounts of salt interfered
with the diuretic action. The same investigators found
that the parenteral admimstration of other mercurial com-
pounds, available at the time, were not diuretics  They,
therefore, concluded that diuresis was due to the organic
mercurial as such and not due to the release of norganic
mercury.

Following 1n the wake of the observations on the diu-
retic activity of merbaphen, a number of new organomercu-
rial compounds were prepared. Some of these agents were
much less toxic and better tolerated than merbaphen., The
development of the supenior mercurials used today have a
comparatively short history and new agents are constantly
being introduced.

Up until recently, diuretic therapy has centered largely
around the mercurial campounds. In recent years, numer-
ous non-mercurial diuretics for oral use have appeared.
These agents will prohably pever entirely replace the mer-
curial compounds, bt do appear to have an important
place 1n diuretic therapy.

Much of the data presented in this volume are derived
directly from the experience of the authors over the past
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ten years with 2 number of diuretic compounds. No
attempt has been made to present a comprehensive review
of the literature.

CARROLL A. HANDLEY
Joun H. Mover
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Chapter 1

RENAL REGULATION OF WATER AND
ELECTROLYTE EXCRETION*

A.Tnoucn waATER and electrolytes are lost through the
skin and gastrointestinal tract, the kidneys are largely
Tesponsible for maintaining the volume and composition
of body fluids. There are seseral coordinated mechanisms
responsible for this renal regulation.

Water balance. The maintenance of 2 nearly con-
stant volume of water in the several fluid compartments of
the body, under normal conditions, 1s largely controlled by
the antidiuretic hormone (ADH) but other hormones are
also involved. Different processes arc believed to be
involved in the reabsorption of water by the Mdney in the
proximal and the distal tubules, Available evidence indi-
cates that approximately 85 per cent of the glomerular
filtrate is returned to the peritubular blood from the proxi-
mal tubules by simple diffusion (97). More than 99 per
cent of the remainder of the filtered water may be reab-
sorbed in the distal tubule by an active process requiring
ADH to function. This latter mechanism makes it possible
for the kidney to return water to the circulating blood
against an osmotic gradient.

The secretion of ADH is regulated by changes in
concentration of sodium chloride in the extracellular fluid
and therefore in the plasma (105). Verney has demon-

*Aided by a grant from the American Heart Association, Inc.
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4 The Pharmacology and Glinical Use of Diuretics

strated that end organs, similar to the pressor receptors
of the carotid sinus, are located in certain of the bleod
vessels supplying the brain. These organs are referred to
as osmoreceptors. Hydration, of sufficient degree to only
shghtly reduce the plasma concentration of sodium chlo-
ride, causes the osmoreceptors to swell which reduces the
output of ADH. This results in an increased output of
water with little change 1n salt excretion. The extra wa-
ter is thus cventually eliminated. Under normal condi-
tions, water intake usually exceeds requirements and a
balance is maintained by renal excretion of the surplus.
The reestablishment of an isotonic plasma after excessive
water intake 1s then largely due to the functional linkage
between the neurohypophysis and the kidneys.

During a period of dehydration, a converse chain of
events takes place. If water 1s withheld, the extracellular
fluid becomes hypertonic, since water is lost through the
urine, lungs and skin without a parallel salt lass The
osmoreceptors respond by stimulating the neurohypophy-
si1s to secrete increased amounts of ADH. As this hor-
mone accumulates in the cells of the renal tubules, the
kidneys conserve water by reabsorbing more and secreting
a more concentrated urine. However, complete compen-
sation cannot be effected during water deprivauon be-
cause unavoidable water losses continue through the skin,
lungs and the minimum urine volume necessary to ex-
crete waste products.

Elecirolyte balance. Normally, sodium chloride bal-
ange is maintained by the hidneys in a manner similar to the
maintenance of water balance. Average daily intake exceeds
requirements and the excess is excreted in the urine. The
body conserves salt much more efficiently than water.
When neither food nor water is ingested, water depletion is
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the dominant picture. When water alone is administered, it
requires a considerable period of time, in the absence of
abnormal salt loss, before serious depletion occurs. The Kid-
neys practically cease to excrete salt under these conditions
as was demonstrated many years ago by Benedict. To main-
tain a constant sodium chloride concentration in the extra-
cellular fluid requires that the urine may sometimes contain
more, less or an equivalent amount of salt as the plasma,
At a glomerular filtration rate (GFR) of 120 ml per
minute and a plasma sodwm concentration of 140 mEq
per liter, the sodium filtered per minute will be about 17
mEq. Since the rate of sodium excretion per minute
usually vanies between 0.05 and 0.5 mEq per minute, it is
apparent that much of the filtered sodium 1s reabsorbed
as is the case with filtered water. During an average day
about 24,000 mEq of sodium are filtered, but the urinary
output is likely to be only 450 mEq or less. Similarly,
from the 170 liters of water filtered per day, 2 liters or
less of unne are formed. Normally, the regulation of
the renal reabsorptive mechamsms are such that the con-
centration of sodium and chloride in the fluid reabsorbed
1s nearly identical with that of the extracellular fluid
Probably similar undisclosed renal mechamisms operate
to regulate the concentration of other constituents of the
glomerular filtrate in the fluid reabsorbed Figure 1 1s
a diag of possibl of the neph where
changes in the composition of glomerular filtrate occur.

Mechanisms controlling sodium reabsorption. Of the
sodium present in the glomerular filtrate, about 85 per
cent 1s said o be reabsorbed by the cells of the proximal
tubule. Since a similar amount of water is reabsorbed by
this segment of the nephron, the fluid of the proximal
tubule is thought to remain isotenic or slightly hypotonic.
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The glomerular filtrate is presumably a fluid of the same
electrolyte composition as extracellular fluid, which is in
equilibrium with cell fluid. Because of the absence of a
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Figure 1. Schematic diagram of water and electrolyte reabsorption
{from glomerular hiltrate in the nephson
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favorable osmotic gradient, when the filtrate first enters
the tubule, the transfer of sodium from tubular fluid to the
tubule cells in the proximal tubule must be an active
process involving the expenditure of energy, Water then
follows passively due to osmotic pressure difference between
intratubular and peritubular Quids which have been estab-
lished by prior reabsorption of solutes. In thedistal tubule,
active reabsorption of water occurs under the influence of
ADH. There are proponents of the theory that a mechan-
ism exists for the active reabsorption of sodium, activated
by adrenal cortical steroids (97), in this segment, although
passive sodium reabsorption in this part of the nephron has
not been excluded.

Recently, work has indicated that ion exchange mech-
anisms exist in the cells of the renal tubules which are
involved in the reabsorption of sodium (4,85). Hydro-
gen, potassium and ammonium ions are believed to be
secreted into the tubule lumen in exchange for sodium
ions. ‘The location in the nephron and the control of these
exchange mechanisms have not been establishd.

Hormonal control of sedinum reabsorption. The ac-
tive reabsorption of the small but significant fraction of
sodium that probably occurs in the distal tubule js believed
to be controlled by the adrenal cortical steroids. Some
confusion has been created by the extensive studies with
desoxycorticosterone, a synthetic compound that probably
has no physiological counterpart. One important differ-
ence between desoxycorticosterone and adrenal cortical
extract is that the former is salt-retaining at all levels of
plasma sodium. On the other hand, cortical extracts are
saltretaining at Jow plasma levels of sodium, but may actu-
ally increase the output of salt when the plasma sodium
concentration is elevated. Nevertheless, the value of desoxy-
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corticosterone in the treatment of the electrolyte imbalance
of Addison’s disease is well-established.

The recent discovery that the adrenal venous blood
of mammals contains a steroid which is many times more
potent than desoxycorticosterone in controlling renal elec-
trolyte excretion resulted in the isolation and identifica-
tion of aldosterone. It is approximately 30 times more
potent than desoxycorticosterone as a salt-retamning hor-
mone. Although hydrocortisone may be present in larger
amounts in adrenal venous blood of dog and man, al-
dosterone would appear to have a dominant action on
electrolyte excretion because of its greater potency (96).
There 1s evidence to indicate that 1ts secretion varies ac-
cording to requirements for electrolyte balance. In nor-
mal men, sodium restriction increases the output of the
hormone and reduces urine sodium. After resumption of
2 normal sodium intake, the excretion of both hormone
and sodium return to control levels (53).

Mechanisms causing the release of aldosterone. Al
though the mechanism that controls the release of aldos-
terone 1s uncertain, the concentration of sodium in the
extracellular fluid, the concentration of potassium and
blood volume have all been implicated (10) Unlike the
other cortical steroids, the release of aldosterone appears
to be independent of corticotropin (ACTH).

The site of action of the cortical hormones remains
undetermined  Certainly, their effects on renal transfer
mechanisms must be a reflection of an action on the cells
of the renal tubules. Shifts in water and electrolytes that
cannot be explained on the basis of renal effects suggest
that other tissue cells are also affected

The effect of cortical hormones on the excretion of
other ions. It is commonly stated that the cortical hor-
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mones and ACTH, through its influence on cortical hor-
mone secretion, cause a renal retention of sodium and water
and a loss of potassium. Actually, these hormones may
decrease the clevated plasma potassium level after adrena-
lectomy of animals without increasing urinary excretion of
this ion.  Such observations indicate that cellular shifts of
potassium as well as a decreased rate of excretion are
involved in the hyperkalemia of adrenal insufficiency.
Nevertheless, cortical hormones are effective in promoting
potassium excretion and may even produce hypokalemia.

The effect of rennl hemodynamics on sodium excre-
tion.  Inmterest in the telationship of hemodynamic factors
on sodium and water excretion was aroused by the postulate
that sodium retention in edema of heart failure may result
from a decrease in cardiac output. This, in turn, would
reduce renal blood flow and glomerular filtration rate.
The lower volume of filtrate, and hence sodium, presented
to the tubules under these conditions was thought to result
in more complete reabsorption (60, 102). There is ample
evidence that acute reductions in blood pressure may be
associated with a decrease in glomerular filtration rate,
urnne volume and sodium excretion, m both animals and
man (46, 78, 91—see Figure 2 and Table 1). These changes
occur from hemorrhage or drug-induced hypotenston, Con-
versely, elevation of blood pressure from a hypotensive to a
nor level by infi of a vasoconstrictor agent
usually results in improvement 1n renal functions, 1ncluding
the rate of water and sodium excretion.

The above results should not be inferred to indicate
that changes in glomerular filtration rate is an important
regulatory mechanism for sodium and water excretion.
On the contrary, changes 1n active reabsorption of water
and sodium in the renal tubules appear to be the impor-
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tant mechanisms for maintaining a constant volume and
composition of body fluids. Conditions associated with a
chronic reduction in glomerular filtration rate, such as
hypophysectomy in dogs and from various causes in man,
are not necessarily associated with an abnormal fluid and
electrolyte balance. Indeed, in Addison’s disease there is
excessive salt and water loss even though the glomerular
filtration rate is considerably reduced.
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Chapter 2

POSSIBLE MECHANISMS OF ELECTROLYTE
AND WATER RETENTION IN BISEASES
AMENABLE TO DIURETIC THERAPY

CONGESTIVE HEART FAILURE

Tm: EMACT mechanism or mechanisms causing 2 retention
of salt and water in heart failure 1s still in doubt,
although considerable effort has been and sull is directed
toward the solution of this problem. As the dominant ion
of the extracellular fluid, sodium, and its associated anions
assume great importance in the regulation of body fluid
volume. An increase n renal tubular reabsorption of as
little as one per cent of filtered sodium per day would mean
the gain of about 11 grams. This would result in the reten-
tion of more than three liters of water to maintain the
normal osmolarity of the extracellular fluid.

In the sodium retention and edema associated with
congestive heart failure, the kidney has long been impli-
cated. A number of physiological changes have been pro-
posed as causative factors responsible for the inability of
the kidneys of these patients to maintain normal elec-

trolyte and water balance. Some of these are discussed
below. “

The influence of glomerular filtration rate. Acute re-
duction in glomerular filtration by ganglionic blocking
agents such as trimethaphan (Arfonad) can depress sodium

11
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excretion (Figure 2) and a reduction in glomerular filtra-
tion rate has been proposed as one factor contributing to
edema formation in congestive heart failure. This is based
on the observation that patients in failure often have a
reduced renal plasma flow and glomerular filtration rate
(Figure 3). In a study on the effect of mild exercise on
glomerular filtration, the filtration rate of the majority of
cardiac patients examined fell well below the 70 cc per
minute rate that was considered the critical level for sodium
retention (60). The explanation for the development of
edema under these circumstances is that with a reduced

EFFECT OF ARFONAD ON GLOMERULAR FILTRATION RATE
AND WATER AND ELECTROLYTE EXCRETION
(AVERAGE VALUES FOR NINE SUBJECTS)

] conteat

Bl 1ot 20min otter érug

N 1 b atter drug

o 100
wop (@
,.
2
£ 80
3
S
5 60
z .
. <f= £
R T £ e T
N
& ) IS s S
20k 315 3 B4 2
& H o sl '3
=fe @ oy -
s|s « IR 2)=F H
URINE URINE URINE
ey VOLUME SODIUM POTASSIUM
RATE

Figure 2. The cifect of blood pressure reduction with the ganglionic
blocking agent trimethophan (Arfonad) on glomerular {iltration rate,
water and clectrolyte excretion.
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14 The Pharmacology and Clinical Use of Diuretics

volume of filtrate, it passes down the tubules more slowly.
This increases the time during which the fluid is in contact
with the cells of the tubules and results in an increased
amount of sodium and water reabsorption (97).

Considerable disagreement exists as to what extent
filtration rate alone influences sodium retention Indeed,
many nvestigators disclaim any correlation between fil-
tration rate and the rate of sodium excretion. Certainly,
the filtration rate cannot be the only factor, since numer-
ous cases have been recorded in the literature with filtra-
tion rates well below the supposed critical level without
the development of edema. Furthermore, 2 number of
investigators have pointed out that while acute reduc-
tions in filtration rate may decrease the rate of sodium ex-
cretion, there is frequently a definite and marked time
lag between the restoration of filtration rate to normal
levels and a resumption of control rates of sodium excre-
tion. This might occur from reduced filtration rates
caused by tilting (Table I), by vascular obstruction, or
by a pneumatic cuff about the thigh. Other longer term
studies have demonstrated no relationship between re-
covery from congestive heart failure and changes in fil-
tration rate.

The influence of cardiac output and venous pressure
on sodium and water retention. Several investigators have
proposed that the retention of sodium in congestive heart
failure is directly related to a reduction in cardiac output
(9,101,108). It must be conceded that renal hemody-
namic changes resulting from a reduction in cardiac output
can result in sodium retention and edema. However, other
mechanisms must also operate to explain the heart failure
and edema that may occur with a high cardiac output
associated with anemia or chronic emphysema.
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Acute elevation of venous pressure in experimental
animals has been demonstrated to cause sodium retention.
Experimentally, chronic changes in renal venous pres-
sure do not uniformly result in edema unless hepatic
venous congestion has been induced simultaneously.
These observations may indicate that any effects a high
venous pressure may have on sodium rentention is due to
effects other than a direct actton on the kidney.

Humoral factors and sodium retention.  The steroid
hormones of the adrenal cortex have long been known to
exert a powerful mfluence on electrolyte excretion. Figure
4 shows the effects of a fluorinated derivative of hydrocorti-
sone. Aldosterone, the most recently discovered of the
salt-retaining steroids, has been detected in adrenal venous
blood of dogs and monkeys and in the urine (19). While
hydrocortisone may be present in a higher concentration
in the peripheral blood of dog and man, aldosterone dom-
inates the steroids released in terms of its effect on electro-
Iyte excretion. The powerful effect of the synthetic steroid
desoxycorticosterone in increasing renal tubular sodium
reabsorption stimulated the search for increased rates of
excretion of salt-retaining steroids in the urine of edematous
patients. These investugations led to the discovery of aldos-
terone (53).

Aldosterone is present in detectable amounts in nor-
mal urine. Increased amounts of the steroid appear in
the urine of normal man during sodium restriction.
The increased steroid excretion is correlated with the re-
duction in urinary sodium excretion during the period of
low sodium intake and returns to normal levels as sodium
excretion increases after resumption of a normal diet.
These teciprocal changes in aldosterone and sodium ex-
cretion 1 the urine are not accompanied by sigmficant
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alterations of glomerular filtration rate or urinary excre-
tion of 17-keto steroids or 17-hydroxycorticoids. This in-
verse relationship between sodium excretion and al-
dosterone output is also seen in patients developing edema
and during subsequent diuresis, either spontaneous or in-
duced. These observations have led to the tentative pro-
posal that aldosterone is the adrenal cortical steroid re-
sponsible for maintaining normal sodium and potassium
balance and may be an important factor responsible for
sodium retention and edema in congestive heart failure.
1t should be emphasized that there is not yet any clear-
cut evidence for a causal relationship between an in-
creased aldosterone excretion and the development of
edema in heart failure.

Although the mechanism of sodium retention in car-
diac failure is still controversial, its importance is clearly
demonstrated by the therapeutic success of measures used
for circumventing it, such as diuretics and a low-sodium
diet. Electrolyte retention also causes stimulation of hy-
pothalamic osmoreceptors which results in the secretion
of additional antidiuretic hormone (ADH). The hor-
mone may be responsible for further water retention as-
sociated with increased blood volume and increased ve-
nous pressure leading to the formation of more edema
fluid. Other hormonal changes may also be involved
the development of edema. The reduction in water and
electrolyte excretion by the kidneys is the one obvious
overall effect causing the formation of edema fluid of con-
gestive heart failure.

The management of congestive heart failure is one
area that has been significantly improved by the judicious
application of pharmacologic principles. Figure 5 is a
graphic demonstration to illustrate how several different
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mechanisms may be involved in abnormal sodium and wa-
ter retention in cardiac failure (60). The final common
pathway is direct and indircct effects on the kidney result-
ing in abnormal tubular reabsorption of sodium and wa-
ter. Therapy is therefore dirccted toward improvement
in myocardial function as well as a partial blockade of
the sodium and water reabsorption in the kidney.

PREMENSTRUAL EDEMA AND EDEMA ASSOCIATED
WITH PREGNANCY

The regular occurrence of mild generalized edemaina
large percentage of women during menstruation has been
reported by many investigators. In a study on a large
number of normal women during the menstrual cycle, two
periods of weight gain were observed (104). Approximately
50 per cent of the group studied gained 1 kgm (2.2 1bs.) or
more during the premenstrual period. Seventy-five per

CECREASED CARDIAC QUYPUT RELATIVE TO INFLOW

MODERATELY INCREASED VENOUS PRESSURE

CARDIAG FAILURE CARDIAC FAILURE

FiOw B GLOMERULAR INACTIVATION OF ADRENAL
FILTRATION RATE coRTi
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Figure 5. Some of the possible factors that may be involved 1n the
geness of edema,
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cent gained 1 kgm or more at or about the time of ovalation.
Menstruation and the postmenstrual period were associated
with weight loss.

A striking symptom noted in many women premen-
strually 15 an increase in appetite and thirst. Increased
food and water consumption are apparently largely re-
sponsible for the weight gain, since it can be prevented by
controlling diet and fluid intake. During the periods of
the menstrual cycle when weight is gained, the urine vol-
ume and sodium excretion are reduced. As weight is
lost postmenstrually, a diurests occurs.

It is known that in normal women the highest concen-
tration of estrogens in the urine occurs at or about the
time of ovulation. A second increase in estrogen excre-
tion occurs premenstrually. The observed correlation be-
tween increased estrogenic excretion and weight gain
suggests that these hormones might resemble the salt-
retaining steroids of the adrenal cortex A study of
several purified estrogens showed them all to have salt-
retaining action in dogs. Among the preparations stud-
ied, estrodiol was the most potent in depressing sodium
excretion, although it is much less active than desoxy-
corticosterone.

It seems likely that the estrogens act directly on the
cells of the renal tubules as the adrenal cortical steroids
probably do to promote sodium retention. Injections of
estrogen into women have been observed to produce a
significant reduction in sodium and chloride excretion in
the absence of changes in glomerular filtration rate and
renal plasma flow.

The problem of premenstrual edema has recerved
more attention from the practicing physician than it has
from the mvestigator and has been recognized as a syn-
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drome associated with sodium and water retention result-
ing from hormonal imbalance. The edema which pre-
sents itself is thus amenable to relicf by dictary restric-
tion of salt and the administration of natriuretic agents.

Edema in pregnancy may be scen as an cxaggeration
of a pre-existing disease such as congesuve heart failure,
nephritis, etc,, or it may be a manifestation of an im-
pending toxemia of pregnancy. It should be remem-
bered, however, that even during normal pregnancy the
blood volume increases about 50 per cent (13,16) and
that there is a positive salt balance (retention of salt and
water) teaching a maximum by the thirtysisth week of
gestation. ‘The nfluence of an enlarged uterus produc-
g increased pressure on intra-abdomnal vemns may be
an important contributory factor. Whatever the complex
and interrelated factors may be, the common denomina-
tor is, once more, increased tubular reabsorption of sodium
and water which can be corrected by appropriate therapy.

NEPHROTIC SYNDROME -

One might assume that the edema frequently asso-
ciated with the nephrotic syndrome is directly attribut-
able to the low plasma albumen concentration. In this
disease, large quantities of albumen are lost in the urne
It 1s generally assumed that the permeability of the glo-
merular capillaries is so altered that albumen escapes
from the plasma m the filtrate while the larger globulin
molecules are retained. ‘The urme contains large amounts
of albumen and the total plasma protein concentration is
reduced to 35 to 5.3 per cent. Plasma globulin concen-
tration 1s normal or even above normal due to an 1n-
creased rate of formation,
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Normally, the capillary membrane is permeable to
all plasma constituents except proteins and lipids. The
formation of edema fluid results from an imbalance of the
forces that regulate the exchanges of fluid between plasma
and extracellular fluid. The hydrostatic pressure result-
ing from cardiac contraction is opposed by the osmotic
pressure of the plasma proteins. Fluid is forced out at
the arterial end of the capillaries since the hydrostatic
pressure tending to force fluid out is greater than the
colloid osmotic pressure tending to retain fluid in the
capillaries. As the venous end of the capillary is ap-
proached, the conditions for fluid exchange are reversed.
An amount of fluid approximately equal to that forced
from the capillary is returned to the circulating blood.
Normally, these opposing forces are delicately balanced so
that the volume of plasma and extracellular fluid remain
relatively constant. A reduction in plasma albumin, such
as occurs in the nephrotic syndrome, would favor the de-
velopment of edema. However, hypoproteinemia cannot
be the sole factor responsible for the edema of this dis-
ease since diuresis and loss of edema may occur sponta-
neously while the plasma protein concentration remains
low (91). Also, it has been observed that repeated ad-
ministration of concentrated serum albumin, to increase
the plasma albumin concentration, frequently fails to re-
lieve the edema in patients with nephrosis (58).

The plasma volume may be reduced as much as 20
to 30 per cent during the development of edema because
of the diversion of water and solutes to the interstitial
compartment. Reduction of plasma volume has been
found to be accompanied by a decrease in renal plasma
flow and filtration rate. Expansion of the plasma volume
by albumin administration prod d i
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in the filtration rate in most patients (22). A good cor-
relation between the increased filtration rate and an in-
creased rate of salt and water excretion was demonstrated
in this study. Failure to achieve diuresis following albu-
min administration correlated with failure to increase the
filtration rate in spite of plasma volume expansion.

Despite the observed correlation between filtration
rate and diuresis, edema may occur in nephrotic patients
who have normal or even supernormal filtration rates.
This has been ascribed to an increased rate of sodium
absorption by the renal tubules.

Sodium retention due to the secretion of increased
amounts of adrenal<cortical steroids may be one of the

SODIUM AND WATER EXCRETION
UNDER NORMAL CONDITIONS AND DURING DIURESIS

NORMAL LIRS

CAPILARY

»
H
<
<
v

TusuLe TusuLE
LUMEN LUNEN

Figure 6. Schemauc diagram to show partial blockade of sodium and

water reabsorption by diretics. This 15 the common denominator

which males diuretc (natnuretic) agents effective in a wide variety
of clinical syndromes of diverse ctiology.
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factors causing the edema of nephrosis. Increased amounts
of aldosterone have been found in the urine of edematous
patients with nephrosis (53). 1f this steroid 1s a contnibutory
factor to the retention of electrolytes and water in these
patients, the stimulus for its release remains unknown.

In the treatment of the nephrotic syndrome, there
is not only a need for a natriuretic agent but frequently
better results may be obtained by an agent which increases
the plasma colloid osmotic pressure, such as salt-poor hu-
man albumin admimstered intravenously Albumin some-
times appears to also have a natriuretic and diuretic ef-
fect on the kidney which is unrelated to its osmotic effect.

HEPATIC DISEASE

Hepatic disease presents the problem of disordered
protein formation which results in a decreased colloid os-
motic pressure of plasma. The plasma proteins may be
sufficiently low to warrant the admunistration of salt-
poor human albumin, Decreased inactivation of salt-re-
taining steroids, due to poor liver function, may be a
contributory factor to sodium and water retention. At
the present stage of our knowledge, this condition can only
be controlled by a natriuretic agent. Indirectly, diuretic
therapy may actually conserve protemns in these patients
by either eiminaung or increasing the interval between
paracenteses.

IATROGENIC STEROID EDEMA

We have labeled the increasingly common syndrome
resulting from the therapeutic use of steroids such as
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cortisone, hydrocortisonc, | and pred
“steroid edema” since it is one of the iatrogenic forms.
In this condition, edema is induced by increased renal
tubular reabsorption of sodium. Diuretic agents, particu-
larly the organomercurials, have been especially helpful
in the management of this complication.

In discussing some of the more common clmical syn-
dromes associated with edema, we have seen that many
factors may be involved and that the exact contnbution
of cach to the genesis of edema cannot at present be de-
fined. It1s not unlikely that in the near future an orderly
progression of cvents leading to the development of cde-
ma will emerge from the chaouic state that now prevails
Nevertheless, whether or not the ladneys are directly or
indirectly involved, the empirical use of diuretics is a
recogmzed and valuable therapeutic measure in these
conditions,
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Chapter 3

CLINICAL BIOASSAY AND POTENCY
ESTIMATION OF DIURETICS

Ani:rn:n UNDERSTANDING of the mechanisms causing salt
and water retention has led to a more extensive use of
diuretics. This, in turn, has resulted in the introduction of
a number of new compounds, which has created a need for
a reliable method for establishing the relative potency of
these agents. We have directed our attention toward the
development of such a method (33).

Hospitalized patients were studied under controlled
conditions so that ther water and electrolyte balances
could be established. Imtial observations indicated that
the acute response to mercurial diuretics in normal in-
dividuals and in patients with congestive heart failure
did not differ significantly, as indicated by the excre-
tion of sodium. This is illustrated in Figure 7. It may
be seen that the degree of mcrease in sodium excretion in
the cardiac and the non-<ardiac (maintained on a 150
mEq sodium diet) is similar. The response, 15, how-
ever, influenced by the sodium content of the diet. It
therefore became necessary to establish the effect of the
dretary sodium before proceeding with the determination
of the relauve potency of different diuretics. Figure 8
shows potency estimations of a diuretic agent w terms
of changes produced in sodium, chlonde, and water ex-
cretion and body weight when the pattent was maintained

27
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on two different diets. On higher sodium intake, the
diuretic agent produced 1.8 times as great an increase
in sodium excretion as that observed with the diet con-
taining only 50 mEq of sodium. Similar differences were
observed for chloride and excretion of water and weight.

" Next, the reliabihity of the various observed responses
had to be evaluated. This was done by the use of fiiducial
limits. The narrower the range of the limuts, the more
reliable the results (Table III). For sodium and chlo-

COSAGE RESPONSE CURVE SODIUM DOSAGE RESPONSE GURVE WATER
.
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Figure 8 The dosage-response curves for Diet I (150 mEq of sodium
per day) are greater than the curves for Diet II (50 mEq of sodim
perday)  (Alter Ford, Spurr and Moyer (33), courtesy AM & CT.)
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ride excretion, the fiducial limits are quite small (L5 to
2.2 for sodium), whereas the fiducial lmits of water are
fairly wide (1.8 to 12.6). This indicates that the most
reliable method for comparing potency of mercurial di-
uretics is to note their effects on sodium or chloride
excretion.

Utilizing these principles, dosage response curves
were determined for various diuretics (Figure 9). All
drugs were administered parenterally with the exception
of chlormerodrin which was given orally. Calculated
potency estimations for these agents are presented in Table

TABLE 11T
POTENCY ESTIMATIONS OF DIETARY SODIUM USING DIET 1I* AS
A STANDARD  (After Ford, Spurr and Moyer (33), courtesy Antibiotic
Medicine and Clinscal Therapy )

Function Potency Estimation
RL = 13

Sodwum R = 18
RU = 22
RL =

Chlorides R
RU = 17
RL

Water
RU
RL

Weight R
RU

* Diet 1 = 150 mEq Na. Diet 1f = 50 mEq Na

R s the best estimate of the potency of Diet 1 (150 g Na) compared to

the standard, Dret II (50'mEq Na)

RL, RU = Lower and upper 5% fiducial hnuts (calculated by Ficller's
theorem)

R means that 1 mgm, of diglucomethoxane (Mersoben) given at a dict Ievel

of 150 mEq Najday 1 as effectse a 18 mg diglucomethoxane when

gven at 2 diet fevel of 50 mEq/day in producing mercased ouiput of

sodium.
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1V. When increased sodium excretion is used as a basis
for comparison and meralluride is chosen as the “stand-
ard" with a potency of one, mercaptomerin has a relative
potency of 0.6 (60 per cent as potent), orally adminis-
tered chlormerodrin, a potency of 0.5 and diglucomethox-
ane, a potency of 1.3 (Table IV).

DOSAGE RESPONSE CURVE DOSAGE RESPONSE CURYE
SODIUM WATER

w0
v

Litaw

INCREANED EXCAETION

INCABASED EXCAETION mEq /24 e

o “q
DOYE I WEM 0P WERCUAY

DOSAGE RESPONSE CURVE
WEIGHT

INCREABED EXCALTION ®Z4 /24 He

£
H
]
2
3
H
s

w0

S e
osE i wew OF werEuny

5 45
GOSE n uew OF MERCUAY
caLcuLaTen
wiTH A COlMON
REGRESSION SLOPE
Figure 8. Dosage-response curves obtained with five different mer-
curial diretics. The curves show parenteral Neohydnin to be the most
potent. Orally admimstered Neohydnn is withun the same potency
range as Thiomenn, (After Ford and Moyer (33), courtesy AM & CT.)
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The following conclusions may be drawn from our
bioassay study of mercurial diuretics:

1. The response to a druretic js directly proportion-
al to the dose, and dietary sodium content. The most
significant change seerms to be the increase 4t sodium (and
chioride) excretion while other changes (weight and wa-
ter) are secondary.

2. Changes n the rate of sodium excretion furnish
the most reliable esumate of potency of diuretics i gen-
eral (exception: chlorsde 15 slightly better for mercurial
diuretics} .

TABLE IV
POTENCY ESTIMATIONS OF MERCURIAL DIURETICS AS COM-
PARED TO A STANDARD ~ MERALLURIDE (MERCUHYDRIN'}.
{Afres Ford, Spuss and Moyer (33), coustesy Antibuetic Mediome and
Chincal Theragry.)

Thiomerin P Neohydrm OF Mersoben PY
(Mereap ) (© ) (Digls )
RU = 24 RU RU
Sodwm R =08 R R
RL = 03 RL RL
Ry = 38 RU RrU
Weight R =09 3 R
RL == 04 RL RL
RU = 12 RU RY
Chilonides R =07 R X
RL = 04 RL RL
RY = RU RU
Water R =13 R R 26
RL = RL RL = 12

= § mgm, of Drug 1§ {esc)) 15 equsvalent in aciton to R mgm of the standard.
g, mgm. Thiomesin = 06 mgm Mercuhydun as 2 natruretic agent
and 0 7 mgm. Mercuhydnm 28 a chloruretic agent

R is the best estismate of the potency of Drug 11 with respect fo the standard,
Drug I {Mercuhydrn)

RU znd RL are upper and Jower 5% fiducial himits on this esumate of
patency. (Calculated according to Freller's theorem.)

+P and O wndicate the parenteral and oral forms of the drug respectively,
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Carbonic anhydrase inhibitors present a specific prob-
lem in potency estimation since it is difficult to establish a
dosage response curve (3%). However, a maximum ef-
fective dose can be detenmined when very small doses
are administered in a log dose incremental fashion unti)
further increases in dosage result in no further increase
in the cxcretion rate of sodium. This point was arbi-
trarily termed the “apex” of the curve. Figure 10 shows
such a curve obtained with ethoxzolamide (Cardrase).
There was a mumor increase in the excretion rate for
sodium at the small dose tested (33.75 mgm) followed
by an increasing magmude of response until the 125
mgm dose was reached. At this dose the curve flattencd
out and became parallel to the base line. This same
procedure was used also for the estabhishment of the
“apex” doses for acetazoleamide (D1amox) and’ Butamide.
The “apex” point for each of these three drugs was similar
except that Butamide was shghtly more potent. At least
two times that dose at the “apex” was admnmstered as
the testing dose for each of the drugs (Figure 10). With
acetazoleamide (Diamox) and ethoxzoleamide (Card-
rase) , the dosage for each test of potency was 250 mgm
daily and for Butamide 1t was 150 mgm, since its “apex”
dose was 75 mgm.

In Table 5, the increased rates of excretion of sodium,
electrolytes, and water, as well as the decrease in weight,
following the admini and two
other carbonic anhydrase inhibitors are recorded. The
figures are based on averages of two consecutive days
when comparative test doses (twice the maximum effec-
tive dose for each) of the drugs were administered.
There was an average increase in the urinary excretion
of sodium and potassium of 35 mEq per 24 hours with

ration of ace 1 id
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acetazoleamide. ‘The chloride excretion rate decreased

by 9
0.44

mEq per 24 hours. Water excretion increased by
liters per 24 hours and the weight decreased by 0.3

COMPARATIVE POTENCY OF VARIOUS ORAL

ORALLY

,'AR!N"ERAHV‘

AND PARENTERAL DIURETIC AGENTS

ACETAZOLEAMIDE (DIAMOX}
250 mgm |

—
MERCUMATILIN { CUMERTILIN)
Bqum.Hg]

TP —
MERBIURELIDIN {METEROX }
120 mgm. Hg}

F——
AMINOPHYLLINE
I

_
AMINOISOMETRADINE { ROLICTON)
1600 mgm.

CHLORMERODRIN {NEOHYDRIN)
80 mgm Hg

CHLOROTHIAZIDE {DIURIL)
2000 mgm

P —
MERCAPTOMERIN ( THIOMERIN}
80 mgm Hg.{ 2¢c) ]

MERALLURIDE { MERCUHYDRIN )
80 mgm.Hg. (2 cc)

DIGLUCOMETHOXANE {( MERSOBEN)
80 mgm Hg (2¢cc)
n

T T 1

I I I
o 20 40 60 80 100 120 140 160
INCREASE IN SODIUM EXCRETION {mEq /24 hra)

Figure 11. Comparatiie potency of dufferent diureties  (After Ford,

Spurr and Moyer (34), courtesy of Girculation )
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kilograms per 24 hours. The increase in the excretion
1ate of sodium per 24 hours was 44 mEq for ethoxzo-
lamide and 31 mEq for Butamide. It should be noted
that changes in the excretion rates of potassinm, chloride,
and water as well as for the change in weight were similar
for these three drugs.

The significance of this data has been established by
the analysis of variance. Application of student’s “t”
test to the changes following each drug further shows
that the increases for the excretion of sodium, potassium,
and water are significant as well as the change in weight,
but that the changes 1n chloride excretion are of border
line sigmficance. Previous experimental data has indi-
cated, by an analysis of variance that there is no signifi-
cant difference between patients in their responses to the
various drugs tested (21). The potency of other drugs
can be esumated by the same procedure (Figure 12).
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Chapter 4

THE PHARMACOLOGY AND CLINICAL USE
OF THE MERCURIAL DIURETICS

OF THE different types of diuretic compounds employed
today, the mercurials are the most powerful and con-
sistently dependable. They have, to a considerable extent,
superceded the less reliable xanthine diuretics, especially in
the more severe cases of congestive heart failure. While
digitalis still remains the most useful agent [or improving
cardiac function in cardiac decompensation, digitalis alone
sometimes fails to completely elimnate the edema. The
use of mercurial diuretics has materially improved the man-
agement and well-being of these patients. These two types
of drugs, of course, act by entirely different mechanisms
and each tends to complement the action of the other

The Chemistry of Mercurial Diuretics. The mercu-
rial diuretics in current use are organomercurial com-
pounds that have been reacted with theophylline, thiogly-
collic acid or some other group The early mercurial
diuretics were compounds of the general type RHgOH.
Compounds in current use are produced by the following
Teactions:

1 RHGOH 4 H(CiH;0,N,) = RHg — (CrH;03N,) + H,0

(theophyllne)

2. RHgOH + HSCH,COOH = RHg — 5§ G H,C 0 O H + H,0
(thiogtyeotlac acd)

3. RHAC + NaCl = RHg ~ C! 4 Nz2Ac -

39
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The organomercurials formed by the above reactions confer
upon each type of compound unique properties not directly
related to the parent compound or to each other. Because
of the special properties of each of these agents, they have
different therapeutic applications

Mechanism of Action. In the years immediately fol-
lowing Vogel's (106) discovery of diuretics produced by an
organic mercurial compound, much fruitless labor was
devoted to studies attempting to prove an extrarenal mech-
amsm of action. Many of the techniques employed during
thus period for such studies were faulty and subsequent work
has overwhelmingly favored a direct renal effect as the
primary mechanism of action.

As early as 1928, Govaerts (39) provided unequivo-
cal evidence that diuresis from a mercurial diuretic could
be produced by a direct effect on the kidney. He admin-
istered an organomercurial diuretic to a dog and at the
ume of maximal diuresis, transplanted a kidney to a re-
ciptent dog. The donor kidney continued to diurese,
while the recipient animal’s kidneys continued to secrete
urne at the control rate. Additional evidence of the same
nature was obtained by injecung a small amount of a
mercurial diuretic into one renal artery of a dog. The
injected kidney showed diuresis, but the urine output of
the other side remained constant (3). In this experr
ment, the mjected hidney retained most of the diuretic.
If larger amounts of the agent are injected mto a renal
artery, a sufficient amount enters the systemic circulation
to produce diuresis on the opposite side also

Renal Funeti A sub ial ber of studies
have been directed toward observations of the effect of
mercurial diuretics on renal functions No consistent
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change has been observed to occur, except for a depres-
sion of the renal tubular reabsorption of sodium chloride
and water. This is true of normal or edematous sub-
jects and experimental animals. Thus, the glomerular
filtration rate may rise, fall or show no change. Changes
mn renal plasma flow show a similar inconsistency (Table
VI). One must conclude from these observations that
changes in glomerular filtration rate or renal plasma flow
are not 1nvolved n the diuretic effect of these agents.

Tubular Inhibition. Considerable effort has been
devoted to the problem of the site and mechanism of mer-
curial inhibition of electrolyte and water reabsorption by
the renal tubules. It is generally assumed, from ndirect
evidence, that the site of action is limited to the terminal
portions of the proxmmal tubules. Pathological studies
have indicated that the nephrotoxic action of mercury is

“limited to the termmal part of the proximal tubules un-
less very large doses are used. In the latter instance, en-
tire nephrons, including the collecting ducts, may be dam-
aged ‘These observations may not have any bearing on
the site of action of mercurial diuretics because diuresis
from these agents is not a nephrotoxic effect. In fact,
renal damage from any type of mercury compound us-
ually results in anuria rather than diuress.

More recently, attempts have been made to localize
the site of action histochemically (15,84,90,107). These
studies were based on the high affinity of mercurial com-
pounds for protemn sulfhydryl groups (-SH) and of the
possibility that the sulfhydryl containing enzyme succinic
dehydrogenase may be inyvolved in mercurial diuresis (45) .
The reports of the above workers are conflicting, possibly
because unphysiological amounts of mercurial diuretics
were used in some of the experiments. In the absence of
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unequivocal evidence, the site of action may tentatively
be placed in the proximal tubule where active reabsorp-
tion of sodium chloride is presumed to occur. In favor
of this part of the nephron being the site of action of
mercurials is the fact that other functions, presumably
located in this segment, are known to be depressed by
these agents. The secretion of para-aminchippurate and
the reabsorption of potassium and glucose (5,11,83,111)
have been observed to be partially nhibited during mer-
curial diuresis.

The strong affimty of organic mercurial compounds
for sulthydryl groups of protein and other compounds
contaming -SH groups is well-established (2). Although
organomercurial compounds are capable of reacting with
carboxyl and amino groups of proteins they farst react
stoichiometrically with -SH groups to form mercaptides

Dimercaprol (Bal) 1s a compound contamng two
-SH groups. The administration of this agent (Figure
13, A.B) promptly suppresses mercunal diuresis (23,41).
This inhibitory effect of dimercaprol suggested that 1t
temoves the mercurial diuretic from 1s combination
with an -SH contaning enzyme due to the formation of a
more stable complex. It 15 well known that certain en-
2ymes Tequire free sulfhydryl groups within the protein
structure for activity. Oxidation of the -SH groups to
-§-8- or the combination of the -SH groups with a reac-
uve compound produces inhibition. It should not be in-
ferred from the above discusston that the transport sys-
tem inhibited by mercurial diuretics has been established

Mercurial diuresis has been considered to be due to “a
mild and reversible toxic mercury nephrosis without any
microscopically visible changes™ (106). It should be stat-
ed emphatically that such a concept has no basis in fact
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Fagure 184 Diuresis curses obtained in dogs from 0 1 cc per hgm of

meralluride. B Inhibition of mercurial diuresis by dimercaprol.

(After Handley and LaForge (44), courtesy Pharmacology in Medicine.
V.A. Drall, Ed, Blakiston Div, McGraw-Hall Book Company, 1958 )
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and is undoubtedly incorrect. Considerable evidence in-

dicates that a reversible inhibition of the mechanism fory
the active reabsorption of sodium chloride is involved.

The inhbitory effect is transient and incomplete.

Electrolyte and water excretion. Undoubtedly, the
most important therapeutic effect of the mercurial diuret-
1cs is a partial inhubition of the rate of sodium and chlo.
ride reabsorption by the renal tubules. It 1s generally
assumed that speaific transport systems are present in the
cells of the renal tubule for the reabsorption and secre-
tion of different 10ns and compounds present 1n the
glomerular filtrate and the blood. The composition of
the urine before and during mercurial diuresis indicates
a highly selective action on only a few of these transport
mechanisms. Among the urnary electrolytes, the reab-«
sorption of sodium and chloride are blocked to the great-
est extent. There are proponents of the view that the
primary effect 15 on chlonide reabsorption and those that
favor a prumary effect on sodum. Wiule it 15 true that
there 1s frequently a greater relative increase in the rate
of chloride excretion, this may indicate an increased rate
of excretion of cations other than sodium  Which 10n 15
primarily affected, or whether the absorption of both is
mhibited, must for the present be considered undeter-
mined.

The effect of mercurial diuresis on potassium excre-
tion is variable. It is either increased, decreased, or is
not changed Mercurials depress the renal tubular secre-
tory mechanism for potassium (4). No serious disturb-
ance of potassium metabolism occurs in the ususal clinical
use of these agents  However, if ammonium chlonde is
used concomitantly with a mercurial, or if dietary sodium
is retained during diuretic therapy, the loss of potassium
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may be appreciable. This may account for such symp-
toms as muscular weakness, nausea and ventricular pre-
mature contractions.

Calcium excretion may be moderately increased by
mercurials. The excretion of phosphate, sulfate, am-

Futlerns of Excrebion Following ddministration of +
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Figure 14.  Patterns of electrolyte i lowing the .

lar adounustration of one cc of meralluride to 2 cardxac patient (After
Ford, Rochelle, Handley, Moyer and Spurr (31), courtesy JAMA.)
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monia hydrogen ions or titrable acidity are not influ-
enced during the period of maximal diuresis and natriure-
sis. The mercurials do not produce a predictable effect
on urinary pH.

Dunng mercurial diuresis, a greater increase in the
rate of excretion of sodium chloride than water usually
occurs (Figure 15 A,B). This is reflected in an increase
in concentration of sodium per unit volume of urine
formed. In contrast to the action of these diuretics, when
cardiac failure is controlled with digitalis alone, sodium
and chloride are lost in the unne in the same concen-
tration as they are present in the extracellular fluid
(61,93).

No specific effect of mercurial diuretics or tubular
reabsorption of water has been demonstrated. Increased
rates of sodwum and chlonde excretion, usually but not
always, precede water diuresis (87). The rate of excre-
tion of these two ions increases five or six fold in the
average cardiac patient, whereas urine volume may only
increase two or three fold (73).

The sodium chlonde and water loss during mercurial
diuresis can be accounted for as originating entirely from
the extracellular fluid. The fall in plasma potassium,
however, is by no means great enough to account for the
potassium loss as coming from extracellular fluid alone.
Actually, the potassium loss duning diwuresis is sometimes
greater than the total calculated amount of extracellular

potassium. Intracellular loss of potassium undoubtedly
occurs.

Absorption. The reaction of theophylline with an
organic mercurial results in a more stable, less toxic and
more rapidly absorbed compound (18). After intramuscu-
lar administration of compounds of this type, absorption is

LY
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virtually complete within an hour. The amount of theo-
phylline present in a therapeutic dose of a mercurial is too
small (96 mgm) to exert any diuretic effect except by
improving the rate of absorption of the mercurial. Organo-
mercurial theophylline compounds in current use include:

Merallunide sodium, US P. (Mercuhydnn sodium)

Mercumathin soduim, N.N.D. (Cumertilin sodium)

Mercurophylline sodwim, USP (Mercuzanthin sodium)

Merethoxylline, NN D (Dicuniny

Mersalyl and Theoplylhine, US P (Salyrgan-theoplyiline)

A different type of compound has more recently been
introduced. In this compound, the theophylline of mer-
curophylline sodium has been replaced by sodium thio-
glycollate (56). The mercurial was studied after the ob-
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Figure 16 Sodmm excreuon followmg the oral administratton of

chiormerednn  (Neohydnn). (Alter Moyer, Handley, Seibert and
Snyder (78), courtesy AMA Arch Int Med)
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servations indicated that glutathione and cysteine reduce
the cardiac toxicity of mercurials without influencing the
diuretic effect. The compound is known as mercapto-
merin sodium (Thiomerin sodium). After mtramuscular
injection the rate of absorption of mercaptomerin is of
the same order as the compounds mentioned above.
Before the development of the theophyllinated de-
rivatives of the organomercurial compounds, the intrave-
nous route was preferred because of pain and tissue dam-
age when injected intramuscularly. The intramuscular

530t & 45897
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Figure 17. Urine followmng the oral on of
chlormerodrin (Neohydrin). (After Moyer, Handley, Seibert and
Sayder (78), courtesy AMA drch, Int Med)
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route is now commonly cmployed. Rapid and complete
absorption occurs with minimal pain in most patients. In-
travenous administration is not without danger because of
the potential hazard of cardiac toxicity. Mercaptomerin
is an exception in that it has low cardiac toxicity. Any
of these agents given intravenously should be injected
slowly and preferably should be well diluted.

With the advent of mercaptomerin (Thiomerin), sub-
cutaneous njection has had its advocates. Meralluride
and mercaptomenn have both been extensively and suc.
cessfully used by this route.

The rate of excretion of mercury after subcuta.
neous, intramuscular, and intravenous administration of
merallunide 15 quite simuilar. This indicates that the rates
of absorption are rapid from both subcutaneous and intra-
muscular sites (see Figures 18 and 19).

Oral therapy has been unsatisfactory unul the yecent
mtroduction of chlormerodrin (Necohydrin) since absorp-
tion of most mercurial diuretics from the intestinal tract
is limited. After oral administrauon of compounds other
than chlormerodrin the amount of mercury that may be
recovered from the unne is less than 3 per cent of the
dose admini d. This necessil the use of large
doses that frequently cause gastrointestinal distress. A
significant advance in oral therapy was made with the
development of chlormerodrin. Not only is this com-
pound better absorbed from the intestinal tract (up to 12
per cent), but it 1s several times more potent than other
mercurials currently employed (43) These two proper-
ties of this agent make effective oral diuretic therapy

(Figures 16 and 17) possible without a high incidence of
untoward reactions (75) .
The use of mercurial diuretics in the form of rectal
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suppositories has never been a popular form of therapy.
Poor absorption and local irritation are largely responsi-
ble for the opposition to the use of this route. Some
agents, such as mersalyl (Salyrgan), cannot be used in
suppositorics because of the danger of ulcer formation.
This form of therapy has, however, proven to be cifective
in some patients with cardiac edema.

Fate. After absorption or intravenous injection, mer-
cunal diuretics are probably largely transported as com-
plexes with the single sulfhydryl group of mercaptalbumin.
One mercuric 10n has been demonstrated to react with two
albumin molecules (51). Although 1t has not been proven,
it seems likely that the theophyliine moiety of mercurials
15 split off after absorption, thus making 1t possible for one
mole of the mercurial to react with one mole of mercaptal-
bumun. Itisalso possible that the organomercurial radical
combines with other substances m the plasma contaming
sulfhydryl groups

It has been inferred that the distnbution of mer-
curial diuretics in the various tissues of the body follows
a pattern similar to that found with inorganic mercury.
Undoubtedly, this is a falacious assumption  After inor-
ganic mercury administration, the metal may be found
widely distributed throughout most of the tissues of the
body (103). The mercunal diuretics on the other hand,
are much more rapidly excreted and no appreciable
amount of mercury can be found n any of the tissues
except the hver, kidneys and spleen 1n animals during
prolonged administration of diuretics (48). Following
mtravenous administration of a mercurial diuretic, the
compound rapidly leaves the plasma, probably due to
temoval by the liver and ladneys. During the early phase
of the diuretic period, the liver contains the largest ab-
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solute amount of the compound of any tissuc or organ
but the Aidneys contain the highest concentration per
gram of tissue (48).

Excretion, A considerable percentage of adminis-
tered mercurials appears in the urine before diuresis begins.
This is probably a reflection of the time required for a
critical amount of the compound to react with and to
inhibit the transport mechamsm of the renal tbules respon-
sible for the reabsorption of sodium chloride. In the mean-
time, a considerable amount of the compound escapes this
reaction and appears m the urine.

In cardiac patients about 30 per cent of a therapeutic
dose of a mercurial, given parenterally, is excreted in 3
hours. The largest amount 15 recovered after 6 hours
and there is an abrupt drop in the excretory rate during
the following 6 hour period. When no renal impairment
15 present, up 10 90 per cent may be recovered in the
urine in 24 hours (Figure 18).

In normal subjects, there is little difference in the
rate of excretion when the mercurial is administered by
the different parenteral routes Excretion after subcu-
taneous and intramuscular administration may be some-
what slower i cardtac patients with edema, but excre-
tion rates when injected intravenously may approach that
seen in normal subjects (Figure 19). Fecal excretion
of mercury seldom exceeds 5 per cent of the administered
dose when given parenterally, The diuretic enters the
intestinal tract with bile, although a small amount is
probably excreted directly by the mtestinal mucosa. With
oral mercurial therapy, most of the diuretic remams un-
absorbed and is elimnated in the feces. As used thera-
peutically for the treatment of edema, there is no evi-
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dence to indicate that these compounds accumulate in
the body.

In spite of many statements to the contrary, there is
no evidence for the concept that the diuretic action of
the organomercurials is due to the release of inorganic
mercury. Polarographic studies have demonstrated mer-
curtal diuretics are excreted as an organic compound,
probably as a cysteine complex (109). A method has
been devised, utilizing adsorption chromatography, for
separating the urinary excretory products of meralluride
(49) . The method 1s based on the capacity of aluminum
oxide to adsorb carboxylic acid compounds Since mer-
alluride 15 the sodium salt of a carboxylic acid, it is firmly
bound to the adsorbent, while noncarboxylic mercurial
and morganic mercury 15 readily washed through the ad-
sorbent column with distilled water. The application of
this method to urines collected during mercurial diuresis

TABLE IX
TISSUE CONTENT OF MERCURY SEVEN DAYS AFTER INGESTION
OF SIX TABLETS OF (60 mgm of Hg) CHLORMERODRIN (NEOHY-
DRIN) (After Moyer, Handley, Seibert, and Snyder (73), courtesy of the
American Medical Association Archives of Internal Medicine )

Total Hg, mgm
Lier

Dog No Heart Kidneys
1 - - - - - .- 000 036 o6l
2. . - _ 000 193 036
L -~ o2 019 044
4 000 060 000
5 034 036
6 135 088
7 115 038
8 048 021

—_— 102 068
0o 000 092 043
Mean ——— o 001 08s 044
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results in the sepavation of two fractions containing mer-
cury. The fraction adsorbed is always, by far, the larger of
the two and probably represents unchanged meralluride or
the compound in combination with cysteine. Diuresis is
proportional to the rate of excretion of this fraction. The
compound containing mercury that is not adsorbed has not
been identified. It may be decarboxylated meralluride.
Tins fraction represents about 5 per cent of the total mer-
cury admimstered and is not related to the diuretic effect.

Potentiation.  Mild acidosis such as may be produced
by ammonium chloride enhances the diuretic response from
mercurials. This is actually a synergstic effect. Alkalosis
tends to inhibut the diuretic action of these compounds.
The mechamsm by which alterations in the acid-base bal-

TOTAL MERALLURIDE MERCURY RECOVERED IN URINE COMPARED
TO NON-MERALLURIDE MERCURY {DEGRADATION PRODUCTS}
EXCRETION RATE IN NORMAL SUBJECTS {MEAN VALUES)

8
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) 6 12 18 24
HOURS AFTER MERALLURIDE GIVEN

Figure 18 Comparison of rates of of mercury

and non-merallunde mercury when ginen by three different routes to

normal subjects (average values from four subjects gnen the diureuc

by cach route) (After Moyer, Handley and Seibert (74). courtesy
Ann. NY dcad Scr)
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Clinical observations on potency and therapeutic use
of mercurial diuretics,  Although the organomercurial
compounds have been used primarily for the treatment of
patients with moderately severe and severe heart failure,
they are also effective for promoting diuresis in most con-
ditions in which water and salt retencion is a problem.
Clinical potency of the organomercurial compounds varies
greatly. Whether using orally or parenterally adminis-
tered mercurials, it is essential that adequate dosage be
employed. Forexample, in Figure 21 astudy is summarized
in which a group of patients with congestive heart failure
was treated with an inadequate dose {equivalent to 20 mgm

MILLIZQUIVALENTS OF SODIUM AND POTASSIUM AND MRUGERAMS OF MERCURY
EXCRETED N THE URINE (DURING SUCCESSIVE 6 HOUR URINE COLLECTION FERIODS )
AFTER INTRAYINOUS INJECTION OF 2 cc OF MERALLUKIOE (78 mg.Hg)

180,
Isof-
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wot 3 . assotste
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HaTtion ¥ M %G
uetcuLy PASING
™IOUCH e COLYMN

TOTAL MILLIEQUIVALENTS
3
3

s w
AECHVALENTS

18 24
HOURS AFTER MERALLURIDE INJECTION
Figure 20 Relation of rate of excretion of merallunde and non-
merallunde mercury to that of sodjum and potassium in cardiac
patients after 2 cc of merallunide intravenously  (After Moyer, Serbert
and Handley (81), courtesy Circ Research )
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Hg) of chlormerodrin (65). The therapeutic failure rate
was 76 per cent. When these same patients were later given
an adequate dose (equivalent to 80 mgm Hg) of the drug,
the therapeutic failure rate was reduced to only 9 per cent
Tnterpretation of these results after administration of the
smaller dose would have prompted the conclusion that the
drug was no better than a placebo, when actually an inade-
quate dose was used.

A determination of the threshold dose and the ap-
proximate maximum tolerated dose for each drug is essen-
tial. Although potency estimations and threshold dosage
of each drug have been determined, all patients ate not
equally responsive. Consequently, the dosage of each drug
which 1s adequate but yet not excessive must be determined
for each individual patient when long term, continuous
therapy is employed.
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Figure 21. Companson of clinical control of heart fatlure in patients
receving il followed by adeq doses of ydrin.
(After Moyer (65), courtesy AMA Arch. Int. Med )
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The dosage response curve, based upon weight loss
as an estimate of diuretic potency, which was obtained for
meralluride (mercubydrin), shows logarithmic progres-
sion between the 05 and 2 cc (equivalent to 20 to 80
mgm Hg) doses. Increasing the dose above this level
has very little addiuonal diuretic eifect (79). By com-
parison, the dosage response curve obtained for diglu-
comethoxane (mersoben) admimistration mndicates that
the diuretic effect is sull increasing progressively at the
2ccdose (equivalent to 80 mgm Hg) . Diglucomethoxane
and menalluride follow a sumilar and paraliel dosage re-
sponse curve but diglucomethoxane appears to be more
potent than meralluride (Figure 22) both n the smaller
doses and the larger doses. A dose of diglucomethoxane
equivalent to 20 mpm Hg (0.5 cc) appears to be approxi-
mately equivalent to a dose of meralluride contajning 30
to 40 mgm Hg (0.8 to 1 c¢) In this dosage range both
are equivalent to a dose of acetazoleamide (Diamox) of
500 mgm. It is signtficant that with increasing doses of
the organomercurials, there 1s an increasing dinretic ef-
fect, although himied. Contranwise, the dwusetic re-
sponse to acetazoleamide is no greater at the 2000 mgm

TABLE X

COMPARATIVE POTENCY OF VARIGUS ORGANO- MERCURIAL
x:g[mng]gcs (After Moyer, Ford, llandley and Spurc (67), courtcsy
&CT)

Route of Potency
Dyuretic Admanstratton Estumation
Meralluride (Mercubydnn) Intramuscular 10
Dighucomethonane (Mersaten) Intcamuscular 13
Mercaptomenn (‘Thiomerin) Intramuscular 06

Chlormerodnn (Neohyarin) oral 05
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dose than it is at a dose of 250 mgm. These observa-
tions suggest that a significant indication for diglucome-
thoxane would be in the patient with severe heart farlure
who requires a diuretic of greater potency than is avail-
able at maximum doses of mercaptomerin and possibly
meralluride.

‘When diglucomethoxane given parenterally is com-
pared with chlormerodrin (Neohydrin) given orally, par-
allel (Fig. 23) curves are not obtained but both show
linear tesponses. Diglucomethoxane is effective at a
much smaller dose (mercury equivalent) than chlormero-
drin. This is due to the different methods of adminis-
tration and incomplete absorption of chlormerodrin from
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Figure 22. Dosageresp curves comparing two p 1
ini d 1 divrencs { ben and Mercuhydrin) with

an orally admimstered carbonic anhydrase inhibitor (Diamox). (After
Moyer, McConn, Seibert, Denmis and Hughes (79), courtesy J. Chrome
Dis.)
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the intestinal tract, As a resuly, it is necessary to admin-
ister a relatively large amount of chlormerodrin before
an adequate amount is absorbed and delivered to the kid-
neys ta reach the diuretic threshold in the renal tubules.
However, as the diuretic threshold to chlormerodrin is
exceeded, the dosage response curve rises very rapidly.
The diuretic response to lcc of diglucomethoxane (equiv-
alent to 40 mgm Hg) given parenterally and 8 tablets
(equivalent to 80 mgm Hg) of chlormerodrin given oral-
ly will approximate cach other.

Chlormerodrin, the most widely used oral prepara-
tion of the organomercurials, has been shown to be very
effective in controlling mild to moderately severe heart
failure and fairly effective in severe heart failure. Oral
mercumaulin is less effective than chlormerodrin.

A significant ad ge to orally admini d or-
ganomercurials, in contrast to carbonic anhydrase inhibi-

~ar © -

,
°

Pounds weight loss —>
!

P 80
Log doss ta mulligrams mercury odministersd
Figure 23. Dosage response curves compating p:uemenlly admints-
tered ) ben with orall: in. (After Moyer,
McConn, Seibert, Dennis and Hughes (79), courtesy J Chronic Dis)
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tors, is that the former continue to produce diuresis and
natriuresis with continued daily administration (Fig. 24A).
With the latter drugs, tolerance develops within 2 or 3
days so (Figure 24B) that an interrupted program of
drug administration becomes necessary. ‘Thus, when con-
tinuous daily diuresis is mandatory, carbonic anhydrase
inhibitors are inadequate. This immediately relegates these
agents to the therapy of mild heart failure and the treat-
ment of states of sodium and water retention in which
sodium and water retention is not a serious problem.

The sodium and water retention associated with ster-
oid administration is one of the more difficult problems
to treat. Here orally administered organomercurials
seem to be particularly effective. In our experience, per-
sistent low grade diuresis is more effective than massive
intermittent diuresis as is obtained following intramuscu-
lar admimstration. T'o be sure, when the drug is given
parenterally, the mitial response is more marked, but
within 12 hours, this effect is lost and secondary retention
of sodium and water occurs (Figure 25). Consequently,
the net loss by giving the diuretic every 48 hours is fre-
quently nil. The marked secondary retention of sodium
and water 15 usually not seen in the patient with edema
due to heart failure. When parenterally administered
mercurial diuretics are to be employed in treating pa-
tients for sodium and water retention due to steroid ad-
ministration, they should be given frequently ie., every
24 hours or better still, every 12 hours. This same effect
can be obtained more conveniently by employing oral mer-
curials such as chlormerodrin given four times a day, i.e.,
after meals and at bedtime.

Maintenance therapy with mercurials for patients in
heart failure requires careful dose adjustment and gen-
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erally speaking, frequent small doses are superior to large
but infrequent doses. This is the big advantage of orally
administered mercurials which are given daily. The use
of an oral mercurial diuretic daily avoids massive edema
formation and avoids complications that occur when the
markedly edematous patient is subjected to rapid diure-
sis.  Slow, regular diuresis is less apt to produce abnor-
malities in body fluids and electrolytes. The less serious
but often annoying muscle ¢ramps that follow the ad-
ministration of parenteral mercurial diuretics are also
avoided by oral therapy. Treatment is inadequate if the
patient is given diuretics only intermittently, after the
retention of large amounts of fluid. It is always desir-
able to keep the patient compensated and free of edema
at all times. When a patient loses 5 pounds weight or

SODIUM EXCRETION B 12 nour perta
525 ate 2412 hour parisd

WATER EXCRETION
253 244

100 00
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= =3
£ |3 ]
8 |8 2=z
sdle L2
s &8 218
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° 8a|a 318 5
e e
Controls  Tardiod “Fatient Controls_Tordied Fohent

Recejving Recelying
Steroid
2 ¢ Merallurida (Mercuhydrin) gven

Figure 25 Comparison of the diuretic response to merallunide with

edema caused by steroid adnunistration with that of a patient with

congestive heart failure. (After Spwrr, Curd, and Moyer (99),
courtesy G/P)
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mote at each dose the drug should be given more fre-
quently to maintan a more constant weight.

Alt ria and an el d blood urea nitrogen
are frequently found in patients with heart failure and
are not necessarily an indication of primary renal disease.
Therefore, these findings do not in themselves contrain-
dicate mercurial diuretics.

Side Reactions in the Choice of a Mercurial Diuretic,
The side effects of mercurnal diuretics may be considered
under three main headings. (1) mercurialism; (2) hyper-
sensitivity; and (3) excessive diuresis, i.c.. (a) electrolyte
depletion, and (b) vascular complications. The problem
of toxicity to ercurial diuretics has been adequately
described earlier in this chapter. Therefore, only problems
which need emphasis will be reviewed here.

Cardiovascular toxicty of mercurials 15 frequently
mentoned by clinicians but 1s not a serious problem.
‘There have been no deaths due to cardiovascular col-
lapse following the intramuscular, subcutaneous, or oral
administration of currently available organomercurial di-
uretics. Kaufman (54) in a review of the literature for
a 23-year period found reports on 82 such fatal cases, al}
following intravenous ad ration of the drug  There-
fore, the intravenous route should be avorded when pos-
sible. When necessary to give the drug intravenously,
it should be given slowly over a period of 5 to 10 minutes,
It is probably best to give the drug in 200 cc. of 5 per
cent glucose as a slow intravenous infusion over a 20 to
30 minute pertod. The intravenous route of drug ad-
minstration may become mandatory because of the ab-
sorption problem when massive anascara is present.

Gastrointestinal symptoms may follow mercurial ad-
ministration by any route especially when large doses are
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employed. However, these symptoms are rare following
parenteral administration and frequent following oral ad-
ministration due to the local irritant effect of the drugs
(Table XI). Nausea and vomiting are observed after
parenteral adminstration only when the dose is in excess
of 160 mgm Hg equivalent. The cause of this reaction
is not known to the authors.

In a growing list of organomercurials for oral use,
chlormerodrin is the most effective agent which is cur-
rently available. OQral chlormerodrin has less than a 25
per cent toxicity index, and has a potency estimation of
0.5, i.e, it is half as effective as parenterally administered
meralluride, making it ideal for maintenance of the edema
free state. The oral organomercurial, Cumerulin, was
found to have a toxicity ndex of more than 25 per cent
and produces less than 100 per cent increase in sodium
excretion under controlled conditions. Meralluride given
parenterally has a toxicity index of 15 per cent and has a
designated potency estimation of 1. It is the most potent

urial ially available for parenteral
use, and may be used in the treatment of severe edema.

Pamn at the site of injection is a variable response.
There is hittle doubt that mercaptomerin produces less
pain at the site of injection when given subcutaneously
than other currently available preparations, However,
following intramuscular injection this difference in pain
response is less m evidence.

Dermatological reactions are usually signs of sensi-
tization. ‘The rash frequently starts with pruritis and may
develop into urticaria. This may progress to a morbilli-
form or purpuric rash which, and if the drug is continued,
to exfoliative dermatitis. When a skin rash appears the
drug should be discontinued immediately. Frequently,
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another mercurial diuretic may be substituted without
producing a skin reaction. This suggests that the sen-
sitization phenomena is a response to the structural con-
figuration rather than a response to the mercury.

There is no evidence to indicate that organomercurial
diuretics are nephrotoxic (40,55). Leff and Nussbaum
have followed patients who have recerved chlormerodrin
daily for a period of 4 years without producing renal
damage (55). Some of these same patients had pre-
viously received meralluride parenterally for periods up
to 6 years. However, in patients with marked oliguria
due to primary renal disease, mercurial diuretics not only
are ineffective but are probably contraindicated. When
oliguria associated with salt and water retention due to
other causes 1s a problem, even in the presence of chronic
renal disease, mercurial diuretics may be used with im-
punity (40).

Some less common side effects associated with mer-
curtal admunustration are stomatitis, gastritis, and peptic
ulcers These are seen most frequently following pro-
longed oral administration. Stomatitis 1s found almost
exclusively in patients with poor oral hygiene. Gastritis
and peptic ulcers are due to the local irritation of the drug.
Therefore, oral mercurials should be used with caution in
patients with previous ulcer history.

Mercurial resistance and electrolyte abnormalities
associated with mereurial therapy.  Mercurial fastness is
arelative term. Gorden and Greenblatt found that patients
who did not respond to meralluride or diglucomethoxane
become responsive when larger doses of the drug were given
by slow intravenous infusions (38). Even at doses of 3 mgm
Hg per kgm of the diuretic, no toxicity was noted. When
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the mercurial diurctics are given in this manner, potassium
excretion is also increased.

In approaching the refractory patient, one must be
certain that some underlying cause of the heart failure is
not at fault. Such things as hypermetabolism, peripheral
arteriovenous fistula, ber beri, severe anemia, pulmonary
disease, Paget’s disease, etc,, must be ruled out. Finally,
one must remember that the patient with heart failure,
particularly if due to an inadequate coronary circulation,
is never cured. Therapy only makes the altered physio-
logical mechanisms more effective and more able to meet
the demands of the mdividual’s circulatory requirements.
The disease process 1s generally a deterioraung condition
and finally there comes a ume when 1t 1s no longer possi-
ble to maintain compensauon no matter how energetic
therapy may be As Harmson has stated rather simply,
“The machne just gets old and wears out.” Glomerular
filtration rate 1s progressively impaired, as the disease
process advances, so that inadequate amounts of sodim
and water are filtered to obtain a dwretic response It is
in these patients that the mtravenous admmistration of
0.5 to 1 gram of aminophylline, given intravenously one to
two hours after the mercurial, will frequently cause diure-
s1s in a previously unresponsive patient. When mercurials
are given parenterally to these patients, they are not ex-
creted promptly. Consequently, the molecular structure
may be altered and the percentage of degradation prod-
ucts increased (81). Therefore, continued daily admin-
istration of large doses should be undertaken with caution

When refractormess to the mercurial dwretics does
develop, an attempt should be made to find causative
factors, 1f they are present, and can be corrected, the pa-
tient will again become responsive to therapy. Abnormal
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another mercurial diuretic may be substituted without
producing a skin reaction. This suggests that the sen-
sitization phenomena is a response to the structural con-
figuration rather than a response to the mercury.

There 15 no evidence to indicate that organomercursal
diuretics are nephrotoxic (40,55). Leff and Nussbaum
have followed patients who have received chlormerodrin
daily for a period of 4 years without producing renal
damage (55). Some of these same patients had pre-
viously received meralluride parenterally for periods up
to 6 years. However, in patients with marked oliguria
due to primary renal disease, mercurial diuretics not only
are ineffective but are probably contraindicated. When
oliguria associated with salt and water retention due to
other causes is a problem, even in the presence of chronic
renal disease, mercurial diuretics may be used with im-
punity (40).

Some less common side effects associated with mer-
curial administration are stomatrtis, gastritis, and peptic
ulcers. ‘These are seen most frequently following pro-
longed oral administration Stomautss is found almost
exclustvely in patients with poor oral hygiene. Gastritis
and peptic ulcers are due to the local irritation of the drug.
Therefore, oral mercunals should be used with caution m
patients with previous ulcer history.
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plasma electrolyte pattems following diuretic therapy is
one of the frequent causes of refractoriness. These can
usually be corrected by the administration of appropriate
electrolytes. Four types of electrolyte imbalance may de-
velop: (1) chronic dilutional hyponatremia, (2) hypo-
chloremic alkalosis, (8) salt depletion syndrome, and (4)
potassium deficiency.

Chronic dilutional hyponatremia is one of the most
serious metabolic derangements and is apparently unre-
lated to treatment unless concurrent primary renal dis-
ease is present. Under the latter circumstances, if fluids
of low sodium content are given in excess of the kidney's
ability to excrete water, dilutional hyponatremia results.
The syndrome results from extreme dilution of extracellu-
lar fluid. Presumably, excessive ADH activity may also

Route of Meralluride Admintstration
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fluid. The plasma sodium concentration 1s about the
same as the estracellular fluid sodium concentration.
Therefore, normal plasmg sodium (140 mEq per L) mu-
nus the measured plasma sodium (milliequivalents) in
the patient, multiplicd by the extracellular fluid volume
(20 per cent x body weight) equals the amount of sedium
required (in mlliequivalents) to correct the hyponatre-
mia in the estracellular flmd compartment. One cc of
5 per cent sodium chlonde cquals 0.85 milliequivalents
‘Thus:
Body Wi, (kgm) X 20 140 — (patient s plasma sodium 1n mEq) =
53
cc of 5 per cent sodium chloride to be admunustercd

This salt solution should be given slowly by intrave-
nous mlusion over a period of two hours or more. It 1s
important to restrict fluids (especially water) wiule the
5 per cent salt 1s being given and for some time there-
after. Otherwise, the plasma sodium will be diluted
agam, the blood volume increased, and the heant failure
aggravated  After 12 hours, for allowing adequate time
for equilibrium and stability to occur, the plasma sodium
concentration should again be determined. The process
must then be repeated if hyponatremia continues. It is
an error, 1N our opinion, to attempt to bring sodum
levels entirely to normal. Furthermore, only if the so-
dium level 1s below 125 mEq is correction with 5 per cent
salt solution ndicated; then only if the chmcal symptoms
demand it (severe oliguria, extreme weakness and lethargy,
and cerebral symptoms). Otherwise, a iberalized salt in-
take will suffice. After the syndrome is corrected, the
patient 1s then treated as a severe cardiac, employing bed
Test, digitalis and diuretics as before.

Another complication of diuretic therapy is potassium
deficiency. This may precipitate dugitalis toxiaity. Cln-
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cause this syndrome. In the absence of severe primary
renal disease in patients with heart failure, the syndrome
is indicative of severe myocardial impairment. Serum
sodium and chloride are low although total body sodium
is excessive. Prognosis is hopeless and replacement ther-
apy is seldom successful.

Hypochloremic alkalosis and salt depletion syndrome
occur as a complication of vigorous mercurial therapy
and rigid salt restriction. In hypochloremic alkalosis,
the main deficit is chioride. In salt depletion syndrome
it is sodium. Lassitude, apathy, anorexia, and oliguria
are the clinical signs, and mercurial fastness occurs m
both conditions. The main differences between the two
syndromes are tabulated in Table XIL Hypochloremic
alkalosis 1s ususally indicative of severe myocardial dis-
ease. It is difficult to produce this syndrome in normal
subjects or 1 patients with only mild heart failure, even
with vigorous daily mercurial diuretic administration.

Therapy of hypochloremic alkalosis is directed at re-
placement of chloride with oral ammonium chloride.
For this purpose, at least 2 grams (30 gramns) should be
given every four hours, It 1s best to give the drug after
meals in order to avoid nausea and vomating Hypo-
chloremic alkalosts can easily be avoided if ammonium
chloride, in doses of 1 to 2 grams daily, 1s given concur-
1ently with the administration of mercurial diuretics.

The sodium deficit in patients with hyponatremia
may be calculated from the serum sodium values and re-
placement can be based on such calculations. .We prefer
to base our calculations on extracellular fluid sodium con-
centrations and use 5 per cent sodium chloride for re-
placement purposes. Twenty per cent of body weight
(kgm) 15 the approximate volume of the extracellular



Chapter 5

THE PHARMACOLOGY AND CLINICAL USE
OF CARBONIC ANHYDRASE INHIBITORS

EAKL\‘ IN THE use of sulfanilamide, it was noted that the
drug produced a consistent reduction of plasma bicar-
bonate. Preceding this effect, the urine was observed to
become alkaline as a result of increased bicarbonate excre-
tion. The discovery that sulfanilamide is an inhibitor of
carbenic anhydrase and the demonstration of a high con-
centration of this enzyme mn the kidney provided a basis for
the mechanism of action of the drug (17, 59) Carbonic
anhydrase is a zinc-containing enzyme that catalyzes the
teversible reaction

H,0 + €Oz =5 HyCOy

‘These reactions occur in the absence of the enzyme, but the
presence of carbonic anhydrase greatly accelerates the rates.

Chemistry. Several compounds have been prepared
with several hundred times the activity of sulfanilamide.
Among these, acetazoleamide {Di1amox) and ethoxzolamide
(Cardrase) are the only ones in current use as diuretics.
Chemically, ac leamide is 2-acetyl 1,3,4-thiadia-

le-5-sulf ide and eth lamide is 6-ethoxybenzo-
thiazole-2-sulfanilamide. They have the following struc-
tural formulae:
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ically, extreme muscle weakness, cardiac irregularities and
abdominal distention are clues that should lead to the
diagnosis, Ingestion of 6 to 8 ounces of orange juice on
the day of mercurial injection is usually adequate insur-
ance against this complication. Should the complication
occur, oral potassium chloride in dosages of 2 to 5 grams
daily is indicated.
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NaH,PO, This furnishes additional Na+ for the exchange
process and the exchanged Na+ is again returned to the
blood as NaHCO,. Thirdly, in the absence of both NaHCO,
and Na,HPO, in the tubular fluid, H+ and Na+ exchange
would be self-limiting because of an unfavorable H+ gradi-
ent between tubular cell and the lumen fluid if it were not
for an additional function of tubular cells. The exchange

| 1l
BICARBONATE MECHANISM

Tubule Tubule
lumen cells

HCOy €O, (Metabolic)

s | s )
COz+ H0
CARBOle ANHYDRASE
R HCO3
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|

Figure 28 A schematic diagram of the mechansms for xeml base
rvation that are 1nhil by carbonic anhyd
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Mechanism of diuresis. The diuretic action of aceta-
zoleamude is intimately related to the mechanisms for main-
tatning acid-base balance and particularly to the important
role of the kidney in this process. Renal mechanisms con-
tributing to acid-base balance are largely concerned with
conservation of base and carbonic anhydrase is of prime
importance in all these mechanisms. The following renal
processes are fundamental for understanding the effects of
carbonic anhydrase inhibitors on the kidney (Figure 28).
The CO, produced metabolically in the cells of the renal

£ tubule is immediately converted to carbonic acid by the
enzyme carbonic anhydrase. Urine is acidified by the secre-
tion of H+ derived from carbonic acid formed in the tubule
®cells in exchange for Na+ in the tubule lumen (7). The
exchange of these ions normally conserves base in several -
ways. First, there is virtually complete reabsorption of
sodium bicarbonate presented to the tubules in the glo-
mercular filtrate Reabsorbed Na+ combines with bicarbo-
@ nate ion in the tubular cells and is returned to the blood.
The carbonic acid formed by the reaction of H+ with
bicarbonate ion in the tubular fluid is converted to
(® H,0 + CO, and the latter is returned to the blood by diffu-
sion. Secondly, even after all bicarbonate is reabsorbed
from the tubular fluid, the exchange of H+ for Nat
continues to conserve base by other mechanisms. Secreted
H+ converts Na,HPO, from the glomerular filtrate to
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RENAL HEMODYNAMIC RESPONSE TO ACETAZOLEAMIDE (DIAMOX)
25 MG/XG GIVEN INTRAVENOUSLY
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Figure 29. Renal hemod Tesponse t0 de (Diamox)
adminsstered in an intravenous dose of 25 mgm/kgm to a dog. (After
Moyer and Ford (66), courtesy Am. J Cardipl)

Development of acidosis. The diurenc effect from
acetazoleamide is a selflimiting process. With frequent,
continued administration of the drug, metabolic acidosis
develops and the urinary volume, pH, and various electro-
lytes approach control levels. Reduction in plasma bicar-
bonate results in smaller loads being presented to the renal
tubules, most of which is reabsorbed so that diuresis no
longer can occur  Carbonic anhydrase inhibition, how-
ever, sll continues and therefore, a decreased capacity for
H+ and Na+ exchange. This makes it impossible for the
Mdneys to compensate for the abnormal composition of the
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of H+ for Na+ from NaCl would result in the formation of
astrongacid. Asthe tubular fluid becomes acid, the tubular
cells respond by synthesizing NH,. The ammonia diffuses
into the tubular fluid where it immediately reacts with H*
to form NH,+. Ammonia formation thus permits H+ and
Nat exchange to continue. These several processes are
responsible for returning most of the Na+ from the glom-
erular filtrate to the extracellular fluid (4, 89).

The administration of sufficient carbonic anhydrase
inhibitor to inhibit renal carbonic anhydrase exerts drastic
effects on these base-conserving mechanisms. The decreased
rate of carbonic acid formation in the cells of the renal
tubules greatly reduces the rate of H+ and Na+ exchange.
Qualitatively uniform results have been observed in all

{mammals studted. The urne rapidly becomes alkaline
and there is 2 marked increase in the rate of excretion of

+ sodium, potassium, bicarbonate, and a decrease in excretion

% of titratable acid and ammonia. With the exception of the
mcrease in potassium excretion, all these changes are
explained by the suppression of H+ and Na+ exchange.
Potassium and H+ are believed to be secreted by the same
mechantsm. Therefore, with decreased H+ formation, the
competition of the two ions for the transport mechanism is
removed and more potassium is secreted (4).

‘The stimulus for ammeonia formation is an acid urine.
With the stimulus removed, ammonia largely disappears
from the urmne. Increased urine output results from 2
larger solute excretion, chiefly sodium and potassium bicar-
bonate. Excretion of chloride is reduced. Excretion of
phosphate is not significantly changed. No significant
changes 1n glomerular filtration rate occur, but a slight
increase in renal blood flow is frequently seen after these
agents. (Figure 29.)
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as the changes in weight are recorded following the admin-
istration of acetazoleamide (Diamox), ethoxzoleamide
(Cardrase), and Butamide. The average increase in the
urinary excretion of sodium after the administration of
Diamox in a dosage of 250 mgm per day for two consccutive
days was 35 millicquivalents per 24 hours. The excretion
rate for potassium increased by 35 milliequivalents per 24
hours, while the chloride excretion rate decreased by 9
milliequivalents per 24 hours. The rate of water excretion
increased by 0.14 liters per 24 hours, and the weight
decreased by 0.3 hilograms per 24 hours. Similar effects
were observed after the administration of Cardrase and
Butamide.

In contrast to the mercurials, the potency of car-
bonic anhydrase inhibitors as natriuretic agents is com-
paratively small (Figure 11). Companson of the aval-
able carbomic anhydrase inhubitors through an analysis of
variance reveals no sigmficant difference between any of
them in their ability to influence the excretion rates of
sodium and other electrolytes as well as water and

TABLE X111

COMPARISON OF SIDE EFFECTS
TOLLOWING ADMINISTRATION OF CARBONIC ANHYDRASE

INHIBITORS

SIDE L‘FFEC‘I2‘S DIAMOX CARDRASE BUTAMIDE

0mgm 500 mgm 250 mgm 500 m; 150 mgm 300 1y

Per Cent lnndenglcn s = il

Diarrhea — — — 46 —_ —
G Cramps _ - - 3t - 22
Nausea 3 6 — — . -
Vomitng - — — —
‘Weakness 6 17 20 62 18 44
Parcsthesias .. 6 10 15 10 30
Dizziness - — - 15 — 4
Anorexia 6 1 — 23 - 30
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extracellular fluid, so mild acidosis continues as long as the
drug is administered. During the period of acidosis, the
plasma chloride concentration is high and bicarbonate low.

Comparative Potency. In Table V, the comparative
changes in excretion rates of elcctmlytes and water as well

Following Administrolionof
ACEMZOLEAM/D! .500 MeM ORILLV
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Figure 30. Typical clemolyte excreuon patterns after the oral admin-
istration of 500 mgm of acetazoleamide to a cardiac patient  (Alter
Ford, Rochelle, Handley, Moyer and Spurr (31), courtesy JAMA )
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chlormerodrin becomes the more cffective diuretic when
adequate doses are given.
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Figure 32, The comparative potency of three oral diuretcs as deter-
mined by increases in sodium excretion.

Comparison of the effects of an orally administered
mercurial diuretic, chlormerodrin (Neohydnin), to aceta-
zoleamide (Diamox) during continued daily adminis-
tration of each compound reveals other important dif-
ferences. In Figure 24A it may be seen that the changes
resulting from the administration of oral chlormerodrin
(Neohydrin) increased with continued administration of
the drug. On the first day, the changes due to the car-
bonic anhydrase inhibitor acetazoleamide was roughly
equal to that of Neohydrin, but on continued drug ad-
ministration there was a continuous decline m response
aver the five-day perod of observation (Figure 24B).
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weight changes at the dosages administered. Conseguent-
ly, one drug of this type bas no advantage over another
except for the relative incidence and severity of side effects
(Table XIII).

At a single dose of 4 tablets (40 mgm Hg equiva-
lent), chlormerodsin is not as potent as acetazoleamide,
At a dose of 6 tablets it is equally as potent and doses of
8 tablets or more produce increasingly greater diuresis,
when weight loss is used as an index of the diuretic re-
sponse (Figure 31). Therefore, even in single doses
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occur, climination of excessive extracellular fluid by in.
creased sodium bicarbonate excretion is strictly limited,
since bicarbonate and its associated cation represent only
about 20 per cent of the extracellular clectrolytes. The
loss of excessive sodium bicarbonate and the resulting
acidosis must be corrected by chloride loss before diuresis
can be re-established. This may occur by excretion of
chloride in association with ammonium ions during drug-
free intervals. Apparently, this does not occur in serious
cases of congestive failure and is the cause for failure of
the drug to relieve the edema. Therefore, the agents
are useful only for treating patients with mild congestive
heart failure (89) or as mamtenance therapy between
parenteral mercurial injections for the treatment of severe
congestive heart failure.

Other indications for these agents are pre-menstrual
edema, and sodium and water retention during pregnancy
when a low sodium intake is not sufficient to control this
condition (25). The carbonic anhydrase inlubitors are
not very satisfactory for the treatment of ascites due to
cirrhosis and nephrosis. In the so-called “steroid ede-
ma,” the use of carbonic anhydrase nhibitors is of very
limited value because they produce a kaluresis, which
may upset normal acid-base balance, since steroids also
exert this same pharmacologic effect. In addition, for
the treatment of this condition, it 1s necessary to use a
diuretic which will produce a persistent duresis for pro-
longed periods of time since the steroids are usually being
administered continuously when this problem presents
itself.

Acetazoleamide has been used with apparent success
tn the treatment of some types of epilepsy. When used
for this purpose, the drug is administered at 8-hour in-
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EFFECT OF DAILY ADMINISTRATION OF DIAMOX
SODIUM EXCRETION

P connor

POTASSIUM EXCRETION
PER 24 HES [[] postomuc

3 LAt
§ CHLOR(DE EXCRELION
Z 50 PER 24 HRS
8
3
P 9 54 4
Y 82 4080
50 elEe H
DRUG DAY 2{3(4 s
——

DIAMOX 250 ma DAY DIAMOX 250ma DAY DIAMOX 253 mg DAY

Figure 33 The maximum ncrease in sodium excretion occurs durmg

the first day of de (Diamoy) ad son and declines

continuously until the control rate of excreton 1s reached when

admmistered daily  (After Ford, Spurr and Moyer (84), courtesy
Crreulation )

Preparations and clinical nse,  Acetazoleamide, N.N.
D., (Diamox) is available 1n 250 mgm tablets and ethoxzola-
mude (Cardrase) in 125 kg tablets. The minimal dwuretic
dose of each drug is approximately 40 mgm and almost the
maximal diuretic action is attained with 125 mgm, so noth-
ing 15 gained by using more than a 250 mgm dose.

The use of carbonic anhydrase inhibitors as oral di-
uretics has found clinical application 1n the treatment of
mild edema due to numerous causes In patients with se-
vere cardiac failure, acetazoleamide has almost umformly
failed to relieve the condition (82). In such patients,
although the urine may become alkaline and potassium
excretion increases, there is often little change in sodium
excretion. Even when increased sodium excretion does
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menstrual tension and edema, the drugs should be started
with the onset of tension (usually 5 to 8 days before the
onset of the menstrual period) in a dose of 125 to 250
mgm a day. It appears that these agents can be adminis-
tered continuously until menses begins. In this instance,
the results obtained by continuous daily administration
for 5 to 8 days produces excellent therapeutic results.

Acidosis due to renal failure is a definite contraindi-
cation to the use of carbonic anhydrase inhibitors. These
patients are not only unrespounsive to the diuretic, but the
effect on the carbonic anhydrase system throughout the
body accentuates the acidosis and disastrous results may
follow.

Side reactions.  Side reactions to carbonic anhydrase
inhibitors vary widely (Table XIII) and are dependent
largely on the dose. Mild reactions are common. These
consist of drowsiness and tingling and numbness of the face
and extremities. Lethargy, weakness, and leg pamns are the
most common side effects. Since these reactions are not
caused by sodium depletion, they must be a direct effect of
thedrug. Within equally effective therapeutic dose ranges
the side effects to Cardrase, Diamox and Butamide are
quite similar but the incidence of side reactions is much
greater from Cardrase and Butamide than from Diamox.
To avoid these reactions, the smallest dose of these com-
pounds which will produce maximum diuresis should be

used. The common side effects are presented 1n Table
XIIIL
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tervals to maintain a mild state of metabolic acidosis.
Whether the control of the condition is due to the acidosis
or a direct central effect of the drug is not established.

From a practical point of view, the differences in
therapeutic effectiveness between oral mercurials and car-
bonic anhydrase inhibitors is not so apparent when these
agents are used in single doses. However, when con-
tinuous diuresis 15 mandatory, such as in patients with se-
vere heart failure, mercurials become the agents of choice
since these compounds continue to produce diuresis when
admnistered daily. In contrast, the carbonic anhydrase
inhibitors can be used only when an interrupted dosage
schedule is feasible. One of the following dosage sched-
ules for either ethoxzoleamide (Cardrase) or acetazolea-
mide (Diamox) should be employed, when these drugs
are being used for the treatment of heart failure:

1) 250 mgm as a single dose daily for 2 or 3 suc-
cessive days, allowing at least 2 days between courses of
the drug. Single doses in excess of this amount should
not be used. Larger doses produce no greater increase
in sodium excretion but the excretion of potassium in-
creases and this may result in potassium depletion.

2) 250 mgm as a single dose every other day. For
maximal response, it is sometimes necessary to allow 2
days between drug administration. The correct dosage
schedule can only be determined by trial and error on
each individual patient, Mercurials should not be given
concurrently, but may be given between courses of the
carbonic anhydrase inhibitors.

‘When the carbonic anhydrase inhibitors are used for
sodium and water retention associated with pregnancy,
the drugs should be used in the same manner as for the
treatment of heart failure, For the treatment of pre-
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rate of chloride excretion (Figure 3%). There is 2 moderate
increase in the rate of potassium and bicarbonate excretion
and little change in urinary pH (28, 32). The urinary
electrolyte pattern is more characteristic of that seen during
mercurial diuresis than that associated with carbonic anhy-
drase inhibition,

RESPONSE IN WATER AND SODIUM EXCRETION
FOLLOWING CHLOROTHIAZIDE ADMINISTRATION IN DOGS
(Mean Values)

P lessthan o w . ;
001 [C 2 mgmsR9 ] ater Excrelion
.05 g
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(B} Sodiuvm Excretion

) 40 80 120 160 200 240
MICROEQUIVALENTS OF SODIUM PER MINUTE
Figure 31A. Unne volume and sodium excrevon after several differ-

ent intravenous doses of chlorothiande i dogs. (Alter Moyer, Ford
and Spurr (71), courtesy Proc Soc Exper. Biol & Med)

Following the administration of chlorothiazide, wa-
ter excretion seems to be a secondary phenomena since
not only the absolute excretion of sodium and chloride
increase but the concentration of these electrolytes in
the urine increases also, The greatest Tesponses are seen
during the second two-hour period following the oral ad-



Chapter 6

THE PHARMACOLOGY AND CLINICAL
USE OF CHLOROTHIAZIDE

RECLNTLY, a different type of carbonic anhydrase innb-
itor has been introduced for use as 2 diuretic. Since
it appears to have a diiferent mechanism of action from the
other agents of this class, it will be described separaely.

Chemistry. Chlorothiazide (Diurily is known chermi-
cally as 6-chloro-7-sulfamyl-1,2,4-benzothiodiazine-1,1-diox-
ide. It has the following structure:

"\
¢! \cn
HaNOLS NH
/7
Oz

Chlorothiazide is a colorless crystalline compound with
a molecular weight of 295.7. It has a low solubility in water,
but is readily soluble in dilute alkali.

Mechanism of action, Chlorothiazide is an effective
inhibitor of carbonic anhydrase in vitro. This does not
appear to be the primary mechanism for producing diure-
sis, however, With effective diuretic doses, the increased
rate of sodium excretion is nearly balanced by an increased
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ELECTROLYTE EXCRET IDN PATTERNS FOLLOWING
CHLOROI‘ HIAZIDE 2000 M6 PER OS
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Figure 35. Electrolyte excretion pattern following the oral adminis-
tration of a single 2000 mgm dose of chlorothiazide. (After Ford,
Moyer and Spurr (29), courtesy AMA Arck. Int Med)
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RESPONSE IN POTASSIUM AND CHLORIDE EXCRETION
FOLLOWING CHLOROTHIAZIDE ADMINISTRATION IN DOGS
{Mean Vaolues)

P l23s than CONTROL (C) Potassivm Excretion

i 1 i
[ 24 30 El
MICROEQUIVALENTS OF POTASSIUM PER MINUTE

(D) Chioride Excretion

o 30 €0 90 120 150 180
MICROEQUIVALENTS OF CHLORIDE PER MINUTE
Figure 34B. Potassium and chloride excretion in the same dogs

observed in Figure 34A. (After Moyer, Ford and Spurr (71), courtesy
Proc, Soc. Exper. Biol. & Med.) .

ministration of the drug (Figure 35) with persistence of
the response at a lower level for 12 hours and return to
control levels during the third 6-hour period (18 hours
after the drug). As the dose of chlorothiazide is in-
creased, the electrolyte excretion pattern becomes more
characteristic of that observed with carbonic anhydrase
inhibitors, i.e., there is an increasing rate of bicarbonate
and potassium excretion.

Since therapeutic doses of chlorothiazide do not ap-
preciably increase bicarbonate excretion, acidosis and re-
sistance to the diuretic action do not develop on continued
administration. In a patient who received 2 grams of



The Pharmacology and Glinical Use of Diuretics 97

chlorothiazide orally at 6 a. m. daily the maximal increase
in the rate of sodium excretion occurred on the second
day (Figure 37A, B). However, there was a declining
excretion of sodium on the fourth and fifth days as the
body stores of this electrolyte were depleted. The excre-
tion rate of sodium gradually declined until it approximat-

SODIUM EXCRETION FOLLOWING THE lDMIIVIﬂ" RATION
OF CHLOROTHIAZIDE 2000 Mom SINGLE DOSE ON 5
CONSECUTIVE DAYS WHILE NON-EDEMATOUS Plrliﬂf 5
EATING A DIET CONTAINING 150 ME@ OF SODIUM/2¢ Kks.
Urrerage Sodiwm intake » 103 mucrocquevalents fmunate)
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Figure 87A. When chlorothiande 1s admumstered daily in a single

2000 mgm oral dose, the maxsmum rate of sodium excretion occurs on

the second day and this high rate is maintained until body stores of

sodium become depleted. Observations made on a non-cardiac patient

maintained on a diet containing 150 mEq of sodwm. (After Ford,
Moyer and Spurr (29), courtesy AMA drch. Int. Med)
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FPatterns of Lxcretion Following Administrabion of
CHLOROTHIAZIDE - 2000 MGM ORALLY
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Figure 36. Typical electrolyte excretion patterns after oral admsnis-
tration of 2000 mgm of chiorothazide {After Moyer, Ford and Spurr

(70), courtesy AMA Arch. Int. Med.)
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RENAL HEMODYNAMIC EFFECTS OF CHLOROTHIAZIDE
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Figure 38. Renal h d response to int
ide (Diruil) in the dog. (After Moyer, Ford and Spurr (71), courtesy
Proc Soc Exper. Biol & Med)
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PERJIJI' ENCE OF DIURESIS MANIFESTED BY WEIGHT LOSS IN
EDEMATOUS INDIVIDUAL DUE TO CONTINUOUS
ADMINISTRATION OF CHLOROTHIAZIOE DAILY
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The diuretic response is maintained as long as the drug is given.
{(After Ford, Moyer and Spurr (29), courtesy AMA Arch, Int. Med)

ed the sodium intake and remained there as the patient
approached dry weight.

During the onset of diuresis from ¢
there is no significant change in glomerular filtration rate
or renal plasma flow (Figure 38). Diuresis must be,
therefore, attributed to an inhibitory effect on the mech-
anisms for reabsorption of water and electrolytes. With
large doses, carbonic anhydrase inhibition undoubtedly is
partly responsible for diuresis. This mechanism prob-
ably has a minimal effect at the lower effective dasage
levels.

Chlorothiazide has been reported to enhance the hy-
potensive effect of various agents used in the treatment

19 hiazid
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The action persists for about 12 hours after oral adminis-
tration.

In a patient who received the drug at a dose of 1000
mgm twice within a 24-hour period the increase in the
excretion rate of sodium was repeated after the second
dose in a fashion similar to that following the first dose
but at a higher level (Figure 41) and the total increase
in sodium excretion per 24 hours after receiving 1000 mgm
every 12 hours was greater than after a single dose of 2000
mgm. It appears that when given every 12 hours, the
first 2 or 3 doses are cumulative but that on continued
administration of the drug each subsequent dose does not
produce a greater diuresis.

CHLOROTHIAZIDE DOSAGE RESPONSE CURVE
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Figure 40 Dose-response curve from orally administered chlorothua-
ade in a panent with congestve heart failure. (After Moyer, Ford and
Spurr (70), courtesy AMA Arch. Int. Med)
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RESFONSE IN ELECTROLYTE EXCRETION FOLLOWING
CHLOROTHIAZIDE 2000 MGM SINGLE DOSE PER OS IN MAN
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Fagure 39.  Average rate of excretion of various jons per minute after

2000 mgm of chlorothiazide in a cardiac patient (based on a 24-hour

vrine collection). (After Moyer, Ford and Spurr (71), courtesy Proc
Soc Exper. Biol & Med)

of hypertension and even to have a hypotensive eifect
when used alone (50). Thus latter effect is controversial.

Absorption.  The onset of action from chlorothiazide
is prompt, indicating rapid absorption from the gastrointes-
tinal tract. There is an increased diuretic and natriuretic
response from this agent in patients as the oral dose is raised
to approximately 4000 mgm (Figure 40). Increasing the
dose above this amount produces little additional effect.
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CONPARISON OF ORAL AND INTRAVENOUS
~ CHLOROTHIAZIDE (2000 MSMS.)
-} 59,

s
S [ Sdraveras Oral
PR s
Qo0 2 F o iz iFC % £ 6 2 i
Sours
anuxe 42. The onset of action is xlaucr buz more pmlonged follow-
ing the oral ion of ck m with an

intravenous dose. (After Ford, Moyer and Spurr (29), courtesy AMA
drch Int. Med}

In patients who have received 2000 mgm intrave-
nously over a 60-minute period, the pattern of sodium
cxcretion was similar to that following the oral dose but
was earhter in onset, shorter in duration, and hence less
effective (Figure 42). In the absence of gastrointestinal
disease the oral route of administration is to be preferred,
an attribute of note with any therapy requiring continu-
ous drug administration.
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Figure 41, When chlorothiazide is g\\en at 12-hour intersals the
second dose produces a greater increase in sodwm excreuon, This
additive effect Teaches a maxunum on the second day. (After Ford,
Moyer and Spurr (29), courtesy AMA Arch. Int. Med )
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tinued treatment. Uncommon side reactions include
muscle cramps, giddiness, paresthestas, and dermatitis.

Comparative Polency. When potency of chlorothia.
zide is compared with other diuretics (Figure 44 and Table
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COMPARATIVE EXCRETION PATTERN OF SODIUM £ POTASSIVUM
FOLLOWING SINGLE DOSE OF CHIORDOTHIAZIOE (#000 isns) ANO
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Figure 43. The effect of a single oral dose of chlorothiazide and an
equivalent amount given in divided doses over a 24-hour period.
{After Moyer, Ford and Spurr (70), courtesy 4Md Arch. Int. Med))

Fate and excretion, Chlorothiazide disappears slowly
from the plasma in nephrectomized dogs which indicates
that the compound may be partially transformed metabol-
ically. It hasbeen isolated from the urine and feces so that
degradation is not complete. The rate of clearance by the
hidney is greater than the glomerular filtration rate which
indicates tubular secretion of the compound.

Toxic reactions.  Chlorothiazide is usually well toler-
ated. Moderate muscular weakness and fatigue may appear
injtially but these symptoms usually disappear with con-
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clinical conditions are congestive heart failure, premen-
strual edema, edema of pregnancy, hepatic disease, and the
iatrogenic edema associated with the therapeutic adminis-
tration of steroids. In addition, it may prove to be the most
effective agent for the treatment of edema associated with
renal disease, although this has not been well substantiated
as yet.

Congestive Heart Failure.  Chlorothiazide has been
dministered to approxi 1y 200 patients in our clinic
for a period of one year. It has proven to be an effective
therapeutic agent devoid of serious untoward reactions
when used in doses of 250 to 4000 mgm daily. Several
patients complained of lethargy and weakness during the
period of maximum diuresis. It appears to be useful for
both initial and maintenance therapy m congestive heart
failure.

For patients who have significant sodium and water
Tetention and in whom immediate diuresis is indicated, a
dose of 1000 mgm should be given every 8 hours. If
the degree of diuresis is excessive, the dose can gradually
be reduced to as little as 500 mgm per day. Doses less
than 250 mg produce no diuretic response and patients
receiving less than this amount would do equally well by
receiving a placebo,

As the patient approaches “dry weight,” the dose of
the drug should be reduced gradually unul the minimal
cifective dose has been ascertained. When the dose re-
quirement is less than 500 mgm every other day, such a
patient could probably do equally well on a low sodium
diet alone. With the use of chlorothiazide in patients
who are not in intractable or terminal heart failure, the
dietary intake of sodium can be liberalized. It is not
necessary to discontinue the drug intermittently for con-
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14), it appears that a dose of 40 mgm of mercury equivalent
of meralluride (I cc) administered parenterally produces an
increase in sodium excretion that is equivalent to 1138 mgm
of chlorothiazide administered orally, and 683 mgm of
chlorothiazide is equal to 4 tablets, or 40 mgm of chlor-
merodrin Hg (Neohydrin). This dose is approximately
twice as effective as acetazoleamide (Diamox) at its maxi-
mally effective dose.

TABLE XIV
COMPARATIVE POTENCY OF CHLOROTHIAZIDE AND VARIOUS
MERCURIAL DIURETIC AGENTS. (After Ford, Moyer, and Spurr (29),
courtesy Arch Int Med.)

Dose (mgm) Oral
Chiorothiande Equtvu-
lent to 40 mgm (Hg) of
the Mercursal Agent (1

Route of Potency «cc. of Parenteral Drugs
Drug Admuinsstrotion Estmatson®  and 4 Tablets of Oral)
Diglucomethorane
(Mersoben) M 13 1480
Merallunde
(Mercuhydrin) 584 10 1138
Mercaptomerin
(Thiomerin) M 06 683
Chlormerodrm
{(Neohjdrin) Oral 05 569
Chlorothiazide
(Dl Oral 08 —

* Determuned from previous analysis of varance of these drugs (Ford, et al,
The Problem of Bioassay and Comparative Potency of Diuretics. 1. Paren-
teral and Oral Duuretics.” Circule for p -

Clinical use of Chlorothiazide. Clinical experience in-
dicates that the drug can effectively replace currently avail-
able orally and parenterally administered diuretic agents m
the management of various disease entities associated with
sodium and water retention. The most important of these
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Renal discase, Chlorothiazide has been administered
to patients with the nephrotic syndrome of all grades of
severity. It is of limited value when used for this purpose,
asareall diuretics, It isno more effective than intramuscu-
tar meralluride (Mercuhydrin) given in doses of 1 cc every
12 hours. An occasional patient with this discase reacts
dramatically to chlorothiazide, whereas in others it is com-
pletely ineffective. It is not possible to predict which
patients will respond. When chlorothiazide is used for
promoting diuresis in patients with nephrosis, it is manda-
tory that the drug be given no less frequently than every 12
hoursand a 6 to 8 hour interval is preferable. Five hundred
mgm should be given at each dose initially and depending
on the response, the dose may be increased to a maximum
of 2000 mgm.

Tatrogenic Steroid Edema. In our experience, chloro-
thiazide is one of the most effective agents for preventing
sodium and water retention d with the administra-
tion of adrenal cortical steroids It does not prevent the
development of “moon face” and care must be taken that
hypokalemia does not occur, since the adrenal steroids
themselves tend to promote increased potassium excretion
The concurrent administration of chlorothiazide enhances
this response. Potassium should be administered, along
with the diuretic (3 to 5 grams of KC1 daily) in order to
prevent the occurrence of this complication.

‘When administered for preventing steroid edema, 500
to 1000 mgm should be given orally every 8 to 12 hours.
The minimally effective dose should be used. This is
particularly important in this instance since the larger the
dose the greater the kaluretic effect and the greater the
possibility that hypolalemia will occur.
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tinued therapeutic effectiveness since tolerance to the drug
does not occur.

Chlorothiazide may be administered intravenously in
doses of 1000 mgm over a 5-minute period without urito-
ward effects. However, the dose requirements by this
Toute are as large as by the oral route. The drug should
be given intravenously only when drug administration by
the oral route is contraindicated.

Edema associated with hepatic disease.  Chlorothia-
zide is effective in promoting sodium and water excretion
in patients with cirrhosis. It is somewhat more effective
than daily administration of mercurial diuretics by the
parenteral route.

Usually diuresis occurs during the first 8 to 10 days
of continuous administration of chlorothjazide. The
weight then frequently Jevels off despite the presence of
residual edema or ascites and further sodium apd water
depletion does not occur. A patient will usually remain
at this weight level with continued drug administration
but when therapy is stopped, additional sodium and wa-
ter retention follows within several days.

For sodium and water retention associated with cir-
rhosis, chlorothiazide should be given in doses of 1000 mgm
every 8 to 12 hours. When given less frequently, the
drug is less effective. Although a diuretic response is ob-
served after each dose when given at widely spaced inter-
vals, sodium and water retention occur between doses
and the net loss of water and sodium is less significant.

Chlorothiazide has not been observed to produce
untoward effects when administered to patients with cir-
rhosis. Appsrently, the drug has no adverse effect on
hepatic function, even in the presence of liver disease.
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tered concurrently with ganglionic blocking agents the
orthostatic blood pressure effect continues.

2) 1IE the blood pressure is to be well regulated,
the dose of the ganglionic blocking agent must be reduced
but these agents must usually be continued in those pa.
tients in whom there was a real indication for the block-
ing agent in the first place.

3) The blood pressure response to the combina-
tion of ch hiazide and g: blockade is just as
variable as it is when the blocking agent is administered
alone.

4) The side effects from the combination of gan-
glionic blockade and chlorothiazide are the side effects
that are observed with the use of ganglionic blocking
agents, i.e., orthostatic blood pressure reduction and para-
sympathetic blockade.

5) When the dose of chlorothiazide is reduced be-
low 250 mgm the effect of enhancing the hypotensive
response to antihypertensive agents is usually lost. This
dose of chlorothiazide is also the threshold dose for a na-
triuretic and diuretic response.

Therapeutic Use in Hypertension. When initiating
therapy for hypertension, it now seems justifiable to rou-
tinely use a combination of a natriuretic agent along with
drugs which depress the sympathetic nervous system in
those patients in whom drug therapy is indicated. A recom-
mended therapeutic schedule is to start the patient on 250
mgm of chlorothiazide every 12 hours and continue this
dose for three days. In the absence of serious untoward
Teactions, the dose should then be increased to 500 mgm
twice a day. This dose of chlorothiazide should be con-
tinued indefinitely in combination with specific antihyper-
tensive agents. After one week, some form of Rauwolfia
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Chl hiszide in Hy i Recently, it has been
observed that chloro(hxande will enhance the response to
antihypertensiveagents. For example, when chlorothiazide
is given in conjunction with any of the ganglionic blocking
agents, the dose requirement of the blocking agent is
reduced approximately 50 per cent or more in about three-
fourths of the patients. In the remaining onefourth, no
effect on blood pressure or dose requirement of the block-
ing agents is observed. The mechanism whereby this is
accomplished is not completely understood. However,
similar effects, although not as pronounced, are also
observed with other diuretic and natriuretic agents, such as
chlormerodrin (Neohydrin), when given in adequate doses
continuously. The side effects with chlorothiazide are less
marked than with the oral mercurial diuretics. This makes
it more feasible to use this agent on a long-term basis
conjunction with antihypertensive agents.

Whatever the mechanism of its action, it appears
that chlorothiazide may prove to be an important ad-
junct in the treatment of hypertension. It is too early to
evaluate the long-term effect of this form of therapy for
hypertension. Whether the potentiation of ganglionic
blockade produced by chlorothiazide is shared equally by
other effective diuretics is at present not known. It is
our feeling, however, that the action is not specific and
depends on natriuresis. With the introduction of new
effective relatively nontoxic diuretics this problem de-
mands further investigation.

It may be concluded that:

1) Chlorothiazide potentiates the action of Rau-
wolfia compounds and ganglionic blocking agents and
will probably prove to be a valuable adjunct in the man-
agement of hypertensive diseases. When it is adminis-
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above. The dose of the ganglionic blocking agent must
be readjusted according to the desired blood pressure
level.
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should be started, such as I mgm of reserpine, 8 mgm of
alseroxylon or 300 mgm of the whole root, This dose should
be continued for one week and then reduced by onehalf.
When the response to chlorothiazide and Rauwolfia is
inadequate and the use of more potent agents seems to be
justified, a ganglionic blocking agent should be started
according to the usual dose titration procedure for the
drug being employed.

‘When the hypotensive response is inadequate from
Rauwolfia alone or used in combination with a ganglionic
blocking agent in patients who have already been taking
these drugs, chlorothiazide can be added to the regimen
to increase the antihypertensive effect. When the hypo-
tensive response to Rauwolfia alone is inadequate, chlo-
rothiazide should be added in a dose of 250 mgm twice
a day for three days. If the response continues to be in-
adequate, the dose of chlorothiazide should be increased
to 500 mgm twice a day and continued indefinitely. The
patient should be receiving one of the Rauwolfia alkaloids
in a dose amounting to at least 0.5 mgm of reserpine,
4 mgm of alseroxylon or 150 mgm of the whole root.
‘When the response is inadequate after two weeks, then
a ganglionic blocking agent can be added when indicated.

A patient already receiving a ganglionic blocking
agent should be given chlorothiazide with care. The ini-
tial dose of chlorothiazide is 250 mgm given twice a day.
In those patients who were partially responsive to the
ganglionic blocking agent, it frequently becomes neces-
sary to reduce the dose of the blocking agent on the av-
erage of 50 per cent. The chlorothiazide should be in-
creased to 500 mgm after one week and continued at this
dose level indefinitely. When Rauwolfia is part of the
program it should be continued at the dose indicated
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forms are generally employed therapeutically, The chemi-
cal structure of theaphylline is given below.

CH3N — C=0
¥ v
o-c € — NH

>

Mechaniem of actlon of xanthines. A vast amount of
controversial literature has accumulated concerning the
mechanism of diuresis from the xanthines (86). Undoubt-
edly, much of the confusion has resulted from faulty tech-
niques.

The xanthines are known to have a stimulant action
on the myocardium and increase the cardiac output, stroke
volume, and heart rate (100). Diuresis from these com-
pounds has been ascribed to improvement 1n renal blood
flow and glomerular filtration secondary to the cardiac
effects, These agents do frequently increase renal blood
flow in both animals and human subjects, as has been dem-
onstrated by remal clearance techniques. Nevertheless,
diuresis can frequently be demonstrated with little or no
detectable change in the renal circulation (Table XV).
Furthermore, when an increase in renal blood flow does
occur, diuresis often outlasts the circulatory effect. Simi-
larly, changes in glomerular filtration rate do not parallel
the degree of diuresis induced.

Probably, a direct renal tubular effect 15 the most
impartant factor responsible for xanthine diuresis. Con-
clusive evidence for a direct renal effect was first pre-
sented by unilateral renal artery injection of a theophyl-
line preparation in the dog (3,14). In these investiga-
tions, the injection of a small amount of a theophylline

CHyN —— € — N



Chapter 7

THE PHARMACOLOGY AND CLINICAL USE
OF XANTHINE AND ISOCYTOSINE
DIURETICS

XANTHXNE derivatives, such as ammophylline and various

salts of theobromine, have long been familiar adjuncts
in cardiac failure therapy. Despite much lower diuretic
potency than other agents, the xanthines are still used exten-
sively in edematous states. This is probably a reflection of
the absence of serious untoward reactions from these com-
pounds and the unavailability of effective oral diuretics
until comparatively recently.

Theophylline solubilized by reacting it with ethyl-
enediamine (aminophylline) is the xanthine most com-
monly used as a diuretic. It has a more prompt but less
sustained action than theobromine.

Aminometradine (Mictine) and aminoisometradine
(Rolicton) are two isocytosine compounds recently intro-
duced for use as oral diuretics. These xanthine related
compounds are derivatives of the pyrimidine base cytosine
which occurs in nucleic acid.

Chemistry. The xanthines are derivatives of purine
which is found in nucleic acid. The free bases are sparingly
soluble in water. They may be readily made soluble by
combination or admixture with other substances. Soluble
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salt produced diuresis in the injected hidney, but not in
the uninjected one. A large amount of evidence has
now accumulated to indicate that the only consistent renal

effect from aminophylline is a depression of water, sodi-
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These compounds are white, crystalline, water soluble
substances.

Mechanism of action of isocylosines, Aminophylline
and the aminometradines have a similar effect on renal
transport mechanisms for various electrolytes. All three
cause increased rate of excretion of sodium and chloride,
slight inhibition of ammonia and phosphntc excrcuon
(Figure 45 and 46) without consi: g
and bicarbonate excretion. The per cent increase in the
rate of sodium excretion is usually somewhat greater than
that for water (29).

The exact mechanism of action of these compounds
on the tenal transport mechanisms is unknown. Diuresis
is probably caused by a partial inhibition of the sodium
and chloride reabsorbing mechanisms in the cells of the
renal tubule. The increase in volume of water excreted
during diuresis may tentatively be assumed to be second-
ary to the increased concentration of sodium and chloride
1ons in the tubular fluid.
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um and chloride reabsorption. This would appear to in-
dicate that the xanthines partially mnhibit the mecha-
nisms in the cells of the renal tubules that are responsi-
ble for reabsorbing these constituents from the glomerular
filtrate. It cannot be denied that renal hemodynamic
changes can occur from these agents and may contribute
to their diuretic action. These changes do not, however,
appear to be essential for diuresis.

Absorption, fate and exeretion of xanthines. The xan-
thines are rapidly absorbed from the gastrointestinal tract
and after intramuscular administration of soluble salts.
They undergo demethylation in the body and the degrada-
tion products are excreted in the urine.

Development of tolerance is a characteristic feature of
the xanthines on continued administration. After the
development of tolerance to one member of the group there
is cross-tolerance to the other members.

Toxicity of xanthines, The xanthines are relatively
nontoxic compounds Nausea and vomiting due to gastric
irritation is a common side effect. Intravenous administra-
tion of aminophylline has been known to produce ventric-
ular fibrillation.

Chemistry of isocylosines. The chemical name of
aminometradine is 1-Allyl-3-ethyl-6-aminoletradhy dropyri-
midinedione. Aminoisometradine is 1-methallyl-3-methyl-
6-aminotetrahydropyrimidinedione. The chemical struc-
ture of aminometradine is as follows:
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(administered orally) can be demonstrated to have a mild
diuretic and natriuretic but the incidence of side reactions
is excessively high at effective doses, i.c., 1200 mgm per day
or more. In a study completed by the authors and their
associates, at this 1200 mgm dose, the increase in sodium
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Figute 46 Electrolyte excrcuon in a cardiac pauent following the

oral administration of 1600 mgm of aminoisometradine (Rolicton)

{Alter Ford, Moyer, Handley, Spurr and Rochelle (28), courtesy Am.
J. Med Sct}
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Glomerular filtration rates are not altered when ei-
ther aminometradine or aminoisometradine are given in-
travenously to dogs. Occasionally, a moderate increase
in renal plasma flow 1s observed (28).

Onset and duration of action of i ines, When
given intravenously to dogs in doses of 25 mgm per kgm.
diuresis begins within 30 mi reaches a i in

about one and one half hours and begins to subside in
about 3 hours. Admunistered orally in the same dosage,
diuresis begins within one hour, reaches a maximum in
approximately 4 hours and persists for 7 or 8 hours. In
humans, orally administered doses of these compounds pro-
duce maximal diuresis in 6 to 12 hours. The average
increase in the rate of sodium excretion in ten patients was
62 mEq per 24 hours with aminoisometradine and 83 mEq
per 24 hours with aminometradine.

Tolerance to the isocytosines does not develop as
readily on continuous administration as it does with the
xanthines.

Ahbsorption, fate and i of the isocy
Absorption appears to be adequate from the gastrointestinal
tract. No studies have been reported on metabolic changes
that these compounds may undergo in the body or channels
of excretion

Toxicity of isocytosines, The most common side
effects from these agents are nausea, vomiting and diarrhea.
Less commonly, dizziness and various types of cutaneous
rashes may occur. Leucopenia has been reported following
the administration of aminoisometradine.

Clinical use of xanthines and isocytosines. Compared
to currently available drugs for oral use, aminophylline
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(administered orally) can be demonstrated to have a mild
diuretic and natriuretic but the incidence of side reactions
is excessively high at effective doses, i.c., 1200 mgm per day
or more. In a study completed by the authors and their
associates, at this 1200 mgm dose, the increase in sodium
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excretion was only 41 mEq per 24 hours with patients on a
50 mEq sodium diet, yet toxicity occurred in more than 25
per cent of the patients receiving the drug (24). Conse-
quently, this compound is of little value for use as an orally
administered diuretic agent. However, when given intra-
venously the drug is more effective and may (Figure 45) be
useful in acute states of cardiac decompensation, although
the response is lost within four hours. The drug may also
be useful for temporarily increasing glomerular filtration
rate (10) and thus increasing the effectiveness of parenter-
ally administered organomercurial diuretics. For this pur-
pose, aminophylline sholuld be given one hour after the
mercurial was given by the intramuscular or intravenous
route. Potency estimation studies indicate that intrave-
nously (or orally) administered aminophylline is less than
0.5 as potent as meralluride given intramuscularly. Amino-
metradine and aminoisometradine given orally are 0.7
and 0.5 as potent respectively as meralluride given intra-
muscularly Comparatively speaking, one cc of meralluride
is equivalent to approximately 1600 mgm of aminoisome-
tradine and approximately 850 mgm of aminometradine in
the production of an increased natriuresis.
Aminometradine and aminoisometradine are both

useful oral diuretics, since both are effective natriuretic
agents when adequate doses are employed. The maxi-
mum effective single dose which will not produce exces-
sive side reactions (i.e., side reactions occur when given
asa single dose in less than 25 per cent of patients treat-
ed), lS 1600 mgm for aminoisometradine and 1200 mgm
for radine. The comparative effect from these
doses is shown in Table XVI which summarizes the ob-
servations on 10 patients studied under controlled meta-
bolic conditions (28). Using these same conditions, the
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TAGLE XVU

EFFECTS OF AMINOISOMETRADINE AND AMINOMETRADINE ON
SODIUM ENCRETION. (Alter Ford, Moyer, Handlcy, Spurr and Rochelle
(28), courtesy Aum. J. Med. Ser )

Aminosometradine
800 mgm 1500 mgm

c 1 c D 7
50 s 5 45 108 58
5 58 8 50 120 70
50 20 45 105 60
8 61 16 50 98 48
JCO] 7 15 104 59

64 1" 19 108 59
“4 57 13 50 15 65
0 56 6 15 106 sl
5 3 8 42 12 70
5 6 28 48 115 67
8 12 Average 4 109 62

Aminometradine
600 mgin 1200 mgm

[4 D 1 c b I
4 W0 46 16 1 1
48 102 54 49 Bl 132
4w 6 43 146 103
% & 20 £ 120 75
3 69 % 47 120 83
9 s 33 46 166 120
5 s 38 12 86 “
2 & 25 44 110 66
9 W5 b6 6 160 114
0D 6 2% 0 7 n
5 8 3 Average 15 134 8

C - Control—mEq sodium eacretion/2$ hours
D — Drug—mEq sodium excretion/24 hours
1 ~ Increase—mEq sodium excretion/24 hours

threshold dose (minimally effective dose) of aminoiso-
metradine was 800 mgm and the threshold dose of amu-
nometradine was 400 to 600 mgm (Table XVI),

Because of the limited potency of aminometradine

and radine, these compounds are relegated to
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use in the treatment of patients with only mild heart fail-
ure or in other conditions which yield to therapy with the
less potent diuretic agents. They may also be used for
prolonging the period between injections ot the more po-
tent parenterally adminstered organomercurials in pa-
tients with moderately severe tc severe heart failure, They
are useful in such varied conditions as portal cirrhosis,
premenstrual edema, edema of pregnancy, occasionally 1
kidney disease, venous stasis, etc.

. ‘When these compounds are used on a divided dosage
schedule, 400 mgm of aminometradine four times daily
and 600 mgm of aminoisometradine four times daily usu-
ally do not produce prohibitive side effects. When nau-
sea becomes a serious problem, decreasing the dose or us-
ing an interrupted schedule will effectively relicve this
side effect 1n most 1nstances. For an interrupted sched-
ule, the drugs may be given for 2 to 3 days followed by
withdrawal for a similar period of ume. The drugs
should be given with meals or immediately following in
order to minimze gastromtestinal side effects.

TABLE XVII

SIDE EFFECTS OF AMINOMETRADINE AND AM[NQXSO\XE’I RADINE
IN 122 PATIENTS WITH HEART FAILU.

(1200 mg/day) (1600 mg/day)

Nausea 16 12
Vomiting 3 6
Anorexia 1 10
Tharshea
Abdominal cramps
Flatulence

Shan rash
Dizziness
Headache

SR we el
e an
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Although the incidence of side cifects is less with
aminoisometradine than from the same dose of aminome-
tradine (Table XVII), the former drug is less potent
(Figure 47). Consequently, when doses of cach drug
are given which produce an equivalent diuretic and natriu-
retic response, the incidence and severity of side reac-
tions are almost identical, according to our observations.

The dosage schedule should be regulated by the di-
uretic response observed.  The usual starting dose of ami-

DOSE RESPONSE CURVES - AMINOMETRADINE,
AMINOISOMETRADINE, & MERALLURIDE FOR
DETERMINATION OF COMPARATIVE POTENCY
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noisometradine is one tablet (200 mgm) with each meal.
This dose is increased if the diuretic response is inade-
quate. As much as 3 to 4 tablets (600 to 800 mgm) may
be given with each meal. Doses in excess of this amount
are frequently associated with excessive side reactions.

Although it has been reported that tolerance to these
compounds does not develop, this assertion is not con-
sistent with our experience. We have observed that the
drug is considerably less effective on the fourth to fifth
day of drug administration than on the first and second.
Consequently, it is best to use an interrupted dosage sched-
ule. When such a schedule 1s not adequate it is best to
use a supplementary dose of another diuretic such as
chlorothiazide or one of the organomercurial diuretics.

There is no evidence to indicate that renal or hepatic
disease presents a contraindication to the use of the
isocytosines.



Chapter 8

THE PHARMACOLOGY AND CLINICAL
USE OF TRIAZINES

NUMBER of triazine derivatives have been studied for

their possible effectiveness as oral diuretics. Attention
was first directed at the diuretic acuvity of this group of
compounds a number of years ago (57). Formoguanamine,
the most potent compound of the series found in these early
studies, proved to be impractical for therapeutic use be-
cause of its tendency to produce renal damage.

Recently, exploration of new triazine derivatives has
uncovered two with diuretic activity and comparatively low
toxicity (112, 68). One has been given the generic name of
chlorazanil and the other 1s designated as UX-6.

Chemisiry. Chlorazanil (Daquin) is n-p-chlorophenyl-
24-diamino-striazine and has the following structural
formula:

N
HH/ \C—NH - -ct
N N .Hel
N

NH,
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It is a white, crystalline, and tasteless compound and
is a weak base. The free base is sparingly soluble in water
but forms soluble salts with mineral acids. For diuretic
activity, the chlorine atom must be in the para position.

UX-6 is 2-amino-4-isoamylamino-s-triazine hydrochlo-
ride. It is a white crystalline compound and is freely
soluble in water.

Mechanism of action. The mechanism by which the
triazines produce diuresis has not been clarified. In both
animals and man, these agents produce a consistent and
rather prolonged increase 1n the rate of sodium excretion.
Chlorazanil 15 more potent in this respect Although the
rate’ of chloride excretion is also increased, the effect on
this ion is not as great as on sodium The excretion of
bicarbonate is also enhanced but the order of magnitude is
roughly one-tenth to one-fourth that of chloride and this
effect is not consistently observed. Urinary pH is slightly
incréased while titratable acidity, phosphate and ammonia
excretion may be slightly depressed during the maximal
drug effect. The excretion of potassium is increased
slightly for a short period of time as diuresis develops. The
percentage increase in water and sodium excretion is
approximately the same after these triazines, whereas with
other diuretics, the effect on sodium excretion is greater.
Plasma concentrations of sodium, potassium, chloride and
bicarbonate and blood pH are not altered after daily admin-
istratton of the compounds for several days (32, 68).

From the changes in electrolyte excretion during
chlorazanil diuresis, it may tentatively be assumed that
several mechanisms are mvolved. The increased excre-
tion of bicarbonate suggests that the compounds may pro-
duce some degree of carbonic anhydrase inhibition. This
effect must be weak, if it occurs, because urinary pH and
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the excretion of titratable acids and ammonia are not
greatly altered as they are with the sulfonamide deriva-
tives. Also, acidosis does not develop on continued ad-
ministration. Furthermore, ammonium chloride produces
an additive cffect when given with chlorazanil while it
inubits the diuresis from carbonic anhydrase inhibitors.
Glomerular filtration rate and renal blood flow (Figure
48) are not altered by the triazines so that changes in renal
hemodynamics are not involved n the diuretic effect.

Onsct and duration of action. When chlorazanil is
given intravenously to dogs, diuresis begins within twenty
minutes and persists for more than five hours.  With oral
administration, the diuretic effect is not as dramatic but
the duration is much longer The onset of diuresis occurs

THE EFFECT OF CHLORAZINIL ON RENAL HEMODYNAMICS
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approximately two hours after oral administration to car-
diac patients (Figure 49) and persists for 12 to 18 hours,
Chlorazanil continues to be effective with daily administra-
tion in both animals and cardiac patients until the sodium
load has been depleted.

A comparison with other orally active non-mercurial
dwretics indicates that chlorazamil is more potent than
acetazoleamide (Diamox) but less potent than chlorothia-
zide (Diuril).

Absorption, fate and excretion.  Little information is
available concerning the rate of absorption, fate and rate
of excretion of chlorazanil. The observation that diuresis
begins within two hours after oral administration indicates
that it must be rapidly absorbed from the intestinal tract.
In rats, 75 per cent of the admimstered dose can be recov-
ered from the urine in 24 hours.

Toxicity, The LDy, in rats is less than 20 mgm per
kgm when administered daily for a period of two weeks by
the intraperitoneal route. Rats seem to be particularly
sensitive to the drug since daily oral administration of up to
50 mgm per hgm 1n dogs produced no signs of toxicity No
87058 or microscopic changes were observed in these animals
on aulopsy.

Qlinical use of triszines, Although UX-6 showed
definite diuretic effect when admimstered to patients n
heart failure who were being studied under controlled
metabolic conditions (68), this response was not adequate
to control ambulatory patients who were in heart failure

o 0 . .
two-thirds as effective as acetazoleamide (Diamox). Per-
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haps the inability to effectively control these patients was
due to the poor natriuretic effect of the drug. Eight hun-
dred mgm per day of the drug was no more effective than
400 mgm and only shghtly more effective than 200 mgm
(68).

When out-climic pattents, who received this drug for
one month or more, were given 2 cc of meralluride,
nearly all of them lost weight, indicating sodium and wa-
ter retention during UX-6 therapy. Side effects primari-

A COMPARISON OF RESULTS OF UX.6 THERAPY
WITH NEOHYDRIN OR DIAMOX IN SIMILAR
PATIENTS WITH CONGESTIVE HEART FAILURE
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Figure 504, A comparison of results of UX-6 therapy with Diamox
and Neohydnn in sumilar patients with congestive heart failure.
(After Moyer, Ford and Handley (68), courtesy AM & CT)
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DURATION OF CONTROL OF CONGESTIVE FAILURE
IN 11 PATIENTS TREATED WITH UX-6 DIURETIC ALONE
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Figure 50B  Duration of control of congestive heart failure 1n 11
patients treated with UX-6 alone  (After Moyer, Ford and Handley
(68), courtesy AM & CT)

ly consisted of sedation, anorexia, nausea, faugue and
weakness.

Chlorazanil has proven to be a more effective diuret-
ic than UX-6. The natrnuretic effect, although less
marked than the diuretic effect, was sigmficant  Follow-
mg the admimistration of 300 mgm as a single dose to 10
patients, sodium excrction ncreased an average of 11
mEq per 24 hours, but after a dose of 600 mgm, the n-
crease was 60 mEq per 24 hours (Figure 51).

Chlorazanil continued to be effective with daily ad-
ministration (Figure 52) of 300 mgm as determunggd by
sodium and water excretion

Comparing the potency of chlorazaml and merallu-
ride revealed that chlorazamil 1s about 50 per cent as
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DOSE RESPONSE CURVES:
CHLORAZANIL vs. MERALLURIDE
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Figure 51  Dose-response curves showing potency of chlorazaml in
comparison with meralluride  (After Ford, Rochelle, Spurt, Handley
and Moyer (32), courtesy J Clin. Invest.)
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potent as meralluride as a natriuretic agent but two
times as potent as a diuretic agent, indicating a greater
effect on water excretion (Figure 52). The drug is more
potent than acetazoleamide but not as potent as chlo-
rothiazide.

Side reactions consist primanily of nausea and vomit-
ing. These are of little consequence when the dose is not
more than 150 mgm given twice a day. However, when
the dose exceeds 300 mgm twice a day, the incidence of
nausea and vomiting may be serious enough to prohibit
the use of this dose. Consequently, the best therapeutic
schedule is 150 mgm given every 12 hows.
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Figure 52. The effect of chlorazanil on sodium and water excretion
(After Ford, Rochelle, Spurr, Handley and Moyer (82) Courtesy Am.
J. Cardialagy).

An increase in the blood urea nitrogen and plasma
creatinine has been observed in some patients. At the same
time, the uninary excretion rate of urea ususally increases.
The BUN in these patients returned to normal immedi-
ately when the drug was discontinued. These observa-
tions suggest that tncrease in BUN is not a result of renal
damage, but rather may be due to an increased rate of
urea formation.
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Chapter 9

THE PHARMACOLOGY AND CLINICAL USE
OF ACID-FORMING AGENTS

Au\mmmx and calcium salts produce acidosts since they
yield an excess of anions on ingestion, Ammonium
chloride and nitrate, calcium chloride and nitrate, and even
hydrochloric acid have been used to produce acidosts and
promote diuresis. Of the group, ammonium chloride is the
only one that remains n general use. Calcium saits have
disagreeable tastes and produce a high incidence of gastro-
intestinal jrntation. Hjydrochloric acid is seldom used
because of problems imvolved 1n admumstration.  More
recently, insoluble cation exchange resins have been em-
ployed to produce acdosis. They tend to remove fixed
base from bady reservorrs unaccompanted by amons, The
cation exchange resins are not popular because of the large
amounts that must be administered to be effective

Mechanism of action. After absorption, the ammonia
ion of ammonium salts 1s converted to urea by the hier.
The amions released remosve base from bicarbonate  The
resulung decrease in the ratio of bicarbonate to carbonic
acid causes acidonis (36) Acidosis from calcium salts 1s due
to limited absorption of calcium ions from the intestinal
tract, where they are largely precipitated as the carbonate
or phosphate, or as soaps by combining with fatty acds An
excess of anion is absorbed and produces acidosis (37, 41).

L am
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The nitrates have been claimed to be more potent diuretics
than the chlorides, but it is improbable that the anion has
any specific diuretic effect (52).

Ammonium chloride and the other acid-forming salts
do not produce diuresis by an osmotic effect in the renal
tubule. The combined osmotic effect of the urea formed
from the ammonium 10ns and the excess chloride is not
large enough to produce osmotic diuresis, Furthermore,
when the acidosis subsides, as it eventually does, even
though the administration of the acidifying salt is con-
tinued, the diuresis terminates.

One proposed explanation for the diuresis during
acidosis is that the water and base binding capacity of
the tissue proteins 1s reduced. This effect is presumed
to cause a movement of cellular and interstitial water and
electrolytes mto the circulatory system which results in
renal excretion. Some doubt has developed that acidosis
as such 1s responsible for diuresis and the pmemia:ing
effect of acid-forming salts on mercurial dmwresis. It
has been observed that lowering the blood pH by breath-
ing 7 per cent carbon dioxide failed to potentiate mer-
curial diuresis while a comparable pH obtained with am-
monium chloride was effective (1). One must conclude
from the available information that the mechanism of diu-
rests of the acidosis producing agents has not been estab-
lished.

Effect of electrolyte excretion. During the first 24
hours, the increased rate of chloride excretion is followed by
the excretion of nearly an equivalent amount of sodium
derived from blood buffers. Were this process to continue,
a dangerous degree of acidosis would develop. Several com-
pensatory mechanisms for base conserva:tion promptly come
into actiom, prcveming such a condition from occurring.



The Pharmacelogy and Chinical Use of Diuretics 139

These mechanisms progressively decrease the rate of sodium
excretion after the first day of ammonium chloride admin-
istration so that at the fifth or sixth day a positive balance
isattained. An increase in the renal tubular reabsorption
of sodium and chloride from the filtrate restricts the loss of
these jons. In addition, this serves to maintain a relatively
constant total ionic concentration despite a reduced bicar-
bonate concentration. A shift of potassium and calcium
from the tissues to the blood and increased urinary excre-
tion of these ions conserves some sodium.

The renal production of ammonia and titratable acid
is the one mechamism that ulti ly results in compl
compensation and restoration of fixed base despite con-
tinued administration of acid-forming salts. Ammonia
formation occurs in the renal tubular cells from the deami-
nation of glutamine and other amino acids. A reduced
urinary pH is believed to stimulate the ia forming
mechanism. Normal kidneys under stress can produce
about 390 mEq (7gm) of ammonia per 24 hours. An
equivalent amount of base 1s thus conserved. In heart
failure and nephritis, the ammomia-producing mechanism
is depressed. Acidosis and the degree of diuresis are
greater and more prolonged than in ndividuals that do
not have cardiovascular renal disease. The rate of forma-
tion of ammonia increases progressively durng acidosis
until a positive fixed base balance occurs. When balance
is restored, the diuretic action of acid-forming substances
terminates (Figure 53).

Since the effectiveness of acidifying agents depends
upon the lag in ammonia formation by the kidney, acidosis
must be induced rapidly. Administration of 9 gm of am-
moanium chloride results in a positive fixed-base balance
on about the fifth day. If the dose is increased to 15 gm
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MEg
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Figure 53 The effect of ammomum chloride on the excretson of

chlonde, sodium and ammonta in a normal subject Nine graras of

chlonde were ad; darly 1n divided doses for 6

days. (After Dnll (20), courtesy Pharmacology in Medwcne, V A
Dnil, Ed,, Blaluston Duy , McGraw-Hill Book Company )

daily, balance is delayed untl about the nmth day.

It is apparent from the compensatory mechanisms
that develop during diwresis from the acdifymg agents
that these substances must be used in cycles to produce ef-
fective diuresis. Once the ammonia-forming mechanism
has produced complete compensation, these agents must
be discontinued for several days.

Toxicity. Gastric irntation with nausea and vomating
is the most common side effect from ammonrum chloride.
In advanced liver disease, ammonium chloride should not
be administered. When the hver is damaged, the capacity
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DIURETIC RESPONSE TO MERALLURIOE BEFORE AND
AFTER THE ADMINISTRATION OF NHCl IN 2 PATIENTS
WITH HYPOCHLOREMIC ALKALOSIS
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ride may be effective in restoring responsiveness to mercu-
sial diuretics (Figure 544, B). As the plasma levels of
chloride increase toward normal, the diuretic response o
mercurials progressively increases. A minimum of 2 grams
given with each meal should be used for this purpose.

When ammonium chloride is given prophylactically
to prevent the hypochloremia associated with mercurial
administration, it should be administered at least 12 hours
before the mercurial is ghen.

When patients who are in severe hmrt failure require
parenteyal mercurial administration more frequently than
once a week, it is usually proper to give ammonium chlo-
ride for at least 24 hours before and 12 bours after the
administration of the mercurial as 2 prophylactic measure
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against the development of hypochloremic alkalosis. If
used for this purpose, one gram with cach meal is ade-
quate. When necessary to administer the mercurial as
often as 3 times a week, ammonjum chloride should be
administered daily in order to prevent chloride depletion.

The possibility of the development of serious acidosis
must be kept in mind when administering ammonium
chloride to any patient with primary renal disease. Leth-
argy, nausea, and weakness are prominent symptoms
Hyperpnea becomes prominent with advanced acidosis.
Blood chemistry studies show a high chloride and a low CO:
with normal sodium.



Chapter 10

PHARMACOLOGY AND CLINICAL
OBSERVATIONS ON VALERAMIDE
AND STEROID DIURETICS

THE DIURETIC ACTIVITY of alpha, alpha-diphenyl gamma-

dimethyl N-methyl valeramide hydrochloride has been
investigated in animals and patients with mild congestive
heart failure (48). The onginal investigation was done on
the racemic mixture (U-3772) of the compound but later
the d-isomer (U-6420) was added to the study since it ap-
peared to be somewhat more active in rat assays. This com-
pound is noteworthy because it is a potent oxytocic, has
some degree of cholinergic blocking action, as well as having
diuretic action.

Chemistry, The compound is a water and cthanol sok-
uble white crystalline material with the following structure:

0
77
AN %u;
¢ Het
/// CHj
CHz~CH~N
CHy CHj

Mechanism of action. The mechanism by which this
compound produces diuresis is unknown. Changes in renal

Y41
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hemodynamics in dogs are minimal. A tendency for a shght
increase in renal plasma How during the first thurty minutes
alter administration of the compound 15 observed but no
significant changes in glomerular filtration rate occur. The
compound produces a slight depression of mean blood pres-
sure immediately after intravenous injection that persists
for at least two hours,

Intravenous dosages of 5 to 10 mgm per kgm of the
Tacemic mixture increases both urine volume and the rate

Eifect of U.3772 (10 Mg / Kg. given |V}
on Renol Hemodynamics
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Figure 55 Renal hemodynamic response to intravenous U-3772.
Average values for 8 dogs (10 mgm/kgm)-
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of sodium excretion. The effect of the compound on
potassium excretion is minimal and variable, Diuresis,
when it occurs, develops within 20 to 30 minutes after
intravenous administration of the compound.

Effect of U.3772 (10 Mg./ Kg. L.V ) on Water and Electralyle
Excretion in Hydrated Dogs
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Figure 56. The effect of U-3772 on water and clectrolyte excretion
Average values for 8 dogs (10 mgm/kgm, LV.).

Although the d-isomer is a more potent diuretic in
the rat than the racemic mixture, it was less effective in the
nonhydrated dog.

Clinical observati The oral administration of 250
mgm of the racemic mixture to patients with mild conges-
tive heart farlure that had been controlied by other therapy
did produce a slight degree of diuresis and natriuresis.
However, the severity of the side effects made it impossible
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to study the compound for more than a few days in a small
number of patients (Table XIX).

The d-isomer was somewhat better tolerated than the
racemic mixture and larger doses could be administered.
A significant increase 1 sodium excretion was noted in all
seven patients receiving 450 to 900 mgm of the drug. The
900 mgm dose was no more effective than 450 mgm. A
significant mcrease in urine volume was noted in 5 of the
7 pattents. After several days of treatment with the com-
pound, side effects began to appear and the study was ter-
minated (Table XIX). Many of the side effects, such as
vesicle sphincter spasm, and bladder cramps, are undoubt-
edly related to the cholinergic blocking action of these
compounds.

ANTI-ALDOSTERONE COMPOUNDS

The development of compounds that competitively
block the effect of mineralocorticoid actions may be a
fruitful new approach to diuretic therapy. Interest in
agents of this type has developed because of the discov-
ery that mcreased amounts of salt-retaiming steroids, par-
ticularly aldosterone, are found 1n the urine in various types
of edema (53). Aldosterone 15 the most potent salt-Te-
tamning sterord produced by the adrenal cortex that has
been discovered Increased amounts of this steroid are
found 1n the urine of patients with congestive heart fail-
ure, toxemia of pregnancy, liver cirrhosis, and other dis-
eases associated with edema and hypertension. If in-
creased aldosterone excretion 1s a contributory factor to
edema formation in these conditions, a compound that
blocks the action of this steroid might be expected to cause

diuresis. o
Recently, a 17-spirolactone steroid derivative has been



The Pharmacology and Clinical Use of Diuretics 149

1eported to block the sodium retention from desoxycorti-
It and ald one in Is. A limited trial in
patients with congestive heart failure and edema indicates
that the compound is capable of producing diuresis and
increased sodium excretion (21).




Chapter 11

SUMMARY OF THE CLINICAL USE OF
DIURETICS

CONGESTIVE HEART FAILURE

IURETIC AGENTS, as important as they may be, are only
one aspect of the treatment of patients with abnormal
sodium and water retention. The use of diuretics is not 2
curative measure, but rather these agents improve only the
symptoms associated with edema formation. Consequently,
when possible the basic physiological defect should be cor-
rected. With the advent of potent and safe diuretics, atten-
tion has been directed more and more toward the defective
excretion of sodium in congestive heart failure. Since
renal retention of sodium and water is a secondary effect,
digitalis and restricted physical activity are of prime xmpor-
tance. Diuretics are indicated when these more simple
measures fail or when the condition demands their use.
The authors feel that it 1s important to make cer- |
tain that effective therapy 15 used rather than risk under
treatment. This is especially true when one considers
that many more patients develop severe and progressive
heart failure from inadequate therapy than get into diffi-
culty from the side effects associated with over treatment.
Diuretics are the primary therapeutic measure for heart
failure associated with such conditions as infections, toxic
myocarditis, cor pulmonae, and mutral stenosis.
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In advanced cardiac failure, exercise reduces the glo-
merular filtration rate below a critical level which may
contribute to the renal retention of sodium and water.
Incressing the glomerular filtration rate or reducing tubu-
lar reabsorption of sodium and water will correct this
tendency toward fluid accumulation. Some improvement
in renal functions may occur with bed rest. Glomerular
filtration rate is highest when the patient is supine and
decreases as the upright position is assumed  Continued
exercise tends to produce a progressive reduction in glo-
merular filtration. Aside from reducing the burden on
the heart, the improvement in renal function frequently
observed during bed rest is a valuable therapeutic ad-
junct for patients in heart failure. In non-<ardiac edema,
complete bed rest is rarely indicated.

Bed rest for the treatment of heart failure should be
vncwed asa L:mpomry measure only, since many second-
ary physiologi 1 follow prolonged bed con-
finement. chcnhel:ss, restricted physical activity should
be advised as a permanent measure. Once heart failure
has developed, it is rare that cardiac function returns en-
tirely to normal, irrespective of the etiology of the dis-
ease or the therapeutic program nstituted. Moreover,
the more frequently and more severely a patient decom-
pensates, the more difficult it is to improve cardiac func-
tion to a candition even approaching normal.

Sodium chloride intake should also be given primary
consideration 1n patients with edema. Water intake is of
little 1mportance so long as sodium intake is rigidly re-
stricted. In fact, 2 large urinary volume tends to pro-
mote an increase in sodium excretion. When a patient
has been on a low salt intake for a peried of time, the
body becomes relatively depleted of sodium. Consequent.
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ly, such patients are quite vulnerable to excessive sodium
loss such as may occur in diarrhea or vomiting.

Generally, the more severe the heart failure, the less
salt can be excreted by the kidney. Thus, in a patient
with mild heart failure, restriction of salt intake need not
be drastic. The avoidance of salty food, removal of salt
from the table, and avoiding the use of salt in cooking is
frequently adequate. In moderately severe heart failure,
the salt intake should be restricted to less than 500 mgm
of sodium per day. (See pages 174-177 for low sodium diets.)

When effective diuretics are given continuously, the
salt intake can usually be liberalized. The family and
the patient should be instructed in the methods of prep-
aration and virtues of a low salt diet by someone ade-
quately trained in this field. This cannot be emphasized
too much, since many patients have no conception of the
types of foods that should be used and methods for pre-
paring low salt diets.

As cardiovascular deterioration proceeds, the patient
1n heart failure may become unresponsive to therapy even
though plasma electrolytes are within normal limits. Un-
der these circumstances, mercurials given in combina-
tion with other agents may be effective. The rationale
for this procedure is the assumption that different diuret-
ics act by different mechanisms. When 2 cc of merallu-
ride produces inadequate diuresis, the dose should be in-
creased to as much as 4 cc. If this dose proves ineffec-
tive, 0.5 grams of aminophylline given intravenously one
hour after the mercurial may imtiate diuresis. Such a
drug combination may be superior to larger doses of the
mercurials and may prevent mercurial accumulation in
the body, particularly in patients with oliguria.

Single injections of mercurials are indicated follow-
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ing acute pulmonary edema, acute left ventricular failure,
and in edema associated with heart failure of short dum-
tion. When it becomes app that repeated adminis-
tration of a parenteral mercumnal is indicated, the drug
should be given as infrequently as possible. The smallest
dose that will maintain the patient at “dry weight”” and in
a state of maximum compensation should be ascertained.
It is inadvisable to withhold diuretic therapy until begin-
ning decomp n with a considerable weight gain has
occurred. Certamnly, patients feel better when large fluc-
tuations in weight are avoided. It is usually unwise to
have a patient lose more than 5 pounds at each dose of
the diuretic when recerving maintenance therapy.

When the response to parenteral mercurials is not
adequate, ammonium chloride will frequently increase
the responsiveness, particularly if the patient is in a state
of hypochloremic alkalosis. Ammonjum chloride may be
prescribed in a dose of 1 gram with each meal about 24
hours before and 12 hours after the injection of mer-
curials as prophylaxis against hypochloremia. This type of
prophylaxis is especially 1mportant 1f mercurials are given
more often than twice weekly.

Decholin (20 per cent) in doses of 5 to 10 cc has
also been reported to be effective for increasing mer-
curial responsiveness. ‘The authors have observed such
apparent responses but the results have been very erratic
and unpredictable. Certainly, neither an additive nor a
synergistic effect of Decholin on responsiveness to mer-
curial diuretics can be demonstrated in the usual patient
with heart fmlure

Chlorothiazide given m combination with mercurials
produces an additive response in patients who are not
adequately responsive to mercurials  This effect has also
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been observed in mercurial resistant patients. Frequent-
ly, patients unresponsive to mercurials will obtain ade-
quate diuresis from chlorothiazide alone.

Ultimately, failure to respond to mercurials will be
due to progressive impairment of glomerular filtration to
such a degree that little water and sodium is filtered. Un-
der these conditions, virtually all of the water and sodium
is reabsorbed, even after maximal tubular depression with
mercurials. Occasionally, patients fail to respond to di-
uretics because of an electrolyte imbalance. This compli-
cation may be caused by too vigorous diuretic therapy
and too rigid salt Testriction or progressive myocardial
degeneration. Four electrolyte imbalance states have been
observed: (1) chronic dilutional hyponatremia, (2) hy-
pochloremic alkalosis, (8) salt depletion syndrome, and
(4) potassium deficiency.

Chronic dilutional hyponatremia is one of the most
serious electrolyte derangements and is apparently unre.
lated to treatment, unless concurrent primary renal dis-
ease is present. Under the latter circumstances, 1f fluids
of low sodium content are given in excess of the kidney’s
ability to excrete water, dilutional hyponatremia result,
The syndrome results from extreme dilution of extra.
cellular fluid. In the absence of severe primary renal dis-
ease in patients with heart failure, the syndrome is in-
dicative of extensive myocardial impairment. Both serum
sodium and chloride are low although total body sodium
is excessive. Prognosis is poor and attempts at replace-
ment therapy seldom are successful.

Hypochloremic alkalosis and salt depletion syndro-
me occur as a complication of vigorous mercurial therapy
and rigid salt restriction. In hypochloremic alkalosis
the main deficit is chloride. In salt depletion syndrome,
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itis sodium, Clinically, in both conditions, there is lassi-
tude, apathy, anorexia, oliguria and no response to mer-
curial diuretics. Hypochloremic alkalosis is also usual-
ly indicative of severe myocardial discase. It 1s difficult
to produce this syndrome in normal subjects or patients
with only mild heart failure, even with vigorous daily
mercurial diuretic administration.

Therapy of hypochloremic alkalosis is directed at re-
placement of the appropriate electrolyte using oral am-
monium chloride or a 2 per cent solution given intrave-
nously. It is preferable to give the drug orally unless the
patient is in extremis. For oral replacement, at least 2
grams (30 grains) should be given every 4 hours The
drug is best given after meals in order to avoid nausea
and vomiting. Hypochloremic alkalosts can easily be avoid-
ed by giving ammonjum chlonde concurrently with the
administration of mercurial diuretics to patients with se-
vere myocardial disease.

The sodium deficit in patients with hyponatremia may
be calculated from the serum sodium values and replace-
ment is based on such calculations We prefer to base our
caleulations on extracellular (including 1intravascular)
fluid sodium concentrations and to use 5 per cent sodium
chloride for replacement therapy The volume of extra-
cellular fluid 1s approximately 20 per cent of body weight
(kilograms) . Plasma sodium concentration 1s approxi-
mately equal to extravascular, extracellular fluid sodium
concentration  Therefore, normal plasma sodium minus
the measured plasma sodium (mslliequivalents) in the
patient multiplied by the extracellular fluid volume (20
per cent of body weight) equals the amount of sodium

(in milliequivalents) required to correct the deficit. One

P
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cc of 5 per cent sodium chloride equals 0.85 milliequiva-
Ient. Therefore:

Body Weight (kgms) X 20X 140 — (pauent's plasma sodium 1 mEqg) =

085
cc of 5 per cent sodium chlonde to be admnistered

The solution should be given slowly by intravenous
mfusion over a period of 2 hours or more. Fluids should be
restricted (especially water) while the 5 per cent sodium
chloride is being given and for some time thereafter, other-
wise the plasma sodium will again be diluted, the blood
volume increased and the heart failure aggravated After
allowing about 12 hours for equilibrium and stability to
occur, the plasma sodium concentration should agam be
determined. The process must then be repeated if the
hyponatremia has not been corrected. It is unnecessary,
in our opinion, to attempt to bring the sodium concentra-
tion entirely to normal. Only if the sodium level is below
125 to 127 mEq is corrective therapy indicated, then only
if the clinical symptoms demand it (severe oliguria, extreme
weakness and lethargy, and cerebral symptoms). If no
symptoms are present, a liberalized salt intake will suf-
fice. After the syndrome is corrected, the patient 1s then
treated as a severe cardiac, employing bed rest, digitahs,
and diuretics as before.

Potassium deficiency is another complicaton of diu-
retic therapy. Digitalis toxicity may be precipitated by
hypokalemia. Clinically extreme muscle weakness, cardi-
ac irregularities and abdominal distention are clues that
should lead to the diagnosis. Ingestion of 6 to 8 ounces
of orange juice on the day of mercurial administration
15 usually adequate nsurance against this complication.
Should potassium deficiency occur, oral potassium chlo-
ride in doses of 2 to 5 grams daily is indicated.
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Hypohalemia may also occur from intensive therapy
with chlorothiazide and the carbonic anhydrase inhibi-
tors. The latter agents, if given continuously, reduce
plasma bicarbonate and cause acidosis.
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SUMMARY OF DIURETIC THERAPY FOR SPECIFIC
DISEASE ENTITIES

A, Congestive Heart Failure, Since the primary de-
fect in congestive heart failure is inadequate cardiac output,
every effort should be made to restrict the patient’s activi-
ties. ‘The judicious use of a cardiac glycoside is indicated
Diuretics may be employed as follows:

1. A parenteral mercurial dwretic iniually
when heart failure is severe, e g, meralluride (Mer-
cuhydrin) 2 cc intramuscularly or mercaptomerin
(Thiomerin) 2 cc subcutancously daily for 3 to 5
days unul gross cdema has disappeared

2. Chlorothiazide (Diuril), 1000 mgm every 8
to 12 hours after the emergency is controlled. The
dose is gradually decreased to the minimally effec-
tive dose but no less than 500 mgm daly should be
given,

3. Chlormerodrin (Neohydrin), 4 to 8 tablets
daily for maintenance of cdema-free state 1f the re-
sponse to chlorothiazide is not adequate.

When heart failure is mild, compensation may
also be maintained with ac 1 de (Diamox)
or ethoxzolamide (Cardrase), 250 mgm daily for 3
consecutive days out of each week In moderate to
severe heart failure, Diamox will rarely be adequate
for maintenance therapy. Chlorothiande (500 to
1000 mgm b.id) or Neohydrin (1 to 2 tablets after
each meal and at bedtime) must be used if the oral
route of drug administration is to be employed, in
such cases  Otherwise, parenterally admimstered
mercurial agents must be given in adequate doses
(1 to 4 ¢c) * and as frequently as necessary to main-
tain the edema-free state and full cardiac compensa-
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tion. Parenteral diurctic therapy may become nec-
essary if gross edema reappears.

*Doses m excess of 2 c¢ are employed only in patents with intractable
heart faiure

B. Premenstrual Edema, Edema is not marked in
this condition but the symptoms may be annoying. The
following prophylactic treatment may be used:

1 On last 5 to 7 days of the menstrual cycle
with the onset of subjective tension place on a low
sodium diet Administer chlorothiaznde (Diuril) in
a dose of 500 mgm twice a day, or 250 mgm of
acetazoleamide (Diamox) (1 tablet) daily, or 4 to
8 tablets of chlormerodrin (Neohydrin) daily.

C. Edema of Pregnancy, Since pre-existing disease
may be responsible for edema 1 this condition, a close medi-
cal survey must be completed. Therapy may be summa-
rized as follows:

1. At first sign of edema, place on a low so-
dium diet.
2. If not controlled by diet alone, admister

4 to 8 tablets of Neohydrin daily or chlorothiazide

500 to 1000 mgm twice daily or 250 mgm of ace-

tazoleamide (Diamox) every other day if edema is

not marked

D. Nephrotic Syndrome. Multiple factors are opera-
tve in this condition and include excessive urinary protein
loss, decreased glomerular filtration, and increased tubular
reabsorption of sodium. The treatment may be summa-
rized as follows:

1. Bed rest.
2. Low sodium diet.
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3. Chlorothiazide, 500 to 1000 mgm b.i.d.

4. If the above procedures do not control ede-
ma in one wecek, a 7-day trial of corticotropin may be
instituted. Twenty-five umts of ACTH in 1000 cc
of 5 per cent dextrose given intravenously over an
cight hour period daily or as corticotropin gel, 40
units intramuscularly, may be tried. Alternatively,
prednisone may be used i a dosage schedule of 10
mgm every 6 hours for 4 doses, then 5 mgm every
6 hours for 8 doses, then 5 mgm every 12 hours for
8 doses. Diuresis ususally occurs as the steroid (or
ACTH) therapy is withdrawn. The mechanism is not
understood.

5. If no response to above therapy, adminis-
ter 100 mgm of salt-poor human albumin intrave-
nously every other day. ‘This 1s an expensive pro-
cedure.

6. Finally, parenteral mercurals may be tried
if edema 15 severe.

E. Hepatic Disease. Stnce the edema usually origi-

nates from inadequate protein formation with reduction in
blood protein osmotic pressure, the underlying liver disease
should be attacked therapeutically. However, other factors
such as decreased hepatic inactivation of salt-retaining ster-
oids may be treated by agents actng to block the renal
tubular reabsorption of sodium. An outline of treatment
of the edema of hepatic disease follows

1. Low sodium diet.

2, Chlorothiazide, 1000 mgm twice a day.

3. In presence of significant hypoalbuminemia
{serum albumin less than 2 gm per cent) use salt-
poor human albumin 100 gm intravenously every
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other day to achieve diuresis. The expense may be
a contraindication here.

4 If inadequate response to intravenous albu-
min or chlorothiazide 1s obtained, Mercuhydrin n a
daily dose of 2 cc intramuscularly may be tried.

5  After massive edema 1s controlled, Neohy-
drin in a daily dose of 4 to 8 tablets may be used
for maintenance.

F. Tatrogenic Steroid Edema. In the treatment of

certain severe diseases, excessive dosages of corticotropin,
cortisone or prednisone may be required When sodivm
retention and edema become a problem, it 1s preferable to
discontinue the steroid but this 18 not always possible. The
edema can usually be controlled by daily admimstratton of
chlorothiazide 1n a dose of 1000 mgm every eight hours, or
chlormerodrin in a dose of 2 tablets 4 times a day  If these
agents are not adequate when given alone, they should be
used in combination

H. Hypertension,

1. Chlorothiazide, 250 to 500 mgm b.id.

2. Continue chlorothiazide and add drugs which
depress sympathetic nervous system activity as indicated
in order to return blood pressure to normal,
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ADDENDUM

The therapeutic effectiveness of chlorothiazide has
prompted an evaluation of other benzothiadiazine deriva-
tives in an attempt to find compounds with greater potency
and a Jower incidence of side effects. Figure 1 presents the
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Figure 1, formulae of hi: y
and flumethiazide,

structural formula of two new agents which have been
studied most thoroughly i.e., trifluoromethylthiazide (Flu-
methiazide) and hydrochlorothiazide (Hydrodiuril).

An evaluation of the effects of flumethiazide adminis-
tered orally revealed similar responses in renal hemody-
namics as observed with the administration of chlorothia-
zide. There was no change in mean blood pressure in any
patients throughout the study. There was no significant
reduction in either renal plasma flow or glomerular filtra-
tion rate. However, there was a marked increase in sodium
excretion which occurred within the first two hours after
drug administration and reached its maximum effect within
two to four hours. The duration of activity appeared to be
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etfective dose was approximately 1000 mgm given twice 2
day. Doses in exces of this amount produced very little
additional diuretic or natriuretic response.
Hydrochlorothiazide was studied after both intrave-
nous and oral administration. This agent was more potent
than chlorothiazide at equal doses. The dosage ratio for the
production of the same increase in sodium excretion was
approximately 1:10 comparing hydrochlorothiazide and
chlorothiazide. However, at the maximum natriuretic and
duuretic effect of each drug, hydrochlorothiazide produced
no gre:ner xncrease in sodium cxcrcuon than was observed
g the istration of ck hiazide (Figure 2).
The maxxmum effective dose of hydrochlorothiazide was
approximately 100 mgm given twice a day. Increasing the
dose above the amount produced very little additional
natriuretic effect
When 200 mgm of hydrochlorothiazide was given intra-

DOSE RESPONSE CURVE = HYDROCHLOROTHIAZIDE
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Figure 3 Dose response curve of hydrochlorothiande measuring
chlonide, sodwum and potassium excretion  The primary effect was an
mcrease in chioride excrenon
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eight to twelve hours. At equally potent natriuretic doses
there seemed to be less increase in potassium excretion than
was observed under similar circumstances when chlorothia.
zide was administered.

Using weight loss as the measure of response in patients
with cardiac failure who had edema, and using sodium
excretion in non-edematous patients, the dose response
curve was approximately the same as that observed follow-
ing the administration of chlorothiazide when both drugs
weregiven by the oral route. Itappeared that the maximum

DOSE RESPONSE CURVE OF CHLOROTHIAZIOE
AND  HYDROCHLOROTHIAZIDE.
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Figure 2. Dose response curves for chlorothiazide and hydrochloro-

thiazide using the increase in sodium eacretion as the basis for estunat-

ing potency. Hydrochlorothtazide showed the same dose response

curve, as was observed ing the inistration of chl

at about one tenth the dose. The maximum response obtainable was
about the same for each of the drugs.
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APPENDIX

SODIUM RESTRICTED DIETS USED AT THE
HAHNEMANN HOSPITAL OF
PHILADELPHIA*

‘The diet should contain:
Calories: 2000 {or as indicated)
Protein: 70 grams
Minerals and vitamins: Adequate to meet the recom-
mended dietary allowances.

1000 mgm (1 gram) sodium diet
Dietary restrictions as follons:

All food is prepared without the addition of salt.

Baking powder, baking soda and foeds with a high
natural sodium content are excluded from the diet
(find list on following pages).

Salt-free bread is mcluded 1n this diet.

Protein foods are restricted. Most protein foods are
naturally high 1n sodium; therefore, the daily intake
is limited to the basic requirements: :

\lczx fish, pouliry 5 ounces
MuL (regular) i pint only
500 mgm (0.5 gram) sodium diet
This diet is the same as the I gram sodium diet with the
exception of the use of salt-free butter and the omission of
the following vegetables:
Beets
Carrots
Celery
Spinach

* Drawn up by Mrs, Mane Bauer
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venously, there was a temporary reduction in glomerular
filtration rate but this returned to control levels within one
hour. Natriuresis and diuresis began in one hour after drug
administration and lasted in excess of twelve hours.

The electrolyte excretion pattern showed a greater
effect on the increase of chloride excretion when either
sodium or potassium. In fact there was a greater kaluretic
effect than was previously observed with chlorothiazide in
equal natriuretic doses. The increase in chloride excretion
was approximately the same as the increase in sodium excre-
tion plus the increase in potassium excretion in milliequiva-
lents (Figure 3).

The clinical response of these agents was observed in
the 48 hour weight loss experienced in 2 group of patients
with congestive heart faliure. It was shown that the weight
loss m these patients was the same when the maximum
effective dose of chlorothiazide, hydrochlorothiazide, and
flumethiazide were given.
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SODIUM RESTRICTED FQOD LIST (Continued)

FOOD
Frust

Meat, Fish

Potato or
substitute

Seasonings

ALLOWED 4V0ID

Frest, frozen, canned or dned  Any fruits having
unless Jabel statey arufiaal color, sodium presenvatines
flavar or sodium preservative  added, melons.
added  Apples, apple juice,

applesauce, apricots, avocado,

banana, bladbernes, chemes,

chestnuts, cranbernies, red cur-

rants, dates, Ligs. gooscbernes,

grapelruit, grapes, grape juice,

Lumquats, lemons, apple ader,

Junes, mulbernies, nectannes,

oranges, arange juice, peaches,

pears, pineapple, persunmons,

pineapple juice, plums, prune

Juice, powmgranate, quinee, Tasp-

bernies, thubarb, strawbernes,

tangenines

Lean beef, white turhey, white  Ham, bacon, salt pork,
chicken, dudh, goose, lamb, heart corned beef, corned
tongue, quail, rabbit, sweet- porh, dned beet, kid-
breads, tripe, lean veal, pork ey, brams, lunch
liver, calf liver, one time a wech  meats, Kosher meats,
only. Fresh fish only. catfsh, canned meats, fish and
cod, halibut, salmon, solc and  poultry, lobster,
all fresh water fish, shnmp, sausage, shell-
fish, tranifusters,
frozen fish filets and
oysters

White potato, sweet potato,
white rie, s03beans, b
macaroni, spaghetts, plan
noodles.

Allspice, almond extract, anise, Salt, celery salt, omion
basil, bay leaf, caraway, carda-  salt, other seasoned.
wmon, chives, annamon, doses,  salt, chuli sauce, horse-

canander, curry, dall, fennel, radish, meat sauces,
garlic, ginger unprepared soy sauce, prepared
horseradish, leeks, lemon juice  mustard, catsup,
extract, mace, maple extract, W orcestershire sauce

marjoram, mint, dry mustard,
nutmeg, onion Juice, orange
extract, orange peel, oregano,
papnika, parsiey, pepper, pepper-
mint extract, ptmiento, poppy-
seed, poultry scasontngs, Tose-
mary, sacchanin, saffron, sage,
savory, sesame, tarragon, thyme,
tumenc, vaniila extract and
vinegar.
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FOOD
Beverages

Bread

Cereals

Cheese

Desserts

Eggs

ALLOWED

Cofiee, tea, milk, Sanka,
Postum, plain cocoa.

Breads made of any flour (ex-
cept self-rising) without salt
and regular malk.

Pearled batley, Cream of Wheat,
Rolled Oats, Pettijohns, Corn-
starch, Farina, Maltex, Ralston,
Puffed Rice, Puffed Wheat,
Cormraeal, Shredded Wheat,
Muffets, Wheat Germ, Wheat-
ena

Low sodium cottage cheese, low
sodiun Ametican cheese

Plain gelatin, pie without salt 1n
crust, Puddings cornstarch made
with low sodium milk and &
allowance or egg yolh alone
Cookies made without salt, bak-
1ng powder {unless sodium free)
or baking soda Cake made with
low sodium mlk, sodium free
balang powder and no egg
whtes

1t on a 1 gram sodsum or less and
eggs arc desired 1n cooking, use
only egg yolks

Sweet butter, unsalted margarine,
yegetable shortening, satad
dressings made with allowed
foods Unsalted salad oils  corn
o1l, olive o1l, peanut oil, soybean
ol cotronseed oul, and vegetable
oil.

SODIUM RESTRICTED FOOD LIST

AVOID

Softened water, butter,
Dutch Process

Cocoa, mstant coffee
and cocoa, malted
milk, Ovalune and
regular milk except as
allowed

Regular bread, Gra-
ham crackers, soda
crackers, self tising
flour, and mixes; bis-
cuit, muffins, waffles
and pancakes

Quich-cooking cereals,
dry cereals except as
listed

Amencan cheese, cot-
tage, cream cheese,
sour cream, cheese
spreads

Flavored gelatin,
Junket tablets and the
following commeraal
products’ sce cxeam,
pudding mixes, bakery
products, sherbert,
cake mix, pie mix, and
pretzels

Salted hutter, bacon
fat, salted margarine,
salad dressings and
mayonnatse
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SODIUM RESTRICTED FOOD LIST (Continued)

FOOD ALLOWED AVOID
Soup Soups made with foods and Bowillion cubes,
seasonings allowed. canned soup, dehydrat-
ed soups, canned and
dried meat extracts,
Sweets White sugar, honey, jelly, fam  Brown sugar, molasses,
with no preservatives, candy syrups, commercial
made with allowed foods. candy,
Vegetables Fresh, canned without sajt, or ~ Canned vegetables with
frozen unless ordered otherwise salt, canned vegetable
Asparagus, green beans, wax Juices with salt, hale,

beans, lima (baby) beans, com, artichokes, dandelion
cowpeas, eggplant, endive, len-  greens, mustard greens,

tils, lettuce, okra, peas (not sauerhraut, watercress,

frozen), pumpkin, soybeans, strongly flavored vege-

squash, tomatoes, salt-free to-  tables, frozen peas,

mato juice. If | gram or over.  succotash, mixed vege-

beets, chard, carrots, celery, tables If under 1 gram.

spinach, beets, celery, spinach
and carrots,

Miscellaneous  Unsalted peanut butter, unsalted Brewer's yeast, salted
nuts, unsaited popcorn, chewing  nuts, salted popcorn,
gum, munt jelly, compressed potato chips, oltves,
yeast, salt-free baking powder  prchles, reltshes, an-

chovaes, cavsar, baking
soda and baking
powder

Note With the use of low-sodium milk, ice cream will be allowed once 2
week.
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SUBJECT INDEX

Acetazoleamide (Diamox), 33, 38,
61,79 91,131, 152, 158, 160

epilepsy, in, 83

Acd-base balance, 80

And-forming agents, 137-143

Acidosis, 91, 94, 129, 187-139, 143, 157
derelopment, 88

Addison's disease, 10

ADH (Anudiuretic hormone), 18
actaty, 74

threshold dose, 123
use, 12¢

Amunophyltine, 114-126, 158
effect, 116

Ammonium chloride, 58, 137-143,

153,158

potentiation, 141
prophylaceally, 142
toxicity, 140

Ammonium ions, 7

increased, 4 Ancmia, 14,78
influence, 7 Anudiuretic hormone (See ADH)
reduced output, 4 Anuria, 42
secreuon, regulation of, $ Asates, 89
Adminutration methods, 158
inorganic mercury, 53 Beri ben, 73
mercurials, 50, 55, 57, 73 Blood, hypertonic, 19
Adrenal cortical steroids {See Blood volume increase, in preg-
sterwids) nancy, 21
Ad Iy 55 assaciated with water retention, 18

Albumen, loss in nephritis, 21
Albumin, human, 161
serum, in nephrosis, 22
Aldosterone, 8-10, 16, 18, 24, 148
control of sodaum reabsorption, 8
increased in nephrosis, 24
output, 18
release of, mechanisms causing, 8
Aminoisometradine {Rolicton), 114~
126,158
potency, 123.124
side effects, 124
threshold dose, 128
use, 124
Aminometradine (Mictine), 114-126,
158

side cffects, 124

Body fud volume, 11
BUN, 135
Butamide, 3%, 38, 79-91

Calcium chloride, 137
Calaum excretion, 46
Carbonic anbydrase inhabitors, 33,
65-66,79 91, 158
asates, 1n lreatment of, 89
chemustry, 79
chlorothiande, 92-113, 153, 158
nechamsm of action, 92-93
congesuve heart failure, in, 89
contraindicated, 91
diuresis, mechanism of, 80
edema (mmuld),1n, 88 89
pre menstrual, 83
pregnancy, 90
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dosage-response cunes, 29
tow sodwm, 18, 26, 28, 161

189

hormonal changes ix, 18
mercurial suppositories, use of,

d with, 19-21,

salt restniction, 21 m, 58
sodum content, 27, 45 nephiius, 1n, 2128
Diffusion, $ adrenal-cortical sterouds, in, 25
Digitalis, 47,150 hypoproteinemuz, 1, 22
ben). 28 .
30-32,61-62 25,160

Dimeraaprol (Bal), 43-44
Diseases, duuretic therapy in, 11-26
Diuresus, 18, 20, 23, 40, 69

amunoisometradine, use of, 124

aminometradine, 124

pre-cxistng discasc, due 10, 21
25

Dauretics, bioassay study
32

dinical bicassay of, 27-38
compounds, new, 27
meralluride, action on, 41
mercunial, 27-32

study, 32
‘potency of, 27-38, 105
side effects, 70-72
Diuretic therapy, complications,
72-78, 156
congestive heart failute, in, 11-21
non-mercurial diuretics, v
refractoniness, cause, 74
value, 25, 150
xanthies, 114-126
Dose (5), (dosage), 111-113
59.

uterus, enlarged, m, 21
premenstrual, 19:21, 26, 160
carbonie anhydrase inhibitors,
use, 89
diet,n, 21
“sterord,” 25
syndromes, 26
Electrolyte, abnormalities, 75
balance, 4, 11,27
excretion, 33, 84, 128, 138, 146, 148
aldosterone, acuon on, §
aminophylline, following, 117
chlorothiazide, following, 95,
100, 104
fudrocortisone acetate, effect
on,17

organomercural, 59
response curve, 29 31,33, 134
chlorides, of, 29, 31
chlorothiazde, of, 101
sodium content, 32
test, 33
Drug-induced hypotension, §

Edema, 14, 16, 18,24, 26, 150, 152,
161-162
aldosterone output mn patients
with, 18
congestive heart faulure, associated
with, 11,12, 18
genesis, 19

tract, through,

rates of, 37

renal regulation, 3-10

shin, through, 3

steroid hormones, nfluence of,
16

ult, 60°, effect of, 15
trimethaphan, effect of, 12
imbalanee, types, 74, 154
retention, mechanisms of, 11-26
congestve heart failure, in,
1121
nephrosis, 1n, 24
Epilepsy. 89
Estrodiol, 20
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side effects, 85, 91
“stexord edema,” 83
Cardsac failure, 114, 148
abnormal sodium and water reten-
twon 1, {9
bed rest value, 151
decholin, use of, 153
digitalis, controlled with, 47
ederna in, 19
exercise 1n, 151
infections, associated with, 150
therapy, 19
U-3772, 147
U-6420, 147
Cardiac output, 1416
Cardiovascular toxicity, 69
Chlorazanil (Daqun), 127.128, 130
absorption, 151
action, onset and duration, 129
encretion, 128, 131, 135
fate, 181
Chioride (s), 5
dosage response curve, 29, 31
excretion, 27, 32, 47, 52, 128
Chlormerodrin (Nechydrin), 31-33,
52, 60, 62-63, 110, 131-132, 160,
162
benefits, 51
oral administration, 30
mercury excretion following, 54
Chlorothiande (Diunl), 92-114, 151,
158, 160-162
absorption, 100
chemstry, 92
cirrhosts, in, 108
dlinical use, 106-113
congestive heart fallure, 1n, 107
excretion, 104
fate, 104
hypertension, in, 110-111
1atrogentc steroid edema, in, 109
iptravenous dose, 103
oral admmnsstration, 103
potency, 103-106
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renal disease, 1n, 109
renal hemodynamc, effects of, 99
toac reactions to, 104
Clingcal broassay of diuretics, 27-38
Complications, diuretic therapy,
72-78
Congestive heart farlure, 11-21, 26,
159
carbomc anhydrase inhibtors, use
of, 83
cardiac output, 1416
chlorothiazide, used i, 107
digitalis, importance, 150
edema of, 11-26
pregnancy in, 21
filtration rate changes, 14
GFR influence, 11-13
humoral factors, 16-19
improved, management of, 18
mercunal diuretics used m, 27,52
etfect on excretion, 52
organomercurial dosage, 59
potassium halance, 18
renal blood flow, 13
sodium balance, 18
retention, 11, 16-19
therapeutic approach, 26
tubular function, 13
UX-6 used 1n, 133
venous pressure infinence, 1416
water retention, 19
Cortical extracts, 7
hormones, 8-9
Corticotropin (ACTH), 810, 160 162
influence, §
Cortisone, 25, 162
Cystemne complen, 56

Decholin, use 1n heart faidure, 153
Dehydration, 4
Desoxycorticasterone, 7-8, 16, 20, 148
Addison’s disease, 10, 7-8
Diet, control 1n premenstrual gain,
20
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chlorothiande, use of, 110:111
Hypochloremia, 141
Hypochloremic alkalosis, 58, 76, 154-

155

therapy, 76
Hypokaiemia, [57
Hyponatreruia, 7:
Hypoprotesnemi:
Mypotension, drug induced, 9

77,154

Inorganic mercury, adminustration
of,
Intramuscular route, 46, 50-51, 61
Ion, exchange mechanism, 7
Ions, 7,45, 82, 100
excreuon of, 8-9
Isocytosines, 118-126
acuon, mechanism, 119 120
chemistry, 118-120
exeretion, 120
fate, 120
talerance to, 126
taxaty, 120

Kidney (), 3,5, 11,16, 18, 24-25,40,
53,55,63, 74, 80, 82, 104, 139,
151152

disease, 124
sodlum chlonde balance, 4

Liver, function, 24
mercury n, 53
Low plasma albumen concentration,

21
Low sodium duet, 18, 26, 28, 161

Menstroal ¢yde, 20
sodium excretion reduced, 20
unne volume increased, 20
weight gain, 19
Menstruation, weight loss i, 20
Merallunde, 31, 41, 48,52, 61-62,
152,158
diuretic action, 41
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Mercaptomenn, 31-32, 51.52, 159
Mercurial adminustration, 69
Mercurial diuretics, action of, 40
bioassay study, 82
chemistry, 39-58
chlormerodnn, used in, 51
chinucal use of, 39-78
dosage, 59
inhibition of, 48-44
pharmacology, 38-78
Ppotassium excretion, effect oo, 43
potency, 59
rectal suppositorics, 51-53
refractoriness to, 73-43
tenal functions, effect on, 40-41
side reactions, 69
therapeutic effect of, 45
therapy resistance, 72, 153-154
urine composition before and
during, 45
Mercural (5), v
cardiorascular toxicity to, 69
excretion, 53
threshold dose, 60
uninary pH, cifect on, 47
Mercury, 29
excretion, following chlormero-
dnn, 54
following meratluride, 51
Mersalyl, 53
Methemoglobun, 141
“Moon face,” 109

Natriuretic agents, 21
Nephrosis, aldesterone increased 1,
21

plasma volume in, 22
sexum albumin admumstered an,
22
toxac mercury 1n, 43
Nephrotic syndrome, 21-24, 26, 160
Nutrate, 137
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Estrogen (s), 20
Excretion, ADH, 8-4
calaum, 46
chlorazanil, 131, 135
chlorides, 27, 32, 47, 52, 128
chlormerodrin, following, 54
following, 1
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exerase, effect, 12
nephrosis, in, 22-23
reduced 1n Addison’s disease, 10
Dy pnenmatic cuff, 14
by tilting, 14-15
by vascular obstruction, 14
effect, 11

4

electrolytes, 3-10, 11-26, 33, 37, 84,
95, 100, 104, 117, 128, 138, 146,
148

estrogens, 20

feces, 54, 104

10ms, 8-9

1s0cytosines, 120

mercurrals, 45, 47, 51, 54-55, 57

potassium, 9, 35, 45, 73, 82, 104, 128

sodum, v, 4-5, 9-12, 18, 1820, 23,
27-28, 3233, 85, 41, 47-49, 52,
64, 97, 128, 135, 148

steroids, 18

unine, 4, 8, 12, 15-16, 2021, 24, 41,
44-45, 47-49, 51.52, 54-55, 74-
75, 80, 82, 93, 104, 131, 186, 145

water, v, 4, 12, 17-18, 27, 29, 32-33,
37,84,128, 135, 146

xanthrnes, 118

Feces, 104
‘mercury excretion 11, 54
Fueller's theorem, 30, 32
Fludrocortisone acetate, 17
Formoguanamune, 127-128

Ganglionic blockade, 110
Ganglionic blocking agents, 11
Gastrointestinal disease, 103
distress, 57
symptoms, 69
tract, 118
GFR (Glomerular hltration rate),
8,5,9,20,42, 73, 80, 82,98, 104,
118, 120, 122, 145,151
congestive heart failure, in, 11-14,
19

Glomerular filtrate, electrolyte cot
posttion, 3,56

Glomerular filtration rate (See GF

Gluoose, 43

Heart failure (See also Congestive
heart failure)
albuminutsa in, 69
ammonium chloride, use of, 141-
142
cor pulmonae, associated with, 1!
edeman, 14
elevated blood urea mitrogen in, ¢
mercurials, therapy with, 66-67
myocardtal impairment syndrom
76
UX-6, use of, 151
Hemorrhage, 9
Hepatic discase, 26
edema 1n, 26
problem of, 24
sterouds 1m, 24
therapeutic approach, 26
Hormone, antidiretic (See ADH)
decrease, 19
premenstrual edema, 11, 20 21
sodium reabsarption, mechanism
controlling, 7-10
retention, factors in, 16-19
water balance, 1, 3
Hydraton, 4
Hydrochloricaad, 137
Hjdrocortisone, 16, 25
Hydrogen jon, 7
H, permetabobism, 73
Hypersensitivity, 69
Hypertension, 100
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reabsorption, in congestive heart
falure, 14

cardiac fatlure, in, 19
congestive heart failure, in, 26

8,57
retention, 9, 12,19, 66, 162
cardiac output, influence of,
1416
congestive heart failure, in, 18
filtration rate, influence of, 14

Thglycollic acid, 39

Tilt, 60°, effect of, 15
Tilung, 14

“Tolerance, 60

Toxic mercury nephross, 48
‘Triauncs, 127-136

hepatic discase, 1n, 24 action, mechanism of, 128
venous pressure, influence of, chemistry of, 127
14.16 climcal use of, 131-136
Sodium Chlornde, v, P of, 127-131
34,43,45,55,92 side reactions, 13

Sodium thioglycollate, 49

Spleen, mercury 10, 58

—55,43

Steroads, 7-8, 18-21, 26, 89
adrenal cortical, 1n nephrosts,

2324

admunsstration, 66
aldosterone, 16, 18,24, 148
cortisone, 25, 162
desonycorticosterone, 7 8, 15, 20,

18
hydrocortisone, 16,25
prednusone, 25
17-hydroxycorticords, 18
17heto steroids, 18
17-spirolactone, 148-149
“Sterord edema,” 24 26

Studues, blood chemistry, 143
compounds, new, 27-32
estrogens, 20
menstrual cycle, 19
mercunals, on renal funcuons,

1

polarographuc, 56
triaznes, denvatives, 127
tubular mhibition, 42

Syndrome, nephrotic, 21,24, 26, 160
salt depleton, 154 155

Theophylline, 39, 47
Therapy, duretie, 11-26

Tomethaphan, 11
effest on GFR, 12
Tubules (See Renal tubular)

U-3772, 144-145, 147
U 6120, 144-148
Unine, 4, 8, 12, 15-16, 20-21, 24, 41,
4445, 4749, 51-52, 54, 55, -
75,80, 82,93, 104, 131, 136, 145
menstrual cycle, 1, 20
60 ult, effect of, 15
Uterus, entarged, 21
UX 6,127-128, 131

Valeramide, 141 148
Vascular obstruction, 14
Vasapressin, 41

Venous pressure, 14-16, 19
Venous stasis, 124
Ventricular fibnllauon, 118

Water, 4,23
Addison's disease, loss in, 10
batance, 8, 11,27
dosage response curve, 31
excreton, v, 3-10, 12,17, 18,27, 29,
32-33, 37,84, 128, 135, 146
rates of, 37
renal regulation of, 3.10
reabsorpuon, 9, 19,27, 59, 66
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Oral administration, 32
chloraznl, 129
chlorothiazide, 93-95, 103
potency, diuretic action, 35
therapy, 51, 61, 67, 100, 108
Organomercurials, 39-40, 49, 59, 122
aatrogenic steroid edema, in, 25
Osmoreceptors, 4, 18
Ovulation, 20

Paget’s isease, 73
Para-amunohippurate, secretion of,
43
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Rauwolfia, 111
Rectal suppositories, 51, 53
Renal, base conservation mechan-
ismas, 81
blood flow, 13
damage, 42
disease, 109
funcuons, effect of ammnophylline,
116
effect of mercunal duuretics,
40-41
effect of tlt, 60°, 15
processes, 50

P di d drugs, 30
Parenteral potency, diuretic agents,
85

Penpheral arteriovenous fistula, 73
Pharmacodynamacs of therapy, 26
congesuve heart failure, in, 26
premenstrual edema, 1n, 26
Plasma, 3-5,7, 21-22, 24, 41-42, 53,
104

Preumatic cuff, 14
Portal cirrhosis, use of 1socytosines
mn, 124
Postmenstrual, werght loss, 20
Potassium balance, 18
concentration, 8
deficiency, 78, 154, 156
excretion, 9, 35,45, 73, 82,104, 128
intracellular loss of, 47
symptoms of loss of, 46
Pocency of draretics, 27-38
Prednisolone, 25
Prednisone, 25, 162
Pregnancy, blaod volume increased
n,21
carbonic anhydrase mhibators, i,
90

edema 1n, 19 21, 26, 160
Premenstrual edema, 19-21, 26, 89-
91,124
Protein sulthydryl groups (—SH), 42
Pulmonary disease, 73

reabsorptive 5
regulation, ADH secretion, 3
mechanisms responsible for, 3,
810
water and electrolyte excretion,
310
tubular, (tubule), (tubules), 4-5, 7,
13,16, 21, 23, 25, 42, 45, 55,
115,139
Retention sn.
diseases amenable to diurenc
therapy, 11-26
RH,OH, 39

Salt output, 7
Serum, albumin, 22
~SH (Proten sulfhydryl groups), 42
oxdation of, 43
Sade effects, diuretics compated,
70712
Sodium, balance, 18
concentration of, 5, 8
dosage response curve, 29, 31
excretion, v, 4-5,9-12, 16, 1820, 28,
27-28, 32-33, 35, 41, 47-49, 52,
64, 97, 128, 185, 148
menstrual ¢ycle, in, 20
vate per minute, 5
renal hemodynamics, effect of,
9-10
1008, 7






194 The Pharmacology and Clinical Use of Diuretics

cardiacoutput, mfluence of, raenstreation, loss of, 2
1416 postmenstrual, loss of, 20
mechanisms of, 11-26 premenstrual period, in, 20

nephrosis, in, 24
venous pressure, influence, {4-16  Xanthines, 39, 114-116

Werght, 27, 29, 32-33, 36, 61, 98 absorption, 118
changes ing i i action, hanism of, 115
of carbonic anhydrase inhib- chemistry of, 114
itors, 85-86 chinical use of, 120-126
dosage response curve, 29, 31 excretion, 118
loss, 33, 36, 61,98 fate, 118

menstrual cycle, gain, 19 toaxcity, 118






