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The Induction of Metabolic Alkalosis by Correction of
Potassium Deficiency *

HOWARDL. BLEICH,t RICHARDL. TANNEN,t ANDWILLIAM B. SCHWARTZt
(From the Department of Medicine, Tufts University School of Medicine and the Renal

Laboratory, NewEngland Medical Center Hospitals, Boston, Mass.)

Recent studies in both dog and man have chal-
lenged the widely held concept that repair of potas-
sium deficiency is a prerequisite to the correction of
metabolic alkalosis; ready and sustained correction
of alkalosis has been shown to follow the adminis-
tration of chloride, as either sodium chloride or
hydrochloric acid, even when the diet is free of po-
tassium (1-4). Furthermore, it has been shown
that correction of an alkalosis by hydrochloric
acid is sometimes retarded by the simultaneous re-
pair of potassium and sodium deficiency (3). In
view of these observations an attempt has been
made to explore further the relationship between
the retention of potassium and the renal regulation
of acid-base equilibrium. For this purpose po-
tassium-depleted animals with normal plasma bi-
carbonate concentrations were maintained on an
electrolyte-free intake and then fed potassium with
a poorly reabsorbable anion, either sulfate or phos-
phate. The data demonstrate that this experi-
mental procedure induced a striking retention of
potassium, a virtually equivalent increase in the
renal excretion of acid, and a sustained metabolic
alkalosis.

Methods

Balance studies were carried out on six female mon-
grel dogs weighing between 18.3 and 26.3 kg. The dogs
had been prepared according to the following protocol,
which is described in greater detail in the previous paper
(3): Animals were placed on an electrolyte-free diet sup-
plemented daily with 40 mEq of sodium and 40 mEq of
potassium as the neutral phosphate. Metabolic alkalosis,
hypokalemia, and potassium deficiency were then in-
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duced by gastric drainage of hydrochloric acid. After
drainage had been completed and a steady state of alka-
losis achieved, the electrolyte supplement was withdrawn
from the diet, and hydrochloric acid was administered
until plasma bicarbonate and pH returned to control
values. During the next 5 to 7 days, despite the presence
of severe potassium depletion, a new steady state was
reached in which the acid-base composition of extracel-
lular fluid was normal and net acid excretion was virtu-
ally constant (3).

The present study was initiated with the last 4 to 5
days of the steady state of the period after acid ingestion
as the control period. Eighty mEqof potassium, as either
sulfate (three dogs) or neutral phosphate (three dogs),
was then added to the daily diet and potassium adminis-
tration continued until a new steady state had clearly
been achieved (7 to 10 days). At this time, in order to
evaluate further the possible effects of sulfate as com-
pared with phosphate, we substituted phosphate for sul-
fate in two dogs and continued balance observations for
5 days. Potassium phosphate was then withdrawn from
the diet of these two dogs as well as from the diet of
one dog that had received phosphate initially. Balance
studies were terminated 7 to 8 days later.

The experimental procedures, analytical methods, and
balance data calculations were identical to those described
in the preceding paper (3).

Results

Status of dogs before potassium administration

Before administration of potassium mean plasma
pH was 7.43, and mean plasma electrolyte concen-
trations were bicarbonate, 22.1; sodium, 146;
potassium, 2.4; and chloride, 106 mEq per L.
Cumulative balance data for all dogs before the
administration of potassium are presented in Ta-
ble I. Cumulative balances averaged chloride,
- 36; sodium, + 1; and potassium, - 179 mEq
[Kn (K corrected for N), - 202 mEq].

Potassium administration

The changes in plasma composition, potassium
balance, and urinary net acid excretion for one dog
given potassium sulfate and another given potas-
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TABLE I and acid-base data for all studies are shown in
Cumulative electrolyte balance before Tables III and IV. Except for the partition of net

administration of potassium acid excretion between ammonium and titratable
Dog Days* Na K Knt Cl N acid, acid-base and electrolyte changes were vir-

tually identical in the sulfate and phosphate groups.
947 24 -51 -114 -153 - 28 +14.1 Potassium. All dogs retained a significant quan-
958t 29 +61 -167 -196 + 23 +10.8 tity of potassium during the first 3 days of potas-
959 41 +41 -248 -320 - 53 +26.2
967 23 +31 -106 -150 0 +16.8 sium ingestion, the mean cumulative retention be-
966 31 -15 -199 -197 - 24 - 0.7 ing 124 mEq. Cumulative retention for the entire
970 32 -59 -241 -196 -133 -16.7 period averaged 133 mEq (range, 91 to 241 mEq).
Average 30 + 1 -179 -202 - -36 + 8.4 Retention of this quantity of potassium did not

appear to fully correct the loss. that the animals* Number of days each dog was oti balance study before
potassium administration; for details of protocol during had incurred during gastric drainage and the sub-
this period see Methods. . . .

a pt Kn = K corrected for N. sequent administration of a potassium-free diet
$ Approximately 200 ml of gastric drainage lost; balance (Table I) ; the remaining mean calculated deficit

data do not include a correction for this loss. averaged 46 mEq (Kn, 69 mEq), but in view of

sium phosphate are shown in Figure 1. Detailed the length of study it is difficult to be certain of
balance data for one of those studies (dog 970) the significance of this estimate. Mean plasma po-
are presented in Table II. Cumulative electrolyte tassium concentration increased from 2.4 to 3.5

TABLE II

Balance data on a nonalkalotic, potassium deficient dog fed potassium sulfate (no. 970)

Urine

Intake Titrat-
Body able Organic

Dayl weight Na K Cl N Vol pH HCOs NH4 acid Cl Na K P04 S04 acids N

kg mEq/day giday mI/day mEq/day mmoles/ mEq/ g/
day day day

Potassium 1 17.9 5 1 1 9.3 720 6.53 3 43 7 1 1 1 is 7 22 6.8
sulfate 2 5 1 1 9.2 830 6.55 3 47 8 1 1 1 17 7 25 8.0

3 18.3 5 1 1 9.3 830 6.53 3 47 7 1 1 1 16 7 20 7.6
4 5 1 1 9.3 790 6.51 3 51 8 1 1 1 17 7 21 8.0
5 18.7 5 1 1 9.3 740 6.57 3 39 6 1 1 1 12 6 19 6.5

6 19.2 5 79 1 9.6 680 5.98 1 102 12 0 2 21 17 46 28 9.4
7 5 79 1 9.6 780 5.80 1 82 10 0 1 26 13 42 23 7.7
8 19.7 5 79 1 9.6 810 5.78 0 87 15 0 1 35 20 48 32 10.2
9 5 79 1 9.6 910 5.93 1 57 16 0 2 68 23 48 30 9.5

10 19.6 5 79 1 9.6 805 5.77 1 42 14 0 1 66 19 43 22 6.8
11 5 79 1 9.6 830 5.81 1 41 16 0 2 78 22 45 21 7.5
12 19.6 5 79 1 9.6 910 6.00 1 41 17 0 3 86 24 48 27 8.6

Plasma
Stool

Body Creati-
Day weight Cl Na K N Pco2 pH HCO3 Na K C1 nine

kg mEq/day g/day mmHg mEq/L mg1
100 nil

Potassium 1 17.9 1 3 1 0.8 34 7.44 22.7 139 2.1 99
sulfate 2 1 3 1 0.8

3 18.3 1 3 1 0.8 35 7.42 21.8 140 2.1 101 1.0
4 1 3 1 0.8
5 18.7 1 3 1 0.8 34 7.44 22.3 139 2.2 100 1.0

6 19.2 <1 <1 2 0.4 37 7.45 24.6 139 2.7 97
7 <1 <1 2 9.4
8 19.7 <1 <1 2 0.4 37 7.51 28.7 140 3.2 94
9 <1 <1 2 0.4 39 7.51 30.4 140 3.9 93

10 19.6 <1 <1 2 0.4 39 7.51 30.1 144 3.3 95 0.8
11 <1 <1 2 0.4
12 19.6 <1 <1 2 0.4 40 7.49 29.4 141 3.2 96 0.8
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TABLE III

Cumulative balances during administration of potassium sulfate or neutral potassium phosphate to
potassium-depleted dogs with normal extracellular acid-base parameters*

Internal balance

Weight External balance Intra- Intra-
Potassium cellular cellular ECFt

Dog salt Days Initial Final Na K Kn Cl N Na K vol

kg mEq g mEq L
947 Phosphate 8 18.5 18.7 + 5 +108 +108 -18 +0.1 - 26 +102 +0.1
958 Phosphate 7 19.1 19.1 + 7 + 91 + 81 - 6 +3.8 - 8 + 87 +0.1
959 Phosphate 7 26.3 26.6 -57 +241 +239 - 4 +0.8 -109 +237 +0.2
967 Sulfate 10 18.8 19.2 -16 + 91 +106 - 7 -5.4 - 35 + 87 +0.1
966 Sulfate 7 21.9 22.4 + 5 +108 +104 - 7 +1.4 - 30 +104 +0.2
970 Sulfate 7 18.3 19.6 + 5 +158 +154 - 6 +1.6 - 16 +153 +0.1

* Neutral phosphate = 4 HPO4/1 H2PO4.
t ECF = extracellular fluid.

mEq per L during the period of potassium ad-
ministration. This latter value was probably lower
(p < 0.02) than the mean value of 4.0 mEq per

L observed before gastric drainage when the ani-
mals were normal.

Acid-base (Figures 1 and 2). During the ad-
ministration of potassium, plasma bicarbonate con-

centration increased from a mean control value of
22.1 mEq per L to 28.4 mEq per L (Figure 2);
most of this rise occurred by the third day of po-

tassium administration. Mean blood pH increased
from 7.43 to 7.49 and mean plasma Pco2 from 35
to 39 mmHg. Each of these changes was sig-
nificant (p < 0.01).

Dg 970

30 _
l-CO3
mEq/L 25

Cl 100 /e'
mEq/L 95

GUM. Zo_

ACum. +100 _

K
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0
A

NET
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-0 I

-3 c

KK'IS04

1 .

0 3 6
DAYS

Dog958 KLK h

30

25

110

105

+-100

0
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I *--. t *A
-3 0 3 6
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FIG. 1. EFFECTS OF ADMINISTERING POTASSIUM SUL-

FATE OR PHOSPHATETO POTASSIUM-DEPLETEDDOGS WITH

NORMALEXTRACELLULAR ACID-BASE PARAMETERS. Note
than an increase in acid excretion is plotted downward
from the base line, indicating a loss of acid from the
body.

Net acid excretion increased strikingly during
the first 3 days of potassium administration, the
cumulative increment ranging from 67 and 156
mEq (average, 115 mEq). Daily excretion then
promptly fell, but stabilized at a value averaging
9 mEq per day above control levels; since over
this latter interval there was no further rise in,
plasma bicarbonate concentration, it seems prob-
able that the increased level of acid excretion in
the new steady state reflected a slightly higher rate
of endogenous acid production. Even if the values
for net acid loss observed during the first 3 days of
potassium administration are assumed to reflect
such a change in acid production, and are corrected
appropriately, the values for acid loss (mean, 88
mEq) are still more than sufficient to account for'
the total bicarbonate added to the extracellular
fluid.

TABLE IV

Comparison between potassium retention and acid loss during
induction of alkalosis by administration of potassium

sulfate or neutral potassium phosphate

Cumulative Cumulative
Potassium potassium net

Dog salt retention acid*

mEq mEq
947 Phosphate +108 -146
958 Phosphate + 91 - 96
959 Phosphate +241 -194

967 Sulfate + 91 -116
966 Sulfate +108 -191
970 Sulfate +158 -196

Mean +133 -157

* Cumulative loss of acid (i.e., increased excretion into
the urine) is shown as a negative value and has been cal-
culated as the change from the mean daily acid excretion
during the 5 days preceding administration of potassium.
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FIG. 2. CHANGESIN PLASMABICARBONATECONCENTRA-

TION DURING REPAIR OF POTASSIUM DEFICIENCY BY POTAS-

SIUM SULFATE OR PHOSPHATE. Dogs that received potas-
sium sulfate are represented by circles, dogs that re-

ceived potassium phosphate by squares.

Sulfate, phosphate, and the partition of excreted
acid between ammonium and titratable acid (Fig-
ure 3). Mean sulfate excretion increased from 8
to 46 mmoles per day when 39 mmoles of sulfate
was added to the diet. Mean phosphate excretion
increased from 19 to 58 mmoles per day when 44
mmoles of phosphate was added to the diet. There
were no significant changes in phosphate excretion
in the sulfate experiments, or in sulfate excretion
in the phosphate experiments.

Although the increase in net acid excretion was

comparable in the sulfate and phosphate groups,

there was a striking difference in the partition of
excreted acid between ammonium and titratable

6.8
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FIG. 3. CHANGESIN URINE
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PH, TITRATABLE ACIDITY

(TA), AND AMMONIUMEXCRETION DURING THE ADMINIS-
TRATION OF POTASSIUMSULFATE OR PHOSPHATETO POTAS-
SIUM-DEPLETED DOGS WITH NORMALEXTRACELLULARACID-
BASE PARAMETERS.

acid (Figure 3). In the sulfate studies a rise in
ammonium excretion accounted for virtually the
entire increment in net acid excretion; although
urine pH decreased markedly, there was only a

slight increase in titratable acid since phosphate
excretion remained low.

In the phosphate studies, on the other hand,
there was a large increase in the daily excretion of
titratable acid that persisted throughout the pe-

riod; daily ammonium excretion was either un-

changed from control or slightly elevated during
the first 2 to 3 days of phosphate administration,
but thereafter decreased to a new level significantly
lower than that of the period preceding phosphate
administration. Urine pH decreased during the
first 2 days of the period, but then returned ap-

proximately to control values.
Chloride, extracellular volume, and sodium.

The urine remained essentially chloride free
throughout the study. During the first 3 days of
potassium administration, plasma chloride concen-

tration fell by a mean of 5 mEq per L (range, 3
to 6 mEq), and extracellular fluid volume ex-

panded by a mean of 0.2 L (range, 0.1 to 0.3 L),
but each was essentially unchanged during the re-

mainder of the period. There was a calculated
shift of sodium out of cells that averaged 37
mEqand of potassium into cells that averaged 128
mEq (Table III). The mean final extracellular
volume was not significantly different from the
mean volume calculated for the same dogs before
the original period of gastric aspiration.

There were no significant changes in plasma so-

dium concentration in any of the dogs or in ex-

ternal sodium balance in five of the six dogs. The
one dog that lost sodium (dog 959) differed from
the other animals in that it was the most potas-
sium depleted, retained the largest amount of po-
tassium, and had the largest calculated shift of so-

dium out of cells. In this animal, however, a

significant fraction of sodium that had shifted from
cells was retained in the extracellular fluid, and
chloride space expanded by the same amount as
in the other studies; this expansion took place
before the first appearance of sodium in the urine.

Withdrawal of potassium sulfate and replacement
by neutral potassium phosphate (two dogs)

Neither plasma bicarbonate concentration, blood
pH, nor urinary net acid excretion changed sig-

> | ~~~KSulfate or K Phosphat

ta
0. 0

.a *

8 .

a a~ ~~~

_ . I. I. * _
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nificantly when potassium phosphate was substi-
tuted for potassium sulfate. There was, however,
a striking change in the partition of excreted acid
between ammonium and titratable acidity. Sub-
stitution of neutral phosphate increased titratable
acidity by an average of 23 mEqper day, but this
was accompanied by a decrease in ammonium ex-
cretion that averaged 21 mEq per day. There
were no significant changes in plasma sodium, po-
tassium, or chloride concentration, or in the ex-
ternal balances of these ions.

Withdrawal of neutral potassium phosphate from
the diet (three dogs)

Whenpotassium phosphate was withdrawn from
the diet, mean plasma potassium concentration de-
creased from 3.1 mEqper L to 2.6 mEqper L, and
there was a mean negative potassium balance of
90 mEq. Mean plasma bicarbonate concentration
decreased by 1.6 mEq per L (range, 0.9 to 2.1)
and stabilized at a final average level of 28.4 mEq
per L. Cumulative net acid excretion (with the
last 4 days of the potassium period as a reference)
decreased by an average of 43 mEq (range, 2 to
86 mEq). There were no significant changes in
plasma concentrations of sodium or chloride or
in the external balances of these ions.

Miscellaneous

Throughout the study body weight and plasma
creatinine concentration remained essentially un-
changed. Plasma unmeasured anion concentration
increased from 20 to 22 mEqper L during the pe-
riod of potassium administration. Nitrogen bal-
ance averaged + 0.4 g during the period of potas-
sium administration, + 4.2 g during the substitu-
tion of potassium phosphate for potassium sulfate,
and + 5.5 g during withdrawal of potassium phos-
phate. Daily urinary organic acid excretion, ana-
lyzed in four dogs, showed no significant change
during the period of potassium administration.

Discussion

The present studies were undertaken in an at-
tempt to throw further light on the relationship
between potassium deficiency and the regulation of
renal acid excretion and bicarbonate reabsorption.
For this purpose an experimental setting was
chosen in which plasma bicarbonate concentration

and pH were normal despite the presence of se-
vere potassium deficiency, conditions conveniently
provided by the dogs described in the previous pa-
per (3) in which metabolic alkalosis was corrected
by administration of hydrochloric acid and an elec-
trolyte-free diet. The administration of potassium
with a poorly reabsorbable anion has made it pos-
sible to determine whether, under these circum-
stances, the organism gives priority to conserva-
tion of sodium, to repair of potassium deficiency,
or to maintenance of acid-base equilibrium. More
specifically, the kidney is confronted with the fol-
lowing options: 1) The potassium deficiency can
be ignored and the administered potassium excre-
ted with the poorly reabsorbable anion. 2) Potas-
sium can be retained, but only at the cost of losing
either sodium or hydrogen in its place.

The data demonstrate that dogs confronted with
these options retain potassium and, rather than
excrete sodium, excrete a nearly equivalent quan-
tity of hydrogen and develop metabolic alkalosis.1
The magnitude of this response is not influenced
by the buffer characteristics of the administered
anion, since sulfate, a nonbuffer, was just as ef-
fective as phosphate in producing the acid-base ab-
normalities. It is also of interest that the con-
tinued presence in the diet of potassium and the
nonreabsorbable anion was not necessary for main-
tenance of alkalosis; withdrawal of the potassium
salt led to only a slight fall in plasma bicarbonate
concentration.

These data, viewed in light of current concepts
of renal tubular function, would appear to be best
accounted for in the following fashion: When the
administered potassium and poorly reabsorbable
anion are initially presented to the kidney, potas-
sium is reabsorbed in the proximal tubule with
chloride, thus shunting sodium with poorly reab-
sorbable anion to a distal exchange site. Here the
sodium is exchanged in part with potassium but
also to a considerable extent with hydrogen, the
sum of the two approximating the quantity of po-
tassium that had been administered. To the ex-

1 Administration of a similar quantity of potassium
phosphate to normal dogs on the same chloride-free diet
does not induce metabolic alkalosis (1).

2 It seems probable that some portion of the adminis-
tered potassium entered body cells in exchange for so-
dium and hydrogen before it had the opportunity to ap-
pear in the glomerular filtrate. The net effect of this
event would also be to increase the presentation of sodium
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tent that additional hydrogen is excreted into the
urine, potassium is retained in the body with bi-
carbonate. A portion of this potassium enters
cells in exchange with hydrogen, the net result be-
ing an alkalinization of both the intra- and extra-
cellular compartments. Most of the remaining po-
tassium exchanges with sodium and allows extra-
cellular fluid to expand approximately to its nor-
mal volume. As a result of this expansion (which
is sustained by renal conservation of sodium), se-
rum chloride concentration falls, the fraction of
filtered sodium that is reabsorbed by cation ex-
change is increased, and the rate of hydrogen ion
secretion and bicarbonate reabsorption is elevated
(1, 2). Parenthetically, it should be pointed out
that the present study tends to exclude the possi-
bility, raised by previous experiments, that con-
traction of the extracellular space is responsible for
the alkalosis induced by chloride depletion and hy-
pochloremia (1, 2).

These experiments do not, of course, delineate
the changes in potassium concentration or pH that
may have occurred within renal tubular cells, but
it seems reasonable to assume that the repletion
of body potassium stores and the systemic alkalini-
zation would be shared by the renal tubular cells.
The possibility cannot be excluded, however, that
the composition of renal tubular cells did not par-
allel that of the blood and body tissues generally,
but rather that these cells became potassium de-
ficient and acidotic. To account for the observed
augmentation of acid excretion on this basis, we
must also postulate that before the administration
of potassium the potassium-depleted dogs had nor-
mal tubular potassium stores; as has been dis-
cussed previously, this seems unlikely (3).

If a direct relationship is assumed to exist be-
tween the potassium content of the body and of
the renal tubules, the present experimental ob-
servations can still readily be accounted for within
the theoretical framework (derived from acute ex-
periments) that relates the secretion of potassium
and hydrogen (5, 6). The following explanation
is proposed: When potassium sulfate (or phos-
phate) is administered and an increased quantity
and poorly reabsorbable anion to distal exchange sites;
under such circumstances, however, the increase in so-

dium-hydrogen exchange would take place without the
intervention of potassium reabsorption in the proximal
tubule.

of sodium is delivered to the exchange site for
reabsorption, a deficiency of potassium combined
with a normal availability of hydrogen favors the
secretion of hydrogen rather than potassium. Al-
though the renal tubular potassium stores are un-
dergoing partial repair, the continued presence of
a significant degree of cellular potassium depletion
allows a large fraction of the cation secretion to
consist of hydrogen. As tubular potassium stores
become progressively repleted, more potassium
becomes available for secretion, potassium con-
tributes a progressively larger share of the ex-
change package, and further loss of hydrogen
ceases.

By contrast with the present study, the alkalo-
sis induced by the gastric drainage of hydrochloric
acid is associated with a loss of potassium, a find-
ing also readily explained within the conventional
theoretical framework. During the depletion of
hydrochloric 'acid, sodium previously reabsorbed
with chloride is shifted to the cation exchange
mechanism with the result that potassium and hy-
drogen secretion is accelerated (2). Since cellu-
lar potassium stores are intact, potassium com-
prises a relatively large fraction of the exchange;
bicarbonate is, therefore, permitted to escape into
the urine, and the development of alkalosis is re-
tarded. As potassium stores become depleted, and
the demand for a high rate of cation exchange
continues, hydrogen secretion claims a progres-
sively larger share of the common secretory path-
way until a new steady state of potassium balance,
hypochloremia, and alkalosis is achieved. Both
in the alkalosis induced by gastric drainage and in
that induced by potassium sulfate the final steady
state is similar, but the approach to this state in-
volves depletion of renal potassium stores in one
case and partial repletion in the other.

Finally, it is noteworthy that the rise in net
acid excretion was virtually identical whether po-
tassium was administered with sulfate or with
phosphate; with potassium phosphate, however,
this increase occurred almost entirely as titratable
acid, whereas with sulfate it occurred as ammo-
nium. In addition, when phosphate was substi-
tuted for sulfate, daily net acid excretion did not

change. These observations indicate that total acid
excretion was not a function of the buffer char-
acteristics of the poorly reabsorbable anion.
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Summary

Potassium deficient dogs, in which the acid-base
composition of extracellular fluid was normal,
were maintained on an electrolyte-free diet and
subsequently fed a potassium supplement as either
sulfate or neutral phosphate. This protocol was

designed to confront the kidney with the following
options. It could 1) ignore the potassium deficit
and excrete potassium with the poorly reabsorb-
able anion or 2) retain potassium and excrete
either sodium or hydrogen in its place. The data
indicate that in each instance there was a marked
retention of potassium and an approximately
equivalent loss of acid into the urine. Concom-
itantly, plasma bicarbonate concentration and pH
increased to frankly alkalotic levels, and plasma
potassium concentration rose towards normal.
Once alkalosis had developed, it persisted even

after potassium and the poorly reabsorbable anion
were withdrawn from the diet. It is thus clear
that repair of potassium deficiency and protection
of volume took priority over maintenance of nor-

mal acid-base equilibrium. Current views on the
interrelationship between potassium deficiency and

metabolic alkalosis have been examined in light
of these findings.
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