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Urinary ammonia is produced in renal tubular
cells by the deamidation of glutamine and aspara-
gine and the deamination of a variety of amino
acids (1-5). Many ammonia-producing enzymes
have been identified in mammalian kidney and
both their presence and activity appear to vary
widely with species (5-14). In the dog, 60 per
cent of the urinary ammonia has been attributed
to the deamidation of serum glutamine, the re-
maining 40 per cent apparently originating from
amino acid oxidase activity (1). In the human
kidney, glutaminase activity is only 0.1 to 0.01
that present in dogs (15). Renal l-amino acid
oxidase activity is low or absent in most species
save the rat (8) and renal d-amino acid oxidase
varies widely in different species, the activity in
the cat being 20 times that in the guinea pig (14).

Recently it has been shown in rats that strong
acid loads increase renal ammonia production con-
sequent to adaptation of glutaminase (16-19),
glycine oxidase and l-amino acid oxidase (16).
Increased renal ammonia production and excretion
also follows the administration of precursor amino
acids; in dogs the administration of a dl-alanine,
l-leucine, glycine, glutamine and dl-aspartic acid
results in a prompt increase in urinary ammonia
excretion (1-4).

It is not known precisely which ammonia-
producing enzymes are present in the human kid-
ney and which of these undergo adaptive change
during the administration of strong acid loads.
The purposes of this study were threefold: to de-
termine which amino acids are precursors of uri-
nary ammonia, thereby furnishing evidence for the

1 This work was supported by a research grant from
The National Institutes of Health, United States Public
Health Service and from Smith, Kline and French
Foundation.

2 Presented at the meeting of the American Federation
for Clinical Research in Atlantic City, May, 1955.

presence of various ammonia-producing enzyme
systems in the human kidney, to ascertain which
of these enzymes show adaptive increase in ac-
tivity and finally to help define the relationship
between ammonia production and ammonia trans-
port by observing the changes in urinary acid ex-
cretion during the administration of precursor
amino acids.

PROCEDURE

Five normal male subjects, housed on the metabolic
ward and maintained on a diet of constant composition,
were given NH,Cl loads continuously for from one to
five months. One hundred twenty-five studies, each last-
ing 8 to 10 hours, were performed. To identify the
amino acid precursors of urinary ammonia, the subjects
were kept on 15 Gm. of ammonium chloride until am-
monia excretion was constant. Single amino acids (230
to 400 mM) were then given orally over a 60 to 90 min-
ute period and changes in urinary ammonia, pH and
titratable acid (TA) were followed hourly for six to
eight hours. These values then were compared to those
obtained during a control period of equal duration, per-
formed during the same hours of the day in order to ob-
viate changes related to diurnal variation.

To determine which renal enzyme systems adapt to
strong acid loads, subjects were studied under three
circumstances : standard diet (SD) plus 5 Gm. of NH,Cl1
per day; SD plus 10 Gm. NH,CI per day; and finally, SD
plus 15 Gm. NH,CI per day. Each level of NH,Cl ad-
ministration was continued from 10 to at least 30 days.
When a steady state was attained, as evidenced by a
constant urinary ammonia excretion during a fixed six
to eight hour period each day (9:00 a.m. to 5:00 p.m.),
equimolar amounts (300 mM) of different amino acids
were given on different days.® Experiments were per-
formed at no less than three day intervals to allow ade-
quate time for return to a steady state. The amino acids,
dissolved in 500 to 1,000 ml. of water, were administered
orally over a 60 to 90 minute period. Urine specimens
were collected hourly under mineral oil in bottles con-
taining phenyl mercuric nitrate as a preservative. Im-

30n the days of the amino acid loading and control
experiments, NH,Cl was not administered until after the
study was completed. The subjects therefore did not
receive NH,CI for 14 hours prior to each experiment.
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TABLE I
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Mammalian renal ensyme systems capable of ammonia production *

ENZYME SUBSTRATE PRODUCTS
I. Glutaminase(S’n“S) Glutamine Glutamic acid 4 ammonia
2. Asparaginase(n) Asparagine Aspartic acid 4 ammonia

. D-Amino acidq4)

Most D-amino

Corresponding

oxidase acids oc-keto acid -+ ammonia
4. L-amino acia(8. 14) Most L-amino Corresponding
oxidase acids oc-keto acid < ammonia

5. Glycine oxidasef’) Glycine Glyoxylic acid 4+ ammonia
6. Glutamic acidQ4) L-glutamic o-ketoglutaric
dehydrogenase acid acid + ammonia
7. Transaminase(3) a.lL-aspartic4 Gce-ketoglutaric | Oxaloacetic glutamic
acid acid acid + acid
b.L-alanine 4 o¢c-ketoglutaric | Pyruvic glutamic
acid acid + acid

8. Proline oxidaseﬂo"“)

Proline

L-glutamic acid

* Neither the transaminases nor proline oxidae directly produce ammonia but if coupled with gluatamic
dehydrogenase, a net production of ammonia occurs. The superscript indicates a reference number.

mediately after voiding, ammonia, TA and pH were de-
termined. In 42 experiments titratable acid minus bi-
carbonate (TA-HCO,) was measured. The values ob-
tained on experimental days, when amino acid was given,
at each level of NH,Cl administration, were compared to
the values obtained on control days at the same level of

NH,Cl administration. The net change (experiment
minus control) in ammonia excretion, attributable to the
administration of each amino acid at each level of NH,CI
administration, was thus obtained. The net change in
urinary ammonia [or ammonia plus (TA-HCO,)] after
a specific amino acid, while the subject was receiving §
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F16. 1. EFFECT OF ADMINISTRATION OF GLYCINE ON URINARY AMMONIA
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Gm. NH.,Cl per day, was then compared to the net
change that occurred when the subject received 10 and
then 15 Gm. NH,Cl per day.

Methods. Urinary ammonia was determined in dupli-
cate by a modification of the microdiffusion method of
Conway (20). Urine pH was measured with a Beck-
man pH meter using external glass electrodes and cor-
rected to 37.5° in accord with the findings of Wesson for
human urine (21). Urine was titrated to pH 7.4 with
0.1 N NaOH to determine titratable acid. TA-HCO,
was measured by the method of Dawson, Dempsey, Bart-
ter, Leaf and Albright (22). Serum CO, content was de-
termined manometrically (23). Serum chloride was
measured by the method described by Peters and Van
Slyke (23); serum sodium and potassium concentrations
were determined on the flame photometer (24).
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RESULTS

1. Identification of ammonia-producing ensyme
systems in human kidney by administration of
precursor amino acids

The enzymes producing ammonia from amino
acids which have been identified in vitro in mam-
malian kidney are listed in Table I. A typical
experiment showing an augmented ammonia ex-
cretion after administration of glycine to a sub-
ject stabilized on 15 Gm. NH,Cl daily is presented
diagramatically in Figure 1. The prompt rise in
urinary ammonia excretion lasting four to six
hours suggests that glycine oxidase is present in
human kidney. The results after the administra-
tion of 12 different amino acids suggest that all

TABLE 11
Protocols of typical amino acid loading and comtrol studies*

CONTROL EXPERINENT
SERUM URINE SERUM URINE
PREPARAT ION | AMINO| GO | TIME A AMINO | G TIME =

ACID | CONTENT| ., . | voL.[ 3 1 T-A- } aciD [cONTENT| oL | oy 3/ T.A.

mEq/L. | Pinute | oo | PR TV mEqyTy mEq/L. | minutes| cc, mEQ/TV | mEQ/TY

Standard || none | 26.2 | 0-60 | 269 |5.32 | 4.2 | 1.8 | 6iy- | 27.9 | o0-60 |129]|s.12| 3.8]| 2.9

diet + 60-120| 140 | 5.18 | 3.4 | 1.9 ] cine 60-120 | 118 5.77| 5.2 2.4
S gm. 400mM

NH G 120-180| 173 S5.19 | 4.0 2.3 120-180 | 203} 6.02 | 6.2 | 2.0

day 180-240| 239 | 5.38 | 3.1 | 2.0 180-240 | 270| 5.72 | 4.8 | 2.0

240-300f 135|5.20 | 3.2 | 1.8 240-300 | 297 5.53| 3.5 | 2.4

300-360| 195|5.23 | 4.3 | 2.2 300-360 | 169 5,181 3.1 | 2.8

TOTAL 22.2 | 12.0 TOTAL 26.6 | 4.5

standard | none [ 23.4 | 0-60 | 314)5.19 | 7.3| 2.7 ]| 6ly- | 24.0 | 0-60 | 105]| 5.18| 5.9| 1.3

diet + 60-120| 222 | s.19 | 5.9 | 2.6 § cine 60-120 | 190} 5.67 [ 16.1 | 2.8
10 gm, 400mM

NG 120-180| 224 | S5.13 | 6.1 | 2.4 120-180 | 160] 5.95 | 11.6 | 1.4

q.d. 180-240| 140 | 5.02 [ 5.4 | 1.4 180-240 | 174 ] 6.17| 9.4| 1.1

240-300| 170 | 5.12 | 5.5 1.7 240-300 | 140 5.97| 7.4 1.1

300-360| 130|5.19 | 4.5 1.6 300-360 | 140| 5.58| 5.8 | 1.8

TOTAL 34.6 | 12.4 TOTAL 56.2 | 9.5

Standard [l none | 20.6 | 0-60 | 140 5.46 [11.6| 2.4 || Gly- | 20.7 | 0-60 | 55| 5.78] 9.1 | 1.4

diet + 60-120] 75|s.60 | 7.8 | 2.0 cine 60-120 | 152 6.12| 17.1| 2.2
IS gm, 400mM

NH,CI 120-180( 120 | 5.55 | 9.2 | 1.2 120-180| 68| 6.08| 7.3| 0.7

q.d. 180-240| 110 | 5.45 | 8.9 | 2.1 180-240 | 226 6.15| 30.5 | 1.7

240-300| 112| 5.49 | 9.7 1.3 240-300 | 499| 6.42 | 13.7| 1.8

300-360| 87 5.60 | 8.7 | 1.4 300-360 | 226| 6.18 ] 19.4 | 1.4

-TOTAL 55.9 | 10.4 TOTAL 97.1[ 9.2

L | 1 1

* TV refers to total urine volume,
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F16. 2. ErfFecT oF GLYCINE ADMINISTRATION ON NET
AMMONIA EXCRETION IN THREE SUuBJECTS DURING STEP-
WISE INCREASE IN THE MAGNITUDE OF THE CHRONIC
AMMoNIUM CHLORIDE Loaps

of the enzyme systems listed in Table I are present
in human kidney. The administration of I-lysine
did not increase ammonia excretion in keeping
with similar findings in dogs (2).

LEONARD L. MADISON AND DONALD W. SELDIN

2. Adaptation of ammonia-producing enzymes in
the human kidney during the chronic adminis-
tration of ammontum chloride loads

The protocols from a typical series of experi-
ments performed to determine whether enzyme
adaptation occurred are shown in Table II. Net
ammonia excretion (experiment minus control)
progressively increased from 4.2 to 21.6 to 41
mEq. following the administration of 400 mM of
glycine to a subject chronically maintained on §,
then 10 and finally 15 Gm. of NH.CI per day.
Data from three subjects showing the increasing
magnitude of net ammonia excretion following the
administration of 400 mM of glycine at different
levels of NH.Cl intake are shown in Figure 2.

Typical examples of the results of experiments
in two other subjects performed in a similar man-
ner to determine whether or not adaptation of
glutaminase, asparaginase, d-amino acid oxidase
and l-amino acid oxidase occurred are shown in

‘Figures 3 and 4.

The mean increase in net ammonia excretion
for the five subjects following the administration
of this group of precursor amino acids (glycine,

mEqg.
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Fic. 3. ErFect oF DIFFERENT AMINO AciDs AND AMINO Acip AMIDES ON NET
URINARY AMMONIA EXCRETION FOLLOWING STEPWISE INCREASE IN THE MAGNI-
TUDE OF THE CHRONIC AMMONIUM CHLORIDE LoAD

The numbers in the columns refer to the net increase in urinary ammonia after

the substrate load.



AMMONIA EXCRETION AND RENAL ENZYME ADAPTATION 1619

mE
¢ GLYCINE 'ASPARAGINE; GLUTAMINE -ALANINE L-ALANINE L-LEUCINE
25 f 300 mM. -l [ 300 mM. l [ 300mM. ] [ ] [ ] [ ]
.
§ 25
Q
S -
s % 21 21
"
2
i (7]
ays) 7 —
= 15
2 —
§ 13 —
12

s 101 1
£ 10 10 10
S 8 9
P 7 7
& Sf

Serum 4

CcO, 3

mEq/L 250]22419.5 19.3|21.7|18.8 22.5|221|19.2 7 21.6]200 26.0|21.8{20.5 24.2|21.8|208

5 10 15 5 10 15 5 10 15 5 10 15 510 15 5 10 15
Intake NH4Cl, Grams/Day

Fic. 4. Errect oF DIFFERENT AMINO ACIDS AND AMINO Acto AMIES oN NET
URINARY AMMONIA EXCRETION FOLLOWING STEPWISE INCREASE IN THE MAGNI-
TUDE OF THE CHRONIC AMMONIUM CHLORIDE LoAD

The numbers in the columns refer to the net increase in urinary ammonia after
the substrate load.

asparagine, glutamine, [l-alanine, d-alanine and By contrast, the administration of glutamate,
l-leucine) increased significantly (p = < 0.01) aspartate or proline resulted in only a small rela-
from 4.8 to 12.2 to 20.6 mEq. as the chronic main- tively fixed net increment in ammonia excretion
tenance dose of NH,Cl was increased from 5 to (2 to 7 mEq.) despite increasing magnitude of

10 to 15 Gm. a day. the ammonium chloride loads (Figure 5). To be
mEq = Excess following amino acid
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F1c. 5. EFFECT OF GLUTAMATE, ASPARTATE AND PROLINE ON NET URINARY
AMMONIA EXCRETION FOLLOWING STEPWISE INCREASE IN THE MAGNITUDE OF THE
CaroNIC AMMONIUM CHLORIDE Loap

The numbers in the columns refer to the net increase in urinary ammonia after
the substrate load.
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TABLE III
Effect of amino acid administration on total acid excretion during chronic NH,Cl
loads *
UR INE URINE RATE OF EXCRETION
TIME VOL: oH NH3 TA TA-H003 NH3+(TA-HCO3)
i, ml/min, ).lch/min. ).lEq/lnin. ).lEq»/mln. )AEq/min.
0-60 3.7 5.68 87 14 12 99
60-120 2.7 5.52 84 1S 14 98
120-200 l-alanine 300 mM
120-240 6.5 5.77 159 27 23 182
240-360 3.4 6.04 193 12 9 202
0-60 3.2 5.56 84 13 (N} 95
60-120 4.9 5.34 4 21 19 133
120-200 | —1500¢cc. amino acid solution (600mM)-12.5¢cc/min.—
120-240 S.1 5.65 164 23 22 185
240-360 4.0 5.90 200 24 21 221
360-480 3.5 §5.73 156 17 [ 171
0-60 . 5.80 115 16 () 130
60-120 1.1 5.85 126 17 15 141
120-200 |-asparagine 300 mM
120-240 2.7 6.00 215 26 24 239
240-360 7.0 6.39 253 21 18 273
360-480 1.7 6.00 136 18 17 153
0-60 1.2 5.74 135 29 20 155
60-120 0.8 5.80 96 20 18 114
120-200 D-alanine 300 mM
120-240 3.8 5.89 177 36 23 200
240-360 6.0 6.10 234 16 15 249
360-480 8.0 5.80 155 44 43 198

* Total acid excretion [NH,+ (TA — HCO,)] is increased in each instance.

certain that a small but significant increase did
not occur, an amino acid solution containing 600
mM of a mixture of amino acids composed for the
most part of glutamic acid, proline and aspartic
acid * was infused at two different levels of am-
monium chloride administration. Total ammonia
excretion was greater, but again there was no
progressive net increase in ammonia excretion
with increasing magnitude of the ammonium chlo-
ride load (Figure 5, last two columns).

3. The effect of increased ammonia production
following amino acid administration on total
urinary acid excretion
The invariable and significant augmentation of

total acid excretion [NH, plus (TA-HCO,)]

after amino acid loads is indicated by the four
typical protocols listed in Table IIT.

4 Approximately 25 mM each of serine, valine, phenyl-
alanine and threonine were also present.

4. Relationship between ammonia production and
transport

The administration of precursor amino acid to
subjects maintained on a chronic strong acid load
invariably causes a rise in urine pH as NH, ex-
cretion increases. Typical changes in urine pH
and ammonia excretion which occured in one sub-
ject are shown in Figure 6. Mean ammonia excre-
tion for the five subjects studied increased sig-
nificantly (p = < 0.001) from 6.1 to 10.1 mEq.
per hour concomitant with a significant rise (p =
< 0.001) in mean urine pH from 560 to 6.12.
Similar increases in urine pH following amino
acid loads have been found in dogs by some (25)
but not by others (2).

When subjects continuously received NH,Cl it
was noted that, after a steady state was attained at
each level of NH,Cl administration, urinary am-
monia increased as the magnitude of the chronic
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acid load increased but urinary pH, instead of fall-
ing, rose progressively (Figure 7). In order to
determine whether or not, during chronic acid
loads, urinary ammonia excretion is independent
of changes in urine pH, acute alkalosis was pro-
duced by the infusion of sodium bicarbonate during
a time when ammonia production was being stimu-
lated toward maximal levels. One subject
(M. A. S.) was maintained on 15 Gm. of NH,Cl
a day for about 30 days. At this time 600 mM of
glycine was administered, resulting in an increase
in ammonia excretion from 8 to 15.6 mEq. per
hour. The identical experiment was repeated but
in addition during the second study 250 mM of
NaHCO, was infused producing an acute alkalosis,
serum CO, rising from 22 to 35 mEq. per L. and
urine pH from 5.59 to 7.63. The expected in-
crease in ammonia excretion incident to the antici-
pated increase in ammonia production was not
forthcoming. Instead urinary ammonia excretion
fell progressively from 8.2 to 2.4 mEq. per hour.
These experiments are compared in Figure 8.

DISCUSSION

The administration of an amino acid during the
chronic maintenance of NH,Cl loads of increasing
magnitude results in three types of response: 1)
l-Lysine and presumably similar diaminomono-
carboxylic acids (2) elicit no increase in urinary
ammonia excretion; 2) glutamate, aspartate and
proline result in a small, constant increment in am-
monia excretion; 3) glycine, glutamine, aspara-
gine, l-alanine, l-leucine and d-alanine each pro-
gressively augment ammonia excretion in stepwise
fashion paralleling the increase in ammonium chlo-
ride load. These data indicate that certain amino
acids augment ammonia excretion, and also in
the light of certain theoretical considerations help
to identify the character of the renal enzymatic
adaptation.

These experiments, designed to determine in
vivo adaptation of the renal ammonia-producing
enzymes, were based on the premise that at any
given substrate concentration more end-product
will be formed per unit time if more enzyme is
present. If the chronic administration of strong
acid loads results in an increase in renal tubular
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The solid dot represents the peak ammonia excretion
with associated urine pH prior to amino acid administra-
tion and the cross, the peak urinary ammonia and associ-
ated urine pH after amino acid administration. In each
instance ammonia excretion and urine pH increased after
amino acid administration. The horizontal and vertical
lines are arbitrarily drawn to maximally separate the
values before and after amino acid loading. In this sub-
ject mean ammonia excretion increased from 7.5 to 12.2
mEq. per hour despite a rise in mean urine pH from 5.6
to 6.2.

enzyme activity,® then the renal production of am-
monia following the same quantity of amino acid
substrate before and after enzyme adaptation
should differ quantitatively. After enzyme adap-
tation, the identical substrate load should re-
sult in an increased ammonia production ascrib-
able to the increased enzyme activity. This hy-
pothesis is schematically represented in Figure 9.

Before enzyme adaptation, as substrate concen-
tration is increased from S?, the plasma concentra-
tion before the administration of the fixed single
amino acid load, to S?, the plasma concentration
after the substrate load, ammonia production per
unit time by the nonadapted enzyme E! increases
from P! to P2, The net increase in ammonia pro-

5 The increased enzyme activity that attends the adap-
tive process may be the result of either increased enzyme
concentration, increased enzyme activator or decreased
enzyme inhibitor.



1622

LEONARD L. MADISON AND DONALD W. SELDIN

6.4 Y=4.775+0.1209x o o
| pH=4.775+(0.1209xNH3)
r=0"T71
62 p =<0.001 . o
o [ ) ® g0
6.0}
[ ]
I 58}
Q -
b = .
§ 5.6
-]
£ saf
% i
> 5.2
) . + ° S5gm. NH,C1/Day
Yo + +10gm. NH4C1/Day
5.0F + *15gm. NH4CI/Da.t/
; -]
48fF o, °
1 1 1 1 1 1 1 1 1

2 3 4 5 6

7

8 9 10 1 12

Urinary NHj Excret‘:ion*mEq./hr.

Fic. 7. RELATIONSHIP BETWEEN AMMONIA ExXCRETION AND UriNArRY PH
During CaronNic NH,CL Loaps

As the chronic acid load was increased in stepwise fashion mean urinary

ammonia excretion increased from 3.4 to 6.2 to 8.6 mEq. per hour.

Urinary

pH also increased progressively from 5.18 to 5.39 and reached 5.96 as the
NH,CI load was increased from 5 to 10 to 15 Gm. per day.

duction ascribable to the effect of the substrate
load on enzyme E? is therefore equal to (P? minus
P). If the activity of the ammonia producing en-
zyme increases from E* to E? after the administra-
tion of a strong acid load, then the administration
of the same quantity of substrate should result
in a greater net increase in ammonia production
(P* minus P®) compared to the unadapted en-
zyme (E'). Finally, since the magnitude of the
net increase in ammonia production after a sub-
strate load is dependent on the enzymatic activity,
the ratio (P* minus P?)/(P? minus P*), should
reflect the magnitude of change in enzyme activity
from E* to E2.

In applying this hypothesis to # vivo experi-
ments two assumptions were made:

1) The quantity of amino acid substrate de-
livered to the tubular enzymes per unit time after
an identical substrate load does not¢ progressively
increase as the magnitude of the ammonium chlo-
ride load is increased from 5 to 15 Gm. per day.
The renal hemodynamic changes that accompany

the administration of ammonium chloride loads
indicate a decrease in glomerular filtration rate
and renal plasma flow (27). A decrease in the
delivery of substrate with increasing NH,Cl loads
would not interfere with the interpretataions since
it would tend to minimize, not maximize, the mag-
nitude of the adaptive process. Since the amino
acids were administered orally, traversing the liver
prior to entry into the systemic circulation, the
plasma concentration is, in part, dependent upon
the fate of the amino acid in the liver. It is pos-
sible that as the magnitude of the NH,Cl load was
progressively increased, the larger doses may have
increasingly loaded the hepatic urea-synthesizing
mechanism, thereby permitting larger amounts of
amino acid to escape to the systemic circulation.
Were this true, then the increasing ammonia ex-
cretion following identical oral substrate loads ad-
ministered at high levels of NH,Cl intake, could
represent increasing substrate reaching the kidney
rather than enzyme adaptation; this seems un-
likely for two reasons. One, the subjects did not
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receive any NH,Cl for 14 hours prior to control
or amino acid loading studies (see Procedure).
Moreover when 600 mM of asparagine was ad-
ministered to a subject maintained on 5 Gm. of
NH,CI per day, net ammonia excretion was 15
mEq. By contrast when maintained on 15 Gm. of
NH,CI, the same subject’s net ammonia excretion
after only 300 mM of asparagine was 25 mkEq.
In another subject maintained on 5 Gm. of NH,Cl,
net ammonia excretion after 600 mM of glycine
was 14 mEq. When maintained on 10 and 15
Gm. of NH,Cl an intake of only 400 mM of gly-
cine resulted in a net ammonia excretion of 22
and 41 mEq., respectively.

2) It must also be assumed in these experiments
that ammonia excretion quantitatively reflects the
magnitude of renal ammonia production. Am-
monia produced within the tubular cells has three
different fates, i.c., excretion into tubular urine;
diffusion into renal venous blood ; and intracellular
utilization. Despite these alternative pathways,
the present analysis is not adversely affected since
the bulk of the ammonia formed in acidotic ani-
mals is excreted (1, 25) and, therefore, although
not equal to, reflects quantitatively ammonia pro-
duction. In support of this assumption are other
studies from this laboratory in rats given increas-
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EFFEcT OF ENZYME ADAPTATION ON THE MAGNITUDE OF AMMONIA

ProbuctioN FoLLowING A Fixep SuBsTRATE Loap
The conditions before enzyme adaptation (E') are shown on the left and

after enzyme adaptation (E') on the right.

Substrate concentration in

arbitrary units is plotted along the abscissa and the rate of reaction, in ar-

bitrary units of end-product formed per unit time, along the ordinate.

The

curved line in each panel describes the effect of increasing substrate con-
centration on the rate of reaction. The steeper curve on the right is the re-

sult of the increased activity of the adapted enzyme (26).

details.

See text for
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TABLE IV
Comparison of the mean* increase in ensyme activity after increasing the NH,CI
load from 10 to 15 Gm. per day
GLYCINE L-AMINO | d-AMINO
ENZYME 1= GLUTAMINASE | ASPARAGINASE ACID ACID
OX1DASE OXIDASE | OXIDASE
()
/ 1.6 1.9 1.9 1.9 1.5
£
(P*-2)

* Refers to mean values for the five subjects.
1 Equals net increase in NH, excretion after substrate load durmg chronic

maintenance on 15 Gm. NH,CI per day.

i Equals net increase in NH, excretion after substrate loads during chronic

maintenance on 10 Gm. NH,CI per day.

ing ammonium chloride ioads. In those experi-
ments, ammonia excretion increased in direct
proportion to ammonia production, as reflected by
the n vitro determination of renal glutaminase
activity (19).

Finally, in the present study at all levels of am-
monium chloride intake, urinary pH was in the
acid range. Moreover, mean urinary pH increased
as the magnitude of the chronic ammonium chlo-
ride load was increased (Figure 7). With such
changes in urinary pH, a progressively increasing
net ammonia excretion in response to a fixed sub-
strate load cannot be ascribed to improved condi-
tions for transport.

In the light of these considerations, the data in-
dicate that glycine oxidase, glutaminase, aspara-
ginase, [-amino acid oxidase and d-amino acid oxi-
dase show adaptive increases in the human kidney
following the chronic administration of strong
acids.
~ Although the data do not permit the measure-

ment of the magnitude of the adaptive response
of each of these five enzyme systems in absolute
terms, the relative increase in enzyme activity as
the size of the NH,Cl load is increased can be
estimated. Since the magnitude of the net increase
in ammonia production after a substrate load is de-
pendent on the enzyme activity, then the ratio, net
increase in ammonia production after subsirate
during maintenance on 15 Gm. NH ,Cl per day/
net increase in ammonia production after identi-
cal substrate load during maintenance on 10 Gm.
of NH,Cl per day, should reflect the magnitude

of increase in enzyme activity as the chronic load
of NH,Cl was increased from 10 to 15 Gm. per
day.® These changes for each of the enzymes
which undergo adaptive increase are compared in
Table IV. The ratio of change for this group
of enzymes varied from 1.5 to 1.9, indicating a one
and a half to twofold increase in enzyme activity as
the chronic NH,Cl load was increased from 10 to
15 Gm. per day. This similarity in response sug-
gests a symmetrical adaptation of several enzymes.

The similarity both in the magnitude of the
adaptive increases of these five enzyme systems
and in the magnitude of the net ammonia excre-
tion after substrate loads suggests that when sub-
strate is furnished in abundance by the administra-
tion of appropriate amino acids, these enzyme
systems apparently can contribute equally to uri-
nary ammonia. However, under normal circum-
stances there is a considerable variation in the
concentration of precursor amino acids in plasma.
In plasma, glutamine constitutes 20 to 25 per cent
of the free a-amino nitrogen (15, 28) and l-ala-
nine and glycine, another 24 per cent (29) ; d-ala-
nine is apparently absent and asparagine is pres-
ent in trivial concentrations (28). The contribu-

6 The changes in enzyme activity when the chronic
NH.,CI load was increased from 5 Gm. per day to higher
levels were not used because the net increase in ammonia
excretion after substrate at this level was negligible or
small compared to the control values. On the other hand,
the net increases in ammonia excretion after substrate
when the subjects were maintained on 10 and 15 Gm. per
day were larger and therefore were considered to reflect
more accurately enzymatic alterations.
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tion to urinary ammonia of the enyme systems
which are d¢apable of adaptation may therefore
vary widely because of substrate limitation.

The biological role of these enzymes, capable
of adaptation, is not adequately defined. Signifi-
cant activity of /-amino acid oxidase has been dem-
onstrated #n wvitro in only the rat kidney (8).
Despite its exceedingly low turnover number of
6, it nevertheless appears to be active in vivo in
the human kidney and evidence from these stud-
ies and those in the rat (16) indicate that adapta-
tion occurs. The disparity between the in vivo and
in vitro evidence of its activity may exist because
the ideal conditions for demonstrating in wvitro
activity have not been elucidated.

More engimatic is the d-amino acid oxidase,
an ubiquitous enzyme, found in all mammalian
kidneys tested and having a high (1,440) turn-
over number (11). The presence of a highly ac-
tive enzyme without apparent substrate beclouds
its physiologic role. Nonetheless, the administra-
tion of d-alanine to human subjects resulted in
augmentation in ammonia excretion and the evi-
dence presented indicating adaptive change dur-
ing chronic acid loading bespeaks a physiologic
role. Amino acid racemases, capable of intercon-
verting ! and d forms, have been found in micro-
organisms (11). Such a racemase may be pres-
ent in mammalian kidney and undergo adaptive
change, thereby shunting, as acid load requires, a
portion of the l-amino acid pool into d-amino acid
substrate for ammonia production.

In contrast to the apparent physiologic impor-
tance in the renal regulation of acid-base balance
of those enzyme systems showing adaptive changes
is the role of glutamic dehydrogenase, aspartic
transaminase and proline oxidase for which no
evidence of adaptation was found. Lotspeich and
Pitts failed to find any augmentation of ammonia
excretion after the infusion of glutamic acid in
acidotic dogs (2). Neither proline oxidase nor
aspartic transaminase directly increase ammonia
production (Table I). Both, however, augment
the synthesis of glutamic acid which may then be
deaminated by glutamic dehydrogenase, thereby
increasing ammonia production. The failure of
proline or aspartic acid administration to augment
ammonia excretion progressively may, therefore,
indicate that either proline oxidase and aspartic
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transaminase do not adapt or/and that glutamic
dehydrogenase does not adapt.

The inferential identification of the adaptation
of a specific enzyme by the administration of its
precursor amino acid implicitly assumes that the
rise in ammonia excretion under such circum-
stances is the consequence of the effect of the ad-
ministered precursor amino acid on the specific
enzyme system for which it is substrate. It is
conceivable, however, that the administered amino
acid might be converted by a transamination reac-
tion to another substrate that would then act upon
another enzyme system which then would be re-
sponsible for the augmented ammonia excretion.
This possibility seems unlikely. All transaminases
including glutamine-a-keto acid and aspargine-a-
keto acid transaminase are pyridoxal phosphate
and pyridoxamine phosphate dependent (13, 28);
yet in pyridoxine deficient rats with reduced trans-
aminase activity (30) the renal response to acid
loads is normal, ammonia excretion is high and
glutaminase adaptation occurs (31). This sug-
gests that the transaminase systems do not con-
tribute significantly to the renal production of am-
monia. Moreover, it is noteworthy that even
though amino acids can be readily transaminated
to glutamate and glutamate to other amino acids,
nevertheless the administration of glutamate, as-
partate and proline resulted in only a very small
increase in ammonia excretion. In addition, the
adaptation of glutaminase (16-19), glycine oxi-
dase and amino acid oxidase (16) has been shown
in vitro to follow the administration of strong acid
loads. For these reasons it seems likely that the
changes in ammonia excretion after the adminis-
tration of a specific amino acid can be ascribed to
its effect on the enzyme system for which it is
substrate.

The increased urinary ammonia excretion that
follows amino acid administration was invariably
associated with an increase in total acid excre-
tion [NH, plus (TA-HCO,)]. These findings
differ from those of Orloff and Berliner (25),
who failed to find any consistent increase in total
acid excretion following the infusion of dl-alanine
into dogs. The discrepancy may be related either
to species difference or to the fact that their ex-
periments, conducted during acute acidosis, were
different from the present studies which were per-
formred during chronic acidosis.
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The increased urinary pH that attends the in-
creased ammonia excretion following substrate
loads may be the result of either increased diffu-
sion of ammonia from tubular cell to tubular urine
thereby titrating tubular H* and permitting fur-
ther H* for Na* exchange by maintaining an in-
creased gradient from cell to urine, or it may be
the result of an increased exchange of cellular am-
monium jon for urinary sodium ion which other-
wise would have exchanged for H* (32).

The relationship between urine pH and urinary
ammonia that follows the chronic administration of
strong acid loads of increasing magnitude contrasts
sharply with the inverse relationship that prevails
during acute acid loading (33, 34). This rise in
urine pH with increases in chronic NH,Cl intake
could result from the enhanced diffusion of am-
monia from tubular cell to tubular urine caused
by the high concentration gradients produced by
accelerated ammonia formation. It is also possible
that with increased activity of the renal ammonia-
producing enzyme systems, the exchange of NH,*
for Na* increases to some extent at the expense of
H* for Na* exchange, resulting thereby in a rise
in urine pH. Whatever explanation is valid, one
consequence of renal enzymatic adaptation is the
excretion of increased amounts of ammonia at any
given urine pH (19, 35).

Evidence from the present experiments indi-
cates that the superimposition of an acute alkalo-
sis in a subject chronically maintained on 15 Gm.
of NH,CI per day prevents the usual increase in
ammonia excretion after a substrate load and re-
sults instead in a sharp decline in ammonia ex-
cretion (Figure 8). Data concerning the effects
of alkalosis upon ammonia production are con-
flicting. Van Slyke and associates (1) reported
that the diminution in urinary ammonia excretion
which attends the changing from hydrochloric
acid acidosis to bicarbonate alkalosis is associated
with a decreased renal utilization of glutamine
(1, 9) and a decreased renal production of am-
monia. Other evidence (36) indicates unaltered
ammonia production and decreased urinary am-
monia excretion associated with an acute alkalosis.

SUMMARY

One hundred twenty-five experiments were per-
formed on five subjects maintained on chronic acid

LEONARD L. MADISON AND DONALD W. SELDIN

loads of increasing magnitude. Under these con-
ditions precursor amino acids were administered
and the renal ammonia producing enzymes in the
human kidney inferentially identified. By com-
paring the magnitude of response in ammonia ex-
cretion to a fixed amino acid load at several dif-
ferent levels of ammonium chloride administration,
those enzymes which adapt were identified. Evi-
dence was presented indicating that, in the human
kidney, glutaminase, asparaginase, glycine oxi-
dase, l-amino acid oxidase and d-amino acid oxi-
dase adapt to chronic acid loads whereas gluta-
mic dehydrogenase, proline oxidase and aspartic
transaminase do not.
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