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The role of the gastrointestinal tract as a major
source of blood ammonia has been extensively
studied in animals and in patients with liver dis-
ease. Less information is available concerning
the relative contribution to the blood ammonia by
other organs, such as muscle, liver, brain and kid-
ney, which are known to be concerned with am-
monia metabolism (1). The renal release of am-
monia into the systemic circulation was first
demonstrated by the observations of Nash and
Benedict in 1921 (2). Although the magnitude of
this ammonia release and its effect on the arterial
ammonia concentration have not been determined,
factors affecting the quantity of ammonia excreted
into urine have engendered considerable investiga-
tion. Current evidence indicates that changes
in urine pH are important determinants of urinary
ammonia excretion, lesser amounts of ammonia
appearing in alkaline than in acid urines (3-8).
Studies in unilaterally nephrectomized dogs sug-
gest that total renal ammonia production may re-
main unchanged following acute alterations in
urine pH (9). Of particular interest in this re-
gard have been the observations of significant in-
creases in arterial ammonia concentrations of cir-
rhotic patients given Diamox (acetazolamide)
(10-12), an agent which is known to increase
urine pH.

The present investigation is concerned with
the release of ammonia into the renal vein of
patients with liver disease, with particular empha-
sis on the effect of intravenous acetazolamide.

METHODS

Eleven patients with liver disease were studied. All
were hospitalized males, ranging in age from 32 to 63

* This investigation was supported (in part) by a re-
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t This paper was presented (in part) at the National
Meeting of the American Federation for Clinical Re-
search, Atlantic City, N. J., May 3, 1959.

years. Nine had Laennec's cirrhosis confirmed by biopsy
and two had fatty metamorphosis. Three of the cir-
rhotic patients (W.F., W.N. and W.S.) exhibited pre-
coma at the time of the study; none showed evidence of
fluid retention or of progressive hepatic deterioration.
Renal function was normal in all patients.

Patients were studied in the recumbent position after
an overnight fast. A constant intravenous infusion (Bow-
man pump), which delivered 14 to 16 mg of para-amino
hippurate (PAH), was maintained throughout the study
and was preceded by a priming dose of PAH calculated
to provide plasma levels of 2 mg per 100 ml. Arterial
samples were obtained from a brachial artery, and re-
nal venous samples from the right renal vein by way
of an intravenous no. 8 catheter. Renal venous blood
was initially identified from catheter position and ap-
parent arterialization; subsequent confirmation was ob-
tained from oxygen saturations and PAH extraction.
Resting arterial and renal venous samples were obtained
45 to 60 minutes after the PAH infusion was begun and
again at 10, 20, 30, 45, and 60 minutes after the intra-
venous administration of 500 mg of acetazolamide. Five
subjects ingested 1 L of water 30 to 45 minutes prior to
the start of the study. A water diuresis was subsequently
maintained by the intravenous infusion of 5 per cent dex-
trose and water administered at a rate of 20 to 30 ml
per minute. In these patients, urine samples were col-
lected anaerobically from an indwelling Foley catheter
over time intervals which corresponded to the intervals
between blood samples and included two 10-minute control
periods. Urine was collected under an oil-toluene mix-
ture. Blood sampling times usually occupied 30 to 45
seconds and were begun at the approximate midpoint
of the urine collection period; urine collection generally
required 30 to 60 seconds.

Blood ammonia (NH3) was measured by a modification
of the microdiffusion method of Brown and associates
(13) and of Tyor and Wilson (14). Urine ammonia
(NH3) was measured in duplicate, within 24 hours after
sampling, by a similar modification of the same method,
using 1 ml aliquots of urine which were appropriately
diluted (1: 25 or 1: 50 in control specimens, 1: 10 or
1: 25 in post-acetazolamide samples). PAH concentra-
tions in the blood, urine and infusion media were de-
termined by the method of Selkurt (15) with the
N-naphthyl ethylenediamine dihydrochloride recrystal-
lized with hydrochloric acid, as described by Bratton and
Marshall (16). The pH of whole blood and urine were
measured with a Cambridge Model R pH meter equipped
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with an enclosed glass electrode. Measurements were
made at room temperature, usually 25 to 260 C, and the
results corrected to 370 by Rosenthal's factor (17).
The carbon dioxide content of whole blood was deter-
mined by the method of Van Slyke and Neill (18). The
carbon dioxide tension was calculated from this value,
the pH and the hemoglobin concentration by the line
chart of Van Slyke and Sendroy (19), using a pK of
6.11. Oxygen content and saturation were determined
by the spectrophotometric method of Hickam and Fray-
ser (20). Hematocrits were determined in duplicate from
arterial and renal venous blood in Wintrobe tubes cen-
trifuged at 3,000 rpm for 30 minutes.

Renal plasma flow (RPF) was calculated by a modifi-
cation of the Fick principle, using the formula 1) RPF=
IR/A-R, where IR represents the infusion rate of PAH
in milligrams per minute, A and R represent the PAH
concentration in arterial and renal-venous blood in mil-
ligrams per milliliter. This principle and formula have
been previously described and utilized by Bradley, Ingel-
finger, Bradley and Curry (21) in the determination of
hepatic plasma flow, using sulfobromophthalein. Since
the arterial PAH concentrations remained essentially
constant throughout the entire period of observation, the
PAH removal by the kidneys may be considered equal
to the rate of PAH infusion. The validity of this method
is also dependent upon the assumption that the PAH
level in a sample of blood taken from the right renal
vein is representative of the level in the left renal vein.
Five of the patients had simultaneous measurements of
RPF by standard clearance procedure 2), C" = UV/P.
In these subjects, RPF was also calculated from the
formula 3), RPF= UV/A-R, as described by Cargill
(22), where UV is the rate of urinary excretion of PAH
in milligrams per minute. In each instance, RPF was
converted to renal blood flow (milliliters per minute),
which was calculated from the formula RBF= RPF/
(1 - Hct.). Values obtained using Formula 1 aver-
aged 1,919 ml per minute. Similar average values were
obtained when RBF was calculated from Formula 3,
1,802 ml per minute. However, calculation of RBF
by standard clearance methods, Formula 2, yielded
lower average values, 1,362 ml per minute. PAH ex-
traction in the 5 patients who had simultaneous meas-
urements averaged 85 per cent. The extraction of
PAH (EPEH) was calculated from the formula EPH=
(A-R/A)X 100, where A is arterial PAH concentra-
tion in milligrams per milliliter and R is renal venous
PAH concentration in milligrams per milliliter. Values
for EPA in the 11 patients studied ranged from 75 to 92
per cent, mean = 87 per cent. Release of ammonia into
the renal vein (micrograms per minute) was calculated
from the RBF and arteriovenous renal ammonia differ-
ence in micrograms per milliliter; the ammonia excretion
into the urine (micrograms per minute) from urine vol-
ume in milliliters per minute; and the ammonia con-
centration in micrograms per milliliter. The RBF and
arteriovenous renal oxygen differences in volumes per
cent were used to calculate renal oxygen consumption
(milliliters per minute).

RESULTS

The data obtained from each patient as well as
mean values before and after acetazolamide ad-
ministration are presented in Tables I and II. The
mean arterial ammonia concentration increased sig-
nificantly 20 minutes after intravenous acetazola-
mide and attained a maximum increase over rest-
ing values, 30 ,ug per 100 ml, at 45 minutes.
Patient W. N., who exhibited marked resting hy-
perammonemia and a maximum increase in arterial
ammonia concentration of 60 ,ug per 100 ml, was
the only .subject who showed overt cerebral de-
terioration during the study. Frank coma re-
sponded readily to routine measures.

Resting renal arteriovenous ammonia differ-
ences were negative in 10 of 11 subjects, indicating
release of ammonia into the renal vein. A twofold
increase in mean renal ammonia release (p = <
0.01) was exhibited within ten minutes after
acetazolamide administration and was maintained
throughout the remainder of the study. Renal
blood flow was essentially unchanged throughout
the entire period of observation. The abrupt in-
crease in the release of ammonia into the renal
vein was associated with an equally rapid decrease
in urine ammonia excretion in the five patients
who had simultaneous measurements. In these
subjects, mean resting urine ammonia excretion
decreased significantly from 1,590 ,ug per minute
to 1,096 ,ug per minute at the 10 minute period and
to 360 ug per minute 20 minutes after acetazola-
mide, remaining essentially unchanged thereafter.
Although maximum reduction of urine ammonia
excretion was observed at 20 minutes, an earlier
effect would seem likely, since the 10 minute urine
value reflected the tubular ammonia concentration
immediately before and after acetazolamide. This
reduction in urine ammonia excretion could be
readily correlated with a rise in urine pH. Mean
urine pH attained maximum alkalinity at 20 min-
utes and was essentially unchanged throughout the
remainder of the study. A significant decrease in
mean arterial pH was observed at the 45 minute
period.

Renal oxygen consumption increased signifi-
cantly (p = < 0.01) at 20 minutes but was similar
to the resting value at 45 minutes. No explana-
tion for this observation is apparent at this time.
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TABLE I

The effect of intravenous acetazolamide on the release of ammonia by the kidney

Release Urine Total Renal
Renal Renal Renal of NH3 NH3 renal 02

Arterial NH3 02 blood into excre- NHa consump- Urine
Patienit Time NH3 A-V A-V flow renal vein tion release tion pH

Arterial

Serum
pHi C02 pCO2

min g.g/100 n
Rest 168

*

W. S. 10 215
20 212
30 223
45 230
60 255

Rest 114
*

(G j. 10 135
20 140
30 147
45 146
60 144

Rest 78
*

W. M. 10 89
20 96
30 117
45 105
60 116

Rest 95
*

j. P'. 10
20 112
30 103
45 120
60 124

Rest 72
*

A. 11. 10 72
20 92
30 92
45 82

Rest 277
*

W. N. 10 291
20 304
3(1 311
45 337

Rest 93
*

1.XV\ . 10) 108
20 86
3(0 94
45 106
60 1,04

Rest 83
*

J. B. 10
20 90
30 86

Rest 135
*

"I. W. 10 121
20 121
30 109
45 129
6(1 146

Rest 203
*

XX. F. 10 214
20 206
30 233
45 224
6(1 226

Rest 101
*

R. M. 10 100
2(0 113
30 113
45 120
60 124

nl jAg!lOO ml 7vol % ml/min Ag/Mintt pg/Mij1$ pg/mil mnI/mnin
- 43 1.17 1,555 1,337 1,248 2,585 18.2 6.25

-111 1,709 3,794
- 88 1.00 1,752 3,084
- 81 1,947 3,154
- 73 0.72 2,122 3,098
-102 2,120 4,325

- 1 2 1.21 2,00(0 480

- 64 2,034 2,604
- 6(1 1.58 2,044. 2,453
- 56 2,034 2,277
- 61 1.38 1,868 2,279
- 67 1.44 1,881 2,521

- 73 0.60 1,432 2,090

- 83
-108 0.96 1,525 3,294
- 96
- 95 0.88 993 1,887
- 92 0.88 1,04(0 1,907

- 9 1.05 1,222 219

1,312
- 11 1.09 1,436 316
- 31 1,462 906
- 5 0.84 1,429 143
- 26 1,482 771

- 35 1.11 1,639 1,147

- 6(0 1,577 1,892
- 40 1.19 1,766 1,421
- 37 1,955 1,447
- 47 (1.28 1,849 1,738

0.72 1,618

- 16 1,579 505
- 42 0.9( 1,579 1,326
- 41 1,654 1,356
- 34 0.72 1,787 1,215

- 33 1.21 983 649

- 65 1,013 1,316
-106 1.58 968 2,052
- 99 870 1,722
-111 1.38 897 1,991
-10(6 1.44 846 1,793

- 64 0.86 932 1,193

- 99 (0.72 1,047 2,073
- 86 1.86 1,109 1,907

- 5() (1.92 1,447 1,447

- 59 1,279 1,505
- 34 1.017 1,536 1,044
- 61 1,440 1,757
- 64 1.13 1,511 1,934
- 67 0.88 1,477 1,979

- 2 1.46 1,684 67

- 38 1,501 1,441
- 51 1.87 1,466 1,495
- 51 1,461 1,665
- 53 1.62 1,841 1,951
- 44 2,311 2,034

- 33 1.26 1,191 786

- 52 1,162 1,208
- 64 1.61 1,088 1,395
- 67 1,385 1,856
- 53 1.38 1,190 1,155
- 51 1,103 1,023

274 4,068 7.38
189 3,273 17.5 7.31
196 3,350 7.29
173 3,271 16.4 7.23
272 4,597 7.22

3,178 3,658 24.( 4.99

2,715 5,319 6.83
710 3,163 32.1 7.35
300 2,577 7.34
288 2,567 25.7 7.30
209 2,830 27.0 7.43

1,880 3,930 8.6 6.65

1,192 7.33
453 3,727 14.6 7.42
202 7.40
188 2,009 8.7 7.40
126 2,033 7.39

1,184 1,403 12.8 7.15

962 1,223 7.23
15.7

843 1,749 7.30
1,008 1,231 12.0 7.28

511 1,658 18.2 6.39

335 2,227 7.39
96 1,517 21.0 7.40
81 1,528 7.40
52 1,790 5.1 7.34

11.6 5.5()

14.2

12.9

11.9

15.3

12.4
12.2

8.0

7.5
20.5

13.3 7.0

vol inm Hg
7.37 49.1 40.8

7.33 45.8 38.4

7.34 44.1 36.5

7.45 49.0 32.0

7.45 46.8 30.3

7.44 45.7 30.2
7.43 45.0 30.6

7.42 52.5 36.5

7.38 51.1 39.1

7.38 50.0 38.0
7.38 49.0 36.9

7.35 49.2 40.0

7.34 47.1 39.4

7.2 7 48.0 39.7

7.33 48.7 41.2

7.34 46.7 39.0

7.35 46.6 38.5

7.34 38.1 32.4

7.31 33.7 29.6

7.3(0 31.7 27.9

7.33 53.0 44.0

7.34 54.2 43.0

7.32 52.8 46.1
7.33 51.5 43.9

7.4(0 49.4 36.1

7.33
7.36 50.1 39.4

7.38 53.0 45.7

16.4 7.32 54.2 47.3

17.1 7.31 52.8 46.9
7.32 51.5 44.2

24.5 6.30 7.45 55.4 36.1

27.4

29.8

15.0

17.5

16.4

7.46 54.2 34.6

7.42 52.7 36.8
7.43 51.7 35.4

7.39 53.(0 39.5

7.38 53.0 40.0

7.41 49.1 35.0

* Diamox (acetazolamide) 500 mg iv.
t Instantaneous values obtained at indicated time periods.
' Average excretion per minute collected throughotut indicated time periods.
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TABLE II

Comparison of mean values for renal ammonia release after intravenous acetazolamide

Release Urine Renal Arterial
Renal Renal Renal of NH, NH, 02

Arterial NH: 02 blood into excre- consump- Urine Serum
Time NHs A-V A-V flow renal vein tion tion pH pH C02 pCO2

min 1g/ 100 ml j&g100 ml Vol % ml/min jg/min pg/mmi m/min vol % mmHg
Rest dt 129 -32.2 1.05 1,430 856 1,590 15.1 6.29 7.38 50.5 38.6

10* d 149 -60.9 1.462 1,784 1,096 7.21
pI <0.1 <0.01 >0.1 <0.01 <0.05 <0.05

20* d 143 -63.9 1.23 1,466 1,814 362 24.3 7.37 7.36 49.1 38.1
p <0.02 <0.01 <0.01 >0.1 <0.01 <0.01 >(.1 <0.01 >0.1

30* d 148 -64.2 1,549 1,805 324 7.35
p <0.02 <0.01 >0.1 <0.01 <0.05 <0.05

45* d 160 -59.6 1.11 1,549 1,742 342 16 7.31 7.35 47.5 37.6
p <0.01 <0.01 >0.1 >0.1 <0.01 <0.1 >0.1 <0.02 <0.02 <0.01 >0.1

60* d 155 -69.4 1,533 2,045 202 7.35
p <0.01 <0.01 >0.1 <0.01

* Minutes after intravenous acetazolamide.
t Mean values at the time periods indicated.
I Significance as compared with resting values.

DISCUSSION

The present study demonstrates that the kidney
normally releases a variable amount of ammonia
into the systemic circulation of patients with liver
disease. In addition, it is apparent from these
data that the intravenous administration of aceta-
zolamide to such patients results in a prompt and
sustained increase of this renal contribution, which
is associated with a rise in arterial ammonia con-

centration. Previous comparisons of peripheral
venous and arterial ammonia values with renal
venous levels in dogs (2, 23, 24) and in humans
(25, 26) have shown in almost every instance a

greater ammonia concentration in renal venous

blood. The present observations emphasize the
magnitude of this renal contribution in resting pa-

tients with liver disease. Indeed, serial determina-
tions of arteriovenous ammonia differences across

the periphery, liver and kidney in resting nor-

mal subjects and in patients with liver disease
without hyperammonemia suggest that the kidney
may be a major source of the "normal" blood am-

monia (27).
Patients with liver disease whose gastrointestinal

ammonia production appears to be negligible, may
exhibit progressive increases in arterial ammonia
concentration (28, 29). Similar elevations have
been observed in such patients following oral and
intravenous acetazolamide (10-12). In these in-
stances, the increased increment of arterial am-

monia has been attributed either to a greater endo-

genous ammonia production or to a decrease in
organ removal. Muscle, liver, brain and kidney
are potential ammonia donors and receivers (1).
However, with the exception of the kidney, arterio-
venous ammonia differences across these sites have
been primarily positive in patients with liver dis-
ease and hyperammonemia, suggesting that these
organs function chiefly as ammonia receivers (25-
31). Dawson, de Groote, Rosenthal and Sherlock
have reported increased arterial ammonia concen-
trations and unchanged arteriorenal venous am-
monia differences in three cirrhotic patients two
hours after the oral ingestion of acetazolamide
(11). In contrast, this report suggests that the
kidney may be a source of the observed increased
increment of arterial ammonia which followed the
intravenous administration of acetazolamide to pa-
tients with liver disease with or without pre-exist-
ing hyperammonemia. The relationship of this
increased renal ammonia contribution to the ob-
served elevation of arterial ammonia concentra-
tion becomes more apparent from the following
theoretical considerations. If one assumes an
average extracellular fluid volume of 14 L and un-
changed organ ammonia removal, the increased
increment of ammonia released into the renal
vein, which averaged 982 ug per minute for the 60
minute period after acetazolamide, could account
for as much as a 420 ,ug per 100 ml increase in
extracellular fluid ammonia concentration. Actu-
ally, the observed average increase in arterial am-
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monia concentration at 60 minutes was 26 Kg per
100 ml. That this increased increment of am-
monia released into the renal vein may elevate the
arterial ammonia concentration in patients with
liver disease is apparent from the results obtained
in four cirrhotic patients given 1 mg per minute
of ammonia as ammonium chloride intravenously;
arterial ammonia concentration increased rapidly
in each subject, with an average increase of 180
,ug per 100 ml at the 60 minute period (32).

The arterial ammonia concentration at any in-
stant is the resultant of a number of factors, in-
cluding ammonia production by tissues, hepatic
removal, and rate of diffusion into and out of cells.
There is no reason to assume that acetazolamide
affects only the first-named parameter. Indeed,
a decreased removal of ammonia by the periphery
and unchanged hepatic uptake have been reported
in cirrhotics following oral and intravenous aceta-
zolamide (11). An increased cerebral removal
has also been noted (12). Nevertheless, the pres-
ent studies indicate that the increased renal out-
put of ammonia following acetazolamide is more
than sufficient to provide the extra ammonia to
serve as an ultimate source for the blood incre-
ment.

The prompt twofold increase in the release of
ammonia into the renal vein, which followed
acetazolamide administration, was associated with
an equally rapid fall in urinary ammonia excre-
tion. Considerable individual variation was ob-
served when post-acetazolamide urine ammonia
excretion and renal vein ammonia release, ob-
tained at each sampling period, was totaled and
compared with resting measurements. However,
this variability might be expected since renal vein
ammonia release was calculated from instantaneous
values obtained from one renal vein, whereas urine
was collected from the bladder over ten-minute
periods. Nevertheless, the decrease in urine am-
monia excretion was approximated by the in-
crease in renal vein ammonia release in most pe-
riods, suggesting that total renal ammonia produc-
tion was not significantly altered.

Although the magnitude of urinary ammonia
excretion has been correlated with urine pH in
several species, including man, previous studies
utilizing carbonic anhydrase inhibition have been
limited to relatively long-term observations. It
is apparent from the present investigation that

tubular pH rises within the first ten minutes after
intravenous acetazolamide administration and that
urinary ammonia excretion falls concomitantly.
In contrast, the change in arterial pH was rela-
tively delayed. Renal venous pH and CO2 con-
tent measured in four patients after acetazolamide
showed values which were similar to those of ar-
terial blood. Present evidence suggests that the
excretion of ammonia into urine may occur by a
process of passive diffusion which, in acute ex-
periments, is conditioned by urine pH (3-8).
Since cells in general are permeable to the molecu-
lar species NH3, it would seem reasonable to as-
sume that the ammonia produced within the renal
tubular cells diffuses out of the cell with equal
facility into tubular urine and into renal venous
blood. The relative amounts captured by each
should therefore be dependent upon their re-
spective pH's and fluid flows. In the present
study, acetazolamide rapidly increased urine pH
and decreased ammonia release into the urine; re-
lease into the renal vein increased. Additional
support for a primary shift in the rate of diffusion
of ammonia may be obtained from a consideration
of Patients G.J. and J.P. Patient G.J., who ex-
hibited the lowest resting urine pH, showed the
greatest reciprocal change in urine and renal vein
ammonia after acetazolamide. In contrast, the
smallest reciprocal change was noted in Patient
J.P., who showed the highest resting urine pH.
This suggests that urine pH is not only an im-
portant determinant of urinary ammonia excre-
tion but may also influence the amount of am-
monia liberated into the renal vein, at least during
the immediate period following intravenous aceta-
zolamide administration.

It is emphasized that the relationship between
urine pH and renal ammonia partition reported
in this study need not apply to more chronic situ-
ations. Current concepts of renal ammonia pro-
duction suggest that the magnitude of ammonia
release into urine and renal vein over prolonged
periods would be influenced by such factors as
renal substrate concentration and enzyme activity
(33). In addition, it would seem likely that the
well recognized alterations in amino acid metabo-
lism (34) exhibited by individuals with liver dis-
ease, and their propensity to develop electrolyte
imbalance (35) might influence renal ammonia
formation in such patients.

292



KIDNEY AS A SOURCEOF BLOODAMMONIA

SUMMARY

The release of ammonia into the right renal
vein was measured in 11 patients with liver disease,
before and after the intravenous administration of
500 mg of Diamox (acetazolamide). Concom-
itant measurements of ammonia excretion into
urine were obtained in five patients.

The observed increase in mean arterial ammonia
concentration after acetazolamide was associated
with a prompt twofold increase in the release of
ammonia into the renal vein, which was maintained
throughout the 60 minute post-acetazolamide pe-

riod. Renal blood flow remained essentially un-

changed throughout the entire study.
The abrupt increase in renal ammonia release

was associated with an equally rapid decrease in
urine ammonia excretion, which attained maxi-
mumsignificance 20 minutes after acetazolamide
and inversely approximated the increase in release
into the renal vein. The reduction in urine am-

monia excretion could also be correlated with a

rise in urine pH.
These observations seem best explained by a

shift in the partition of ammonia produced by
the kidney between urine and renal vein. In addi-
tion, they suggest that acute changes in urine pH
may also influence the amount of ammonia liber-
ated into the renal vein.
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