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Formation and Excretion of NH3  
New Aspects of an Old Problem 
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Summary. The proximal tubule cell is the major 
site of renal ammoniagenesis. Glutamine is the ma- 
jor substrate. Deamidation by mitochondrial glu- 
taminase yields glutamate- and NH 2 (not NH3, 
as traditionally taught). A second NH2 ion is ob- 
tained by deamination of glutamate- to 2-0xo-glu- 
tarate 2-. NH~ preferentially enters the tubule lu- 
men primarily, but probably not exclusively, by 
non-ionic diffusion of NH3. For each NHa formed 
in the cell one H + ion is left behind. H + and NH3 
are secreted on separate routes, but recombine in 
the lumen to NH 2 and reach the final urine in 
this form. This process p e r  se  does not net-remove 
H + from the organism. For this purpose, the an- 
ionic products of ammoniagenesis (2-0xo-gluta- 
rate/-  and others) have to be converted into neu- 
tral compounds (CO2, glucose). This metabolism 
again takes place usually in the tubule cell. For 
each negative charge one HCO;- is formed which 
enters the peritubular blood. Luminal 7-glutamyl 
transferase-mediated ammoniagenesis contributes 
to NH 2 accumulation in the proximal tubule to 
a small extent. The endproximal NH 2 delivery ex- 
ceeds the filtered load by a factor of 9. Only 1/3 
of it reaches the distal convoluted tubule mainly 
because NH2 as such is reabsorbed from the thick 
ascending limb of Henle's loop by secondary active 
transport or electrodiffusion. Both processes are 
energized by the active Na + transport in this seg- 
ment. Thereby NH3"-*NH2 is accumulated in the 
medullary interstitium, which establishes the chem- 
ical gradient for non-ionic diffusion of NH3 into 
the lumen of the collecting ducts. This is favoured 
by the acidic disequilibrium pH in the lumen of 
this segment. Secretion of NH3,~NH2,  probably 
by non-ionic diffusion, also into the descending 
limb of the loop is hypothesized to maintain (to- 
gether with the NH~- reabsorption in the thick as- 
cending limb) the high interstitial NHa*--~NH + 
concentration increasing towards to inner medulla. 

Thus, the principle of counter current multiplica- 
tion seems to be involved also in NH2 excretion. 

Renale Bildung und Ausscheidung von NH3 ~-~ NH~. 
Neue Aspekte eines alten Problems 

Zusammenfassung. Hauptort der renalen NH3~--~ 
NH 2-Bildung ist die proximale Tubuluszelle. Glu- 
tamin ist das wesentliche Substrat dafiir. Die Desa- 
midierung durch die mitochondriale Glutaminase 
ergibt Glutamat- und NH 2 (und nicht NH3, wie 
oft behauptet). Ein zweites NH2-Ion wird aus der 
Desaminierung yon Glutamat- zu 2-Oxo-Gluta- 
rat 2- gewonnen. NH~- gelangt in das Tubuluslu- 
men groBteils (aber nicht ausschlieBlich) in der 
Form yon NH3 (nicht-ionische Diffusion). Ffir je- 
des sezernierte NH3 bleibt ein H +-Ion in der Zelle 
zurfick, das separat ins Lumen transportiert wird. 
Im Lumen wird aus beiden wieder NH~- gebildet, 
das dann im Urin ausgeschieden wird. Dieser Pro- 
zeB p e r  se  entfernt keine H+-Ionen aus dem K6r- 
per. Zu diesem Zwecke miissen erst die anionischen 
Metaboliten, die bei der Ammoniagenese entstehen 
(2-Oxo-Glutarat 2- u.a.), in neutrale Stoffe umge- 
wandelt werden (CO2, Glukose). Dies geschieht 
ebenfalls, wenn auch nicht notwendigerweise, in 
der Tubuluszelle. Fiir jede negative Ladung des 
Substrats entsteht dabei ein HCO~--Ion, das die 
Zelle auf der Blutseite verl/iBt. Eine luminale NH~- 
Bildung, katalysiert durch 7-Glutamyltransferase, 
trfigt in geringem AusmaB zur NH~-Anhfiufung 
im Lumen bei. Am Ende des proximalen Konvo- 
luts findet sich 9mal mehr NHa ~--~NH] als im Glo- 
merulusfiltrat. Nur ein Drittel davon erreicht das 
distale Konvolut, vor allem well NH~ als solches 
im dicken, aufsteigenden Teil der Henleschen 
Schleife durch Co-Transport oder Elektrodiffusion 
resorbiert wird. Beide Prozesse erhalten ihre Ener- 
gie durch den aktiven Na+-Transport in diesem 
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Nephronteil. Dadurch wird NH3~-,NH~ u.a. im 
medull/iren Interstitium akkumuliert, so dab ein 
chemischer Gradient fiir die nicht-ionische Diffu- 
sion von NH3 ins Lumen des Sammelrohrs aufge- 
baut wird. Begiinstigt wird dies auch durch den 
sauren Dis/iquilibriums-pH-Wert im Lumen dieses 
Segments. Es wurde vorgeschlagen, dab NH3~--~ 
NH~-, wohl via nicht-ionische Diffusion, auch in 
den absteigenden Teil der Henleschen Schleife se- 
zerniert wird, urn, zusammen mit der NH2-Re-  
sorption im aufsteigenden Schleifenteil, die hohe 
interstitielle NH3 ~--~ NH~--Konzentration, die 
markw/irts zunimmt, aufrechtzuerhalten. Das 
Prinzip der Gegenstrom-Multiplikation scheint da- 
her auch bei der NH2-Ausscheidung eine wesent- 
liche Rolle zu spielen. 

Key words: K i d n e y -  Ammoniagenes i s -  Gluta- 
mine metabolism - Ammonium excretion - Am- 
monium transport - Nonvolatile acids 
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Fig. ! a. Traditional view of proximal tubular ammoniagenesis. 
It is wrong because at the physiological pH of the tubule cell 
(around 7.3), NH~ (not NH3) and glutamate- are formed. 
Secretion of NH3 and H + per se, therefore, does not represent 
net acid removal 

The Traditional Approach 

In the traditional view, metabolism of certain di- 
etary amino acids yields strong nonvolatile acids 
(H2SO4, HC1). The kidney excretes this acid load 
in three forms, i.e. as titrable acid (mainly phos- 
phate), as NHg and as free protons, of which the 
last form is quantitatively negligible. Beside respi- 
ratory influences, the renal ammoniagenesis is 
thought to be the central metabolic pathway in 
the regulation of acid-base balance because NH2 
excretion rises in chronic metabolic acidosis sever- 
alfold. 

The tubule cell is thought to form NH3 from 
glutamine. The uncharged base NH3 then enters 
the tubule lumen solely by non-ionic diffusion. At 
the same time, protons are secreted into the lumen 
and titrate the NHa to NH2,  for which the tubule 
wall is thought to be virtually impermeable. There- 
fore, the N H ]  trapped in this way in the lumen 
is excreted in the final urine. For each proton se- 
creted and excreted this way, one HCO~ ion is 
formed according to 

C O  2 + H20 ~ H C O f  + H +. (1) 

The HCO~-leaves the tubule cell on the peritu- 
bular side. Although this approach is only partially 
correct, and, in some respects misleading [2, 20], 
it is taught that way in most textbooks (see 
Fig. 1 a). 

This article mainly deals with a revised view 
of these processes and reviews some of the most 

recent experimental data on the renal production, 
transport, and excretion of NH3 +-~NH2. 

Production and Consumption of NH~- 
and Nonvolatile Acids 

Although sometimes named this way, NH~ is nei- 
ther a strong acid nor is the pair NH3 <--~NH~ (pK 
about 9) a significant buffer within the physiologi- 
cal pH range. Thus, if during oxidation of a neutral 
amino acid like alanine 

NH 3 
I 

CH3 - CH - COO - + 3 02 ---> 2 COz + HCO~- + 
+ NI42 + I-I20 (2) 

equal amounts of HCO~ and N H ]  are formed, 
the bicarbonate cannot be directly buffered by 
NH~- [2]. Gill-breathing vertebrates can eliminate 
the two products and the CO2 into the water sur- 
rounding the gills. Air-breathing animals can get 
rid of the CO2 by expiration only. From the usual 
dietary intake of 100 g protein in humans, roughly 
1 mol HCO;- and 1 mol NH + are formed. Because 
there is no way of excreting these big amounts 
of the two compounds as such in the urine or in 
the feces, the liver combines both substances to 
a neutral compound, i.e. urea, by utilizing high 
amounts of metabolic energy. The net reaction of 
this biosynthesis is: 

4ATP 

2NH + + 2HCO~- ---> Urea + CO2 + 3 H20. (3) 
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The energy supply is needed because NH2 is 
a much weaker acid than carbonic acid and, there- 
fore, the direct or indirect transfer of  protons from 
NH2 to HCO 3 cannot occur spontaneously. At- 
kinson and Camien [2] even called this H ÷ transfer 
a kind of "ATPdriven proton pump".  

Thus, the bulk of the protein metabolites are 
excreted in the urine as urea and the CO2 is blown 
off by respiration. However, degradation of certain 
amino acids yields products carrying a net charge. 
In general, metabolism of dietary constituents lib- 
erates H + when a neutral nutrient is converted into 
a metabolite which contains a net anionic charge 
[21]. This applies for the neutral (superscript: o) 
amino acids cysteine or methionine. 

Met ° (or Cys °) ~ glucose ° (or triglyceride °) 

+ urea° +SO23- + 2 H + :  (4) 

Because a usual diet contains 12 mmol cysteine and 
24mmol  methionine per day [21], 2 times 
(12+24)=  72 mmol H + are formed this way every 
day. 

In a further metabolic process, positively 
charged amino acids (arginine, lysine and part of  
the histidine residues) are converted into neutral 
metabolites. Here H ÷ ions are formed again: 

Arg ÷" C1- ~ glucose ° (or triglycerides °) 

+ urea ° + H + + C1-. (5) 

From this degradation, usually about 138 mmol 
H ÷ are formed per day [21]. 

In contrast to these proton-generating pro- 
cesses, metabolism of anionic compounds, i.e. the 
salts of  the acidic amino acids, glutamate and as- 
partate (100 mmol/day), or other organic anions 
like lactate, acetate, malate, citrate, etc. (roughly 
60 mmol/day), to neutral metabolites will r e m o v e  

H ÷ ions: 

lactate - + H ÷ ~ glucose ° 

(or triglyceride °) + CO2. (6) 

Summing up the production and consumption 
of H ÷ by all these processes, the net formation 
of H ÷ by the liver will be about 
7 3 + 1 3 8 - 1 0 0 - 6 0 = 5 0  mmol/day. As these pro- 
tons are buffered, an equimolar amount  of H ÷ 
have to be removed from the body in order to 
restore the body's HCO~.  

How Does the Kidney Remove 
Strong Nonvolatile acids? 

Protons are excreted by the kidney " in  the form 
of"  titratable acid and NH2.  Whereas the first 

process is a real intraluminal titration mainly of 
filtered HPO 2- to H2PO 2 by H + ions secreted 
into the lumen, this is not the case with NHa~--~ 
NH2 

If, as usually drawn in textbooks, NH ° were 
the product of, for instance, glutamine deamida- 
tion, glutamic acid ° rather than glutamate- would 
be formed. At the physiological tubular cell pH 
of about 7.3, however, NH 2 and glutamate- are 
the products of the glutaminase reaction. Assum- 
ing non-ionic diffusion of ammonia, for each NH3 
leaving the cell, one H + is formed in the cell ac- 
cording to: 

NH~ +-~H + + N H  3. (7) 

In the tubule lumen, both, the NH3 and the 
H +, secreted by separate mechanisms, combine 
again and are excreted in the form of NH2 (see 
Fig. I b). Thus, this process p e r  se  clearly does not 
net-remove H + ions from the body. What is 
needed here, is a s e c o n d  p r o c e s s  which consumes 
H ÷ by converting the anionic metabolite gluta- 
mate -  to a neutral compound (CO o or glucose°). 
However, this second step does not necessarily oc- 
cur within the kidney. Nevertheless as has recently 
been reviewed by Welbourne and Phromphet- 
charat [55], incorporation of glutamine carbon 
into neutral metabolites within the kidney has been 
shown for instance with rat kidney cortical slices 
[17] as well as in dogs in vivo [27]. Moreover, 
the glutamate content of the tuble cell decreased 
during metabolic acidosis, and glutamate even in- 
hibits ammoniagenesis under these conditions [12]. 
Thus, not only deamidation of glutamine but also 
the removal of the 2-amino group of glutamate 
is followed by tubular consumption of one proton 
for each N H ]  formed. Therefore, the total conver- 
sion of the glutamine ° to CO o and/or glucose ° in 
the tubule results in the formation of 2HCO~ (en- 
tering the blood) if both nitrogens are excreted by 
the kidney as NH2.  In conclusion, NH~- excretion 
is normally a m e a s u r e  of HCO~ formation (or H + 
loss), although excretion of NH2 p e r  se  is not 
identical with H + excretion (see above). 

In alkalosis, however, the anionic citric acid 
cycle intermediates citrate and 2-oxo-glutarate are 
hyperexcreted [4, 8, 23, 44]. In this case, renal 
HCO~ formation may become smaller than NH~- 
production because anionic metabolites of gluta- 
mine leave the kidney and even the body what 
indirectly helps to reduce the HCO~ content of  
the organism. Quantitatively, however, renal excre- 
tion of HCO~ as such is more important under 
such conditions. 
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Fig. 1 b. Proximal tubular ammoniagenesis as revised by Atkin- 
son and Camien [2]. It is chemically right, but physiologically 
wrong because glutamate- (and also other anionic metabolites 
of  tubular ammoniagenesis) does not leave the kidney to any 
greater extent 

Is H + Excretion Regulated 
in the Kidney or in the Liver? 

It is well-known that renal ammoniagenesis highly 
increases in chronic metabolic acidosis, al though 
the signal governing this change is still only partly 
understood [33, 46]. More recently, a major role 
of the liver in pH-homeostasis has been proposed 
[1, 2, 29]. The authors [1, 29] emphasize that the 
urea cycle not only removes NH3 ~-~NH2 and con- 
verts it to an easily excretable compound  but also 
disposes an equimolar amount  of H C O f  generated 
in metabolism (about 1 mmol /day;  see above). 
They state that  °' These considerations demonstrate 
that the concentration of HCO~ in the blood is 
regulated primarily by the liver; they are incompat- 
ible with the textbook statement that the kidney 
regulates the blood bicarbonate level" [2]. They 
only agree with the traditional view in as far as 
the kidney can have a direct effect on the level 
of HCO~ in the blood, if, under extreme condi- 
tions, the metabolic product ion of HCO~- exceeds 
the NH~- formation thus far that it is leading to 
HCO~ concentrations in the blood above 
30 mmol/1. These statements are partly based on 
the assumption that all glutamine-derived gluta- 
ma te -  leaves the kidney (see Fig. i b). However, 
no reference is given for this. In contrast, renal 
glutamate release in normal  human subjects has 
been found to be only about  12% of extracted 
glutamine. In acidosis, glutamate is even taken up 
by the kidney in humans as well as in dogs [30, 
32]. Also in alkalotic dogs, glutamate release is 
less than 5% of the glutamine extracted [32]. As 
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Fig. 1 e. Proximal tubular ammomagenesis as seen today. The 
main substrate glutamine enters the cell from both sides. The 
mitochondrial glutaminase produces NH2 + glutamate-.  NH2 
is secreted as NH3 and H + by separate mechanisms forming 
NH~ in the lumen. Glutamate-  is further metabolized to a 
second NH~ and 2-0xo-glutarate 2-.  The conversion of this 
twofold negatively charged metabolite to the neutral substances 
COz and glucose utilizes two H +. The remaining O H -  com- 
bines with CO2 (carbonic anhydrase-catalyzed) yielding HCO~- 
which enters the peritubular blood. This latter process repre- 
sents net removal of H ÷ from the body if the NH~- formed 
is excreted in the urine. A small amount of NH 2 is also formed 
from filtered glutamine within the lumen (see text) 

outlined above, the glutamine carbon nearly com- 
pletely goes into neutral metabolites within the tu- 
bule cell (see Fig. 1 c). If  gluconeogenesis, i.e. one 
pathway leading to a neutral endproduct  of gluta- 
mine metabolism, is inhibited, ammoniagenesis is 
even lowered to 50% [34]. For  these and other 
[51] reasons, the kidney is clearly involved in the 
regulation of pH-homeostasis. 

Nevertheless, it seems to be feasible that, beside 
the kidney, the liver might take part in this regula- 
tion. Indeed, it has been found [22] that a low 
pH value in the portal  vein decreases urea forma- 
tion and glutamine deamidation in the periportal 
hepatocytes and at the same time favours gluta- 
mine synthesis in perivenous hepatocytes. F rom 
these results it has been suggested that  the pH de- 
pendence of these processes represents a tool for 
hepatic pH control in the organism [22]. By these 
means, NH 2 would be diverted from ureagenesis 
to hepatic synthesis of glutamine. Consequently, 
more of it is exported to the kidney in metabolic 
acidosis. Here, it enters the glutaminase pathway 
resulting in an increased NH~ excretion. The 
HCO~ saved by the decreased urea formation (see 
formula 3) would be able to restore the decreased 
HCO~ levels in acidosis. Thus, the question arises, 
whether the urea synthesis is regulated primarily 



866 S. Silbernagl and D. Scheller: Renal Ammoniagenesis 

Plasma Concentration Urinary Excretion 

[HCO~]st Immo[/I) 

-25 SEM 

Urea (mmot/[) 

-25 

\ n.s. 

-21t ~ -20 

-1. c ~ -15 

- iiiii~ ~ o~ 
-,c -lO 

-5 ~ -5 

n:  264 7 6 

-12.5 

-10.0 

-7.5 

**~ -5.0 
-2.5 

1 8 5 6 6  

Urea [ lUmol/min) 

n.s. 

205 44  

NH4++NH3 (tJmo[/min 

-12.5 

-10.0 

-7.5 

-5.0 

-2.5 * * 

265 74  

Fig. 2. The effect of HC1 (1 retool) and 
NH4C1 and NH4HCO3 (2.5 mmol each) 
given by stomach tube to rats (270 g B.W.) 
on standard HCO~-, on the plasma level of 
urea, and on the excretion of urea and 
ammonia. The values are obtained 2 hours 
after application. G F R  was constant in all 
cases (Scheller and Silbernagl, published in 
abstract form; Ref. [36]) 

by the needs of NH + disposal, as traditionally 
seen, or of pH-homeostasis, as suggested by the 
authors quoted above [1, 2, 22, 29]. 

We tested these alternative hypotheses by load- 
ing rats with NH4C1, or HC1 by a stomach tube. 
If the ureagenesis is regulated by the needs of pH- 
homeostasis, urea formation should decrease dur- 
ing loading of HC1 (because standard HCO~ is 
lowered), but should be unchanged after loading 
of NH4C1. According to the traditional view, i.e. 
urea synthesis is primarily governed by the needs 
of NH~ disposal, ureagenesis should increase with 
NH4C1 but not with HC1. The experimental results 
obtained are shown in Fig. 2 where the values after 
two hours are given• The GFR was constant in 
all cases• The results [36] clearly show that all pre- 
dictions favouring the traditional view are matched 
by the results. Similarly, Halperin etal. [19] 
showed that ureagenesis did not change during a 
severe acidosis induced by HC1 applicated intrave- 
nously• Thus, these results argue strongly against 
a primary role of hepatic urea formation in con- 
trolling pH-homeostasis. This conclusion is at vari- 
ance with data [29] obtained after chronic HC1- 
or NH4C1 loading (earliest measurements after 
24 hours)• In contrast to the above mentioned 
acute study, secondary metabolic changes might 
have come into play in the chronic study• 

How Does N H  3 +-+NH~ Cross Tubular 
Cell Membranes ? 

According to the 'classic' view [review: 13], 
NH3*-~NH 2 is transported through cell mem- 

branes at least primarily by non-ionic diffusion, 
i.e. in the form of the uncharged base NH3. Ac- 
cordingly, the total ammonium concentration, 
[NH~-+NH3], in all compartments in NH3 equi- 
librium can be predicted, if their pH and [NH2 + 
NH3] in one compartment is known• Thus, if the 
readily diffusible form NH3 would be in diffusion 
equilibrium throughout the whole kidney, urinary 
[NH3 +NH2]  could be only elevated above renal 
venous [NH3 + NH2] by the factor (urinary [H+]/ 
renal venous [H +]). 

[H+]u + 
• [NH 4]r ..... nous. (8) [NH+]~ = + 

[H ]ren.ve.oos 
(In this simplified equation the very small NH3 
content, if compared to NH~, is neglected.) Taking 
experimental data of Pitts et al. [32] obtained from 
acidotic dogs, the measured urinary [NH + + NH3], 
however, is 2 to 4 times higher than the value cal- 
culated from the above equation (see also Ref. 
[20]). These and other considerations already sug- 
gest that renal handling of NH + +-*NH3 involves 
other major transport processes than non-ionic dif- 
fusion. 

In order to better understand these processes, 
the technique of perfusing isolated nephron seg- 
ments has recently begin to be applied to the inves- 
tigation of renal ammonium transport (review: 
[15]). Nagami and Kurokawa [28], for instance 
microperfused isolated proximal tubules which are 
considered to be the major site of ammonium se- 
cretion [11, 14, 35, 43]. No NH3+-,NH + was ini- 
tia]ly present in the bath and in the perfusate• The 
total ammonia concentration in the fluid exiting 
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the lumen turned out to be 300-fold greater than 
the concentration in the bath. Assuming intracellu- 
lar (not luminal) ammoniagenesis as the primary 
source, and non-ionic diffusion of NH3 alone 
across these tubules, the ApH between lumen and 
bath must have been nearly 2.5. The maximum 
ApH experimentally measured across the wall of 
proximal tubules, however, lies somewhere be- 
tween 0.7 and 0.9 [26, 50]. Even assuming a very 
high maximum A pH of 1, luminal NH~ should 
not exceed a value 10-fold higher than found in 
the bath. Thus, the luminal NH2 accumulation 
observed is not compatible with non-ionic diffu- 
sion of NH3 alone followed by NH2 trapping in 
the lumen. Similarily, the NH3~--~NH,~ concentra- 
tion found endproximally in rats in vivo [11, 35], 
can be explained only with difficulties by non-ionic 
diffusion of NH3 alone. We, therefore, have to 
consider other possibilities. One would be, that 
NH2 is formed from glutamine within the lumen. 
Another explanation would be that the charged 
NH~- as such is secreted into the lumen. These 
two possibilities are considered in the two follow- 
ing sections. 

Luminal Ammoniagenesis? 

The main substrate for renal ammoniagenesis is 
glutamine [32, 49]. Filtered glutamine enters the 
cells of the early proximal tubule from the lumen 
[28] but peritubular uptake also occurs [42]. Poten- 
tially, there are three renal pathways by which 
NH + can be split from glutamine [46]. The amido 
group can be hydrolyzed by two enzymes [24], (a) 
by the mitochondrial phosphate-dependent gluta- 
minase (PDG) or (b) by the phosphate-indepen- 
dent glutaminase (PIG), which is identical with the 
brushborder ~-glutamyl-transferase or y-GT [9, 
47]. Pathways (a) and (b) yield glutamate- and 
NH2. (c) In the so-called glutaminase II pathway, 
initially, the 2-amino group of glutamine is transa- 
minated to a ketoacid by cytosolic glutamine ke- 
toacid aminotransferase. The products are the re- 
spective amino acid and 2-oxoglutaramate which 
in turn is deamidated by co-amidase, yielding NH~- 
and 2-oxoglutarate 2- . 

Today, there is little doubt that the mitochon- 
drial PDG is quantitatively most important for re- 
nal ammoniagenesis at least during chronic meta- 
bolic acidosis [46, 10]. There is no convincing evi- 
dence to suggest that the glutaminase II pathway 
plays an important role in renal ammonia produc- 
tion [46]. As suggested by Welbourne and co- 
worker [52, 53], this may be not true for PIG, 
i.e. 7-GT. 

7-GT is located in the tubular brushborder 
where its catalytic activity faces the tubule lumen 
[40, 41]. The glutaminase activity of 7-GT can be 
highly increased by the toxic xenobiotic maleate 
and, more interestingly, by the non-toxic hippurate 
[48] which is secreted into the tubule lumen under 
physiological conditions. Thus, the question arises, 
whether and to what extent the 7-GT can contrib- 
ute to renal ammoniagenesis [52] if hippurate is 
present in the lumen. 

It has been shown most recently in microperfu- 
sion experiments performed with rats in vivo that 
a high luminal glutamate formation from gluta- 
mine can be demonstrated in the proximal tubule 
[39] if 10 mmol/1 hippurate are present in the per- 
fusate. However, it has been shown in the same 
study, that endogenous hippurate concentrations 
in the lumen of the late proximal convoluted tubule 
and in the early distal convolution reach only levels 
of 0.16, or 0.6 mmol/1, respectively. From these 
values, it can be estimated that luminal 7-GT-me- 
diated glutamine hydrolysis constributes 5- /0% to 
the normal renal ammonium excretion [39]. This 
number may increase during treatment of children 
suffering from an enzymatic defect in the urea cycle 
with the hippurate precursor benzoate [3]. An im- 
portant role of luminal ammoniagenesis during 
metabolic acidosis, at least in rats, is, however, 
questionable [37]. Confirming this view, it has been 
also disproved very recently (Silbernagl, unpub- 
lished results) that luminal hippurate concentra- 
tions in the rat proximal tubule rise significantly 
during chronic metabolic acidosis as suggested ear- 
lier [53]. 

In contrast to the small contribution of y-GT- 
mediated luminal ammoniagenesis to the total kid- 
ney excretion of NH2 in the rat as found in vivo 
[37, 39], a high rate of luminal glutamine hydroly- 
sis was found in the isolated perfused rabbit proxi- 
mal tubule in vitro, even in absence of exogenous 
hippurate [54]. Whether this means a considerable 
species difference or an artifact of the in-vitro prep- 
aration, remains to be elucidated. Such an artifact 
is likely because any impairment of the tubule cell 
function in vitro would primarily affect mitochon- 
drial- and brushborder uptake of the substrate glu- 
tamine rather than luminal ~-GT activity. Under 
such conditions, the relative contribution of lumi- 
nal ammoniagenesis would be favoured to an ex- 
tent not seen under normal in-vivo conditions. 

Is NH~ also Transported 
as such through Tubule Cell Membranes? 

There is no doubt that the permeability of lipid 
bilayers for NH3 is much higher than for NH + 
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[15]. According to Fick's Law, however, diffu- 
sional transport is also determined by the concen- 
tration of the diffusing species. Within the kidney, 
the concentration of NH~- is 100 to 10,000 times 
higher than that of NH3. From this point of view, 
NH2 may be transported to a considerable extent, 
even if its permeability coefficient is relatively low. 
Moreover, if NH 2 could cross the cell membrane 
through pores or carriers, NH~- could considerably 
contribute to net NH3~--~NH~- transport because 
backdiffusion of NH3 is not indefinitely high. (The 
permeability coefficient of NH3 is lower than that 
of CO2.) 

As excellently reviewed by Good and Knepper 
[15], the hydrated ionic radius and the ionic con- 
ductance of NH~ is virtually the same as that of 
K + . It is also well established that NH~ can substi- 
tute for K + in supporting the hydrolysis of ATP 
by the Na-K-ATPase in nerves as well as in rat 
kidney [review: 15]. Thus, specific segments of the 
nephrons were investigated in vitro in order to de- 
termine to what extent NH~ as such may contrib- 
ute to transcellular movement of NH3 +-~NH~. 

Although a favourable NH3 gradient directed 
into the lumen of the proximal tubule certainly ex- 
ists, the NH3+--~NH~- concentration found in the 
lumen of the isolated perfused proximal tubule 
cannot be fully explained by NH3 diffusion [28: 
see above]. If an unphysiological high 7-GT-me- 
diated luminal ammoniagenesis, as discussed 
above for the data of Welbourne and Park [54], 
can be excluded in this case, secretion of NH~ 
as such has to be postulated. 

A reabsorption of NH~- as such has been 
clearly established in the thick ascending limb of 
Henle's loop [16]. Here, NH3~--~NH + resorption 
takes place against a NH3 gradient. Furosemide 
inhibits this NH£ reabsorption. As this diuretic 
reduces the lumen-positive transepithelial potential 
normally found in this nephron section to zero [6], 
and at the same time blocks the reabsorptive Na + 
- 2 C 1 - - K  + co-transport [18], NH~ could be 
reabsorbed either through the paracellular shunt 
by electrodiffusion or by the co-transporter where 
NH + replaces K + [15]. 

In the isolated perfused cortical collecting duct 
of rabbits, NH3~--~NH + secretion was found de- 
spite a simultaneous HCO 3 secretion [25] leading 
to a higher HCO 3 in the lumen as compared to 
the bath. This result seemingly was incompatible 
with NH3 diffusion. However, addition of car- 
bonic anhydrase to the lumen converted NH3*--~ 
NH~ secretion to net absorption without affecting 
HCO~ secretion [25]. This indicates an acid dis- 
equilibrium pH in the lumen which can passively 
drive NH3 in the secretory direction (see Ref. [15] 

for further discussion). If such an acid disequilibri- 
um pH also exists in vivo, it may be an important 
component for luminal trapping of the NH3 which 
enters the colllecting duct from the medullary in- 
terstitium by diffusion. 

The Route of NH3 ~-~NH~ through the Kidney 

The proximal tubule cell is the most important site 
of NH~- production. Although part of it enters 
the peritubular capillaries, the major part is se- 
creted into the lumen (see Fig. 3) at least partly 
by non-ionic diffusion of NH3. Whether NH~ as 
such enters here too, remains to be demonstrated 
in vivo. 

By the end of the superficial proximal convo- 
luted tubule, the fractional delivery amounts to 
about 900% of the filtered load [43] whereby a 
small fraction of the late-proximal delivery stems 
from intraluminal ~-GT-mediated ammoniagenesis 
[39]. In the early distal superficial tubule only 
265% of the filtered is found [43] demonstrating 
that about 2/3 of the late proximal NH3~--~NH + 
is reabsorbed from the loop of Henle. In the thick 
ascending limb of Henle's loop, NH + as such is 
reabsorbed [16]. It is unknown whether electrodif- 
fusion and/or Na+-cotransport is the underlaying 
mechanism of luminal uptake. In any case, the ac- 
tive basolateral Na + extrusion in this segment is 
the energizing event [6, 18]. Basolateral exit prob- 
ably occurs by non-ionic diffusion. Consequently, 
as hypothesized by Good and Knepper [15], the 
interstitial concentration of NH3~--~NH~ is in- 
creased towards the papillary tip by counter cur- 
rent multiplication. This implies that NH3 ~ NH~ 
is secreted into the descending limb of Henle's loop 
probably in the form of NH3. Thus, the collecting 
ducts are surrounded by an interstitium of a high 
concentration of NH3+-+NH~. This and the fact, 
that a very low luminal pH may be present in the 
lumen of the collecting duct (acidic disequilibrium 
pH) favour non-ionic diffusion of NH3 from the 
medullary interstitium into the urine of collecting 
ducts [25]. 

Final urinary NH3+--~NH~- excretion normally 
is only a little smaller than the late proximal deliv- 
ery. The fact that urinary excretion of NH3+-+ 
NH2 often (not always) correlates with the uri- 
nary H ÷-concentration to some extent, most prob- 
ably reflects the fact that the important final step 
in renal NH3 ~-~ NH~- transport localized in the col- 
lecting duct is favoured by an acidic urine. The 
short-cut of NHa~--~NH2 transport form the loop 
of Henle to the collecting duct needs an interstitial 
concentration gradient increasing from the cortex 
to the medulla. Consequently, if, e.g. in diuresis, 
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Fig. 3. Renal formation and transport of 
NH3*-~NH +. For details see text (Data 
from Refs. [5 and 43]) 

medul la ry  N H a  +-~ N H 2  is washed  out,  a m m o n i u m  
excret ion t ransient ly should  increase and  should 
become  subnorma l  later  on. L o o p  diuretics in ad- 
di t ion b lock  N H 2  reabso rp t ion  in the thick as- 
cending l imb whereby  a m m o n i u m  excret ion should 
decrease to some extent. I t  has  to be emphasized,  
however ,  tha t  the way  o f  N H 3  ~ N H 2  th rough  the 
k idney  is not  unde r s tood  in every detail. The  se- 
quence out l ined above  is par t ly  hypothe t ica l  and  
needs to subs tan t ia ted  in the future. 

The General Significance 
of Renal Ammoniogenesis 

The ur inary  excret ion of  the expendable  cat ion 
NH~- (NH3 is quant i ta t ively  negligible), the pro-  
duct ion  and  excret ion o f  which rises m any fo ld  in 
chronic  metabo l ic  acidosis,  facilitates the excret ion 
o f  the anionic  t i t ra table  " a c i d s "  and  o ther  anions  
wi thout  obl igator i ly  deplet ing the body ' s  content  
o f  N a  + and  K +. T u b u l a r  ammoniagenes i s  is usual-  
ly coupled  to renal  HCO~- f o r m a t i o n  which makes  
the k idney an  i m p o r t a n t  o rgan  for  control l ing p H -  
homeostas is .  Renal  excret ion o f  NH~- ( +  t i t rable 
acid) quant i ta t ive ly  matches  the correct ion for  
metabol ic  acidosis [26a]. The  signals for  the in- 
crease o f  renal  ammoniagenes i s  which has to be 
paral leled also by a r ead jus tment  o f  the me t abo -  
lism in other  organs  (liver, gut, muscle)  dur ing met-  
abolic acidosis, however ,  are only  par t ly  under-  
s tood  [33]. Rena l  degrada t ion  o f  g lu tamine  also 
provides  the p recursor  needed for  the increased 
gluconeogenesis  associa ted with  metabo l ic  acidosis 
[10]. I t  has been es t imated  [7] tha t  fol lowing adap-  
ta t ion  to a p ro longed  fast, a b o u t  50% of  the to ta l  
gluconeogenesis  in h u m a n s  occurs in the kidney. 
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