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Abstract The importance of renal ammonia metabolism in
acid-base homeostasis is well known. However, the effects
of renal ammonia metabolism other than in acid—base homeo-
stasis are not as widely recognized. First, ammonia differs
from almost all other solutes in the urine in that it does not
result from arterial delivery. Instead, ammonia is produced by
the kidney, and only a portion of the ammonia produced is
excreted in the urine, with the remainder returned to the
systemic circulation through the renal veins. In normal indi-
viduals, systemic ammonia addition is metabolized efficiently
by the liver, but in patients with either acute or chronic liver
disease, conditions that increase the addition of ammonia of
renal origin to the systemic circulation can result in precipita-
tion and/or worsening of hyperammonemia. Second, ammo-
nia appears to serve as an intrarenal paracrine signaling mol-
ecule. Hypokalemia increases proximal tubule ammonia pro-
duction and secretion as well as reabsorption in the thick as-
cending limb of the loop of Henle, thereby increasing delivery
to the renal interstitium and the collecting duct. In the
collecting duct, ammonia decreases potassium secretion and
stimulates potassium reabsorption, thereby decreasing urinary
potassium excretion and enabling feedback correction of the
initiating hypokalemia. Finally, the stimulation of renal am-
monia metabolism by hypokalemia may contribute to the de-
velopment of metabolic alkalosis, which in turn can stimulate
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NaCl reabsorption and contribute to the intravascular volume
expansion, increased blood pressure and diuretic resistance
that can develop with hypokalemia. The evidence supporting
these novel non-acid—base roles of renal ammonia metabolism
is discussed in this review.
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Introduction

Renal ammonia'metabolism plays a critical role in mammali-
an biology. Ammonia’s role as a critical component of both
basal net acid excretion and the response to acid-base disor-
ders, such as metabolic acidosis, is well known. Less well
recognized is that ammonia produced in the kidney can be
added to the systemic circulation and increase systemic am-
monia levels. In patients with impaired hepatic ammonia me-
tabolism, this may lead to either precipitation or worsening of
hyperammonemic (hepatic) encephalopathy. Also less well
recognized is that intrarenal ammonia may function as a para-
crine signaling molecule. Intrarenal ammonia is produced in
the proximal tubule through mechanisms regulated by extra-
cellular potassium and then acts in the collecting duct to alter
potassium secretion by the collecting duct in a manner that
allows feedback regulation of the initiating potassium disor-
der. This review discusses these less well-known effects of
ammonia, which are independent of the traditional view of
the role of ammonia in systemic acid—base homeostasis.

! Ammonia can exist in two molecular forms, NH; (free ammonia) and
NH,* (ammonium cation). Throughout this review, “ammonia” refers to
the combination of both molecules; “NH;” refers specifically to the mo-
lecular form of NHs; “NH,"” refers specifically to the molecular form
NH4".
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Brief review of ammonia’s role in acid—base
homeostasis

Overview of acid—base homeostasis

Acid-base homeostasis is necessary for the normal main-
tenance of health. Disordered acid—base homeostasis leads
to a wide variety of complications, including failure to
thrive, skeletal osteopenia and/or osteoporosis, recurrent
nephrolithiasis, impaired thyroid hormone action and im-
paired glucose tolerance [1, 2]. The kidney’s contribution to
acid-base homeostasis involves two fundamental processes:
(1) reabsorption of filtered bicarbonate and (2) generation of
new bicarbonate [3, 4]. Filtered bicarbonate reabsorption is
necessary for acid—base homeostasis; however, on its own
biocarbonate reabsorption is not sufficient to maintain a state
of homeostasis because systemic bicarbonate is used to buffer
endogenous acid production, resulting in depletion of bicar-
bonate stores. Thus, even with 100 % reabsorption of filtered
bicarbonate, the kidneys need to generate “new” bicarbonate
to maintain acid-base homeostasis. New bicarbonate genera-
tion is equivalent to net acid excretion and involves the sepa-
rate processes of titratable acid excretion and ammonia excre-
tion. Under basal conditions, ammonia excretion is the quan-
titatively larger component of new bicarbonate generation,
and in response to acid-base disorders, almost all of the
change in new bicarbonate generation is attributable to varia-
tions in ammonia metabolism [5, 6]. Organic anion excretion
can also contribute to acid—base homeostasis, but in humans it
is quantitatively a substantially lesser component [3, 7, 8].

Renal ammonia metabolism

The renal handling of ammonia differs fundamentally from
that of almost every other urinary solute. Other solutes are
delivered to the kidney via the renal artery and undergo vari-
able components of glomerular filtration and renal epithelial
cell transport that result in urinary excretion. This results in a
renal vein content that is less than the renal arterial content.
Moreover, urinary excretion is only a minor component of the

filtered load (Table 1). The paradigm for renal ammonia me-
tabolism is different. Total filtered ammonia, assuming an
arterial ammonia level of 25 pumol/L [9] and a normal adult
glomerular filtration rate (GFR) of 120 mL/min, is 4.32 mmol/
24 h; this contrasts with the normal urinary ammonia excre-
tion of ~30 mmol/24 h [10]. Thus, the majority of urinary
ammonia is not excreted via glomerular filtration.

Kidneys actually generate ammonia from the metabolism
of specific amino acids, predominantly glutamine, with a less-
er component from alanine metabolism [4, 6, 11]. The proxi-
mal tubule is the primary site of ammonia generation and is
the site of changes in ammonia generation in response to
physiologic stimuli [12—16]. Ammonia generation from glu-
tamine, when carried to its completion, results in generation of
two NH,* and two bicarbonate molecules [6]. Several recent
reviews of the mechanisms of renal ammonia generation are
available for the interested reader [3, 4, 6, 11]. The bicarbonate
generated is added to the systemic circulation through the
renal vein, thereby serving as a source of “new bicarbonate.”
Ammonia generated in the kidney is either excreted into the
urine or enters peritubular capillaries and is added to the sys-
temic circulation via the renal vein [3, 6, 17, 18]. As a result,
the kidneys, even though they excrete ammonia, also act as a
source of systemic ammonia generation (Fig. 1).

Differential handling of the ammonia generated in the
kidneys, urinary excretion versus systemic addition, has a
critical effect on the acid—base aspects of ammonia metab-
olism. Ammonia added to the systemic circulation un-
dergoes, in the individual with normal hepatic function,
rapid hepatic metabolism; this is necessary to maintain
low arterial ammonia levels and prevent hyperammonemic
encephalopathy. There are two pathways of hepatic ammo-
nia metabolism—one produces urea and the other gluta-
mine [20-24]. The ureagenic pathway uses equal amounts
of bicarbonate and NH,*. As a result, the bicarbonate pro-
duced during renal ammonia generation is used in the he-
patic metabolism of ammonia to urea. Ammonia can also
be metabolized by glutamine synthetase in an enzymatic
process that regenerates glutamine. However, this reaction
generates one H* for each NH,* metabolized [25], and the

Table 1 Common urine solutes

Solute Units Amount filtered per day Amount excreted in Percentage of filtered
the urine per day load excreted in urine

Water L 180 ~1 ~0.6

Na* mmol 25,200 100-200 0.4-0.8

K* mmol 720 60 83

HCO;~ mmol 4320 0 0

Ammonia mmol 43 30 ~700

Calculations are based upon normal adult glomerular filtration rate (GFR) of 120 mL/min, serum Na* level of
140 mmol/l, serum K* level of 4.0 mmol/L and serum bicarbonate level of 24 mmol/L. Urinary solute excretion is

variable, and typical norms are shown
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Fig. 1 Renal vein ammonia concentration is higher than the
concentration of ammonia in the renal artery, indicating systemic
ammonia addition of renal origin. Graph was constructed using
measurements of arterial and renal vein ammonia concentrations in ten
patients. Data were obtained from [19]. All patients had impaired liver
function, likely contributing to mild elevation in arterial ammonia levels

H* is then buffered by bicarbonate. Consequently, hepatic
ammonia metabolism, whether resulting in urea or gluta-
mine production, consumes an equal amount of bicarbon-
ate as was made during the renal generation of ammonia.
Thus, only the ammonia generated in the kidneys and ex-
creted in the urine is associated with a net addition of
bicarbonate to the extracellular body fluids.

Clinical implications of renal ammonia addition
to the systemic circulation

The addition of renal ammonia to the systemic circulation has
important clinical implications. The acid—base effect has been
described in the preceding sections. The second effect is related
to changes in arterial ammonia concentrations. In individuals
with intact hepatic function, rapid hepatic metabolism prevents
significant changes in arterial ammonia levels [26-28].
However, in patients with acute or chronic liver disease, who
have an impaired ability to metabolize ammonia, increased
renal ammonia addition may lead to hyperammonemia. The
renal contribution to hyperammonemia probably occurs under
a wide variety of conditions, including hypokalemia,

gastrointestinal (GI) bleeding, high protein diet and valproic
acid-induced hyperammonemia.

Hypokalemia

Hypokalemia is one of the more common electrolyte disorders
observed in clinical medicine. It occurs in 3—8 % of hospital-
ized patients, with an increased incidence in patients treated
with diuretics, whether for hypertension, heart failure or other
volume overload conditions [29-31]. Not as well-recognized,
however, is that hypokalemia also can increase arterial ammo-
nia levels in patients with liver disease (Fig. 2). In one study,
K* depletion increased arterial ammonia levels from ~45 to
~80 umol/L, with subsequent K™ supplementation reversing
the effect [34]. Changes in renal ammonia metabolism appear
to account for this effect of hypokalemia. Specifically, hypo-
kalemia increases renal ammonia generation, urinary ammo-
nia excretion and, importantly, systemic ammonia addition
from the kidneys [32, 33]. Studies in animal models show that
hypokalemia stimulates all major components of ammonia
metabolism, renal glutamine uptake, ammonia generation
and multiple components of ammonia transport by renal epi-
thelial cells [35-38]. The mechanism through which hypoka-
lemia stimulates these components has not been definitively
determined. Some [39, 40], but not other [41], studies have
shown that hypokalemia causes intracellular acidosis in renal
cortical cells, presumably those of the proximal tubule, and
this process might be the proximate signal initiating increased
renal ammoniagenesis.
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Fig. 2 Hypokalemia increases arterial ammonia levels in patients with
cirthosis. Data in graph show the effects of diuresis-induced potassium
(K*) depletion and then correction (K Repletion) by either diet or diet with
supplemental K* salts. All changes were statistically significant. Data
obtained from [32, 33]. All patients had impaired liver function, likely
contributing to the observed mild elevation in arterial ammonia levels
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This stimulation of renal ammonia metabolism increases
the addition of ammonia of renal origin to the systemic circu-
lation. In one set of studies, patients on a normal potassium
diet and following induction of a potassium restricted diet
were studied [32]. Arterial ammonia levels and renal venous
ammonia levels were measured to assess the addition of renal
ammonia to the systemic circulation (Fig. 3). When the pa-
tients were on a normal potassium diet, the renal vein ammo-
nia concentration was an average of 23 wmol/L higher than the
renal arterial ammonia concentration due to the generation of
renal ammonia and its addition to the systemic circulation.
When hypokalemia was induced by a potassium restricted
diet, the addition of ammonia of renal origin to the systemic
circulation, measured as the increase in the concentration of
ammonia in the renal venous fluid, increased by ~2.5 fold.
Although renal plasma flow was not determined in this
study, it is highly unlikely that hypokalemia decreased re-
nal plasma flow by more than 70 %, which would be nec-
essary to account for this change in renal vein ammonia
levels. These human studies have been extended by animal
studies showing that dialysis-induced hypokalemia sub-
stantially increases the addition of ammonia of renal origin
to the systemic circulation [32].

Another experimental model tested whether the effects of
diuresis-induced hypokalemia and the addition of ammonia of
renal origin to the systemic circulation were reversible with
acute intravenous potassium replacement [32]. During the
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Fig.3 Hypokalemia increases the addition of ammonia of renal origin to
the systemic circulation. This graph is a representative example of the
effect of spontaneous hypokalemia induced by dietary potassium
restriction on the addition of ammonia of renal origin to the systemic
circulation. Results were obtained from a patient with chronic liver
disease on a normal potassium diet (65 mEq per day) an then on a low
potassium diet (30 mEq per day). Serum potassium decreased from 3.5 to
2.7 mEq per liter. There was no significant change in arterial pH. Data
were obtained from [32]. In this study, all patients had impaired liver
function, likely contributing to mild elevation in arterial ammonia levels
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diuresis-induced hypokalemia, ammonia concentration in the
renal vein exceeded that in the renal artery by an average of
100 pmol/L (Fig. 4). Following intravenous potassium re-
placement, the increment decreased substantially, to an
amount similar to that observed in the patients on a normal
potassium diet in the previous study, i.e. 22 umol/L. These
results suggest that hypokalemia’s stimulation of renal-to-
systemic ammonia addition appears to be rapidly reversible
with correction of the hypokalemia.

Gastrointestinal bleeding

Another clinical condition associated with precipitating and/or
worsening hepatic (hyperammonemic) encephalopathy is GI
bleeding. Traditionally, the increase in arterial ammonia levels
during GI bleed is thought to result from increased colonic
ammonia production. However, increased addition of ammo-
nia of renal origin to the systemic circulation is also likely to
contribute substantially to the observed increase.

In one study, intestinal and renal ammonia balance was
measured in patients with cirrhosis and active variceal
bleeding [42]. Intestinal tract net ammonia consumption
averaged 121 nmol/kg/min. When extrapolated to a 70-kg
individual, this is an average rate of ammonia consumption
of 12 mmol/24 h. Thus, worsening hyperammonemia
could not be attributed in this circumstance to net intestinal
ammonia production. Unfortunately, the measurements of
“net intestinal ammonia production” in this study resulted
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Fig. 4 Effect of intravenous (/V) K* replacement on the addition of
ammonia of renal origin to the systemic circulation. This graph is a
representative example of the effect of correcting hypokalemia with IV
K* supplementation on the addition of ammonia of renal origin to the
systemic circulation. Acute IV potassium replacement decreases arterial
ammonia concentration and decreases the addition of ammonia of renal
origin to the systemic circulation, as indicated by the decrease in the
gradient between arterial and renal vein ammonia concentration. Data
were obtained from [32]. In this study, all patients had impaired liver
function, likely contributing to mild elevation in arterial ammonia levels
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from the measurement of arterial ammonia, hepatic vein
ammonia and hepatic venous blood flow rates.

However, the authors of the study did assess renal ammo-
nia production by measuring arterial ammonia, renal vein am-
monia and renal plasma flow [42], documenting a net ammo-
nia production of 572 nmol/kg/min. When extrapolated over
24 h in a 70-kg individual, this is equivalent to an increase in
the addition of ammonia of renal origin to the systemic circu-
lation of 58 mmol/24 h. Because similar measurements were
not made in similarly ill patients without active bleeding, it is
not possible to conclude definitively that the addition of renal
ammonia to the systemic circulation was increased. However,
this rate of renal ammonia addition, i.e. ~60 mmol/day, is
approximately twofold higher than the average of 30 mmol/
day typically seen.

In the same study, a more detailed analysis of the site of
ammonia generation during a GI bleed was assessed during
more controlled circumstances, i.e. not during an acute GI
bleed [42]. The authors studied patients with biopsy-proven
cirrhosis undergoing assessment of transjugular intrahepatic
portosystemic shunt (TIPSS) patency. They measured arterial
ammonia, intestinal tract-specific (i.e. not involving the liver)
ammonia production and renal ammonia production, both be-
fore and after a simulated GI bleed. The GI bleed was mim-
icked by providing an intestinal load of 46 g of an amino acid
solution designed to mimic the amino acid composition of
hemoglobin, administered via a nasogastric tube. Intestinal
tract ammonia production increased over the 4-h time course
of the experiment, from ~600 to ~1000 nmol/kg/min, i.e. an
increase of 400 nmol/kg/min. In addition, the addition of am-
monia of renal origin to the systemic circulation increased
from ~100 to ~600 nmol/kg/min. These findings indicate
that nasogastric administration of an amino acid load, de-
signed to mimic hemoglobin, stimulates renal ammonia
generation and addition to the systemic circulation that is
at least as much, if not greater, than the increase in intesti-
nal ammonia production.

Whether these changes in ammonia addition also occur in
response to changes in dietary protein has been addressed
indirectly in studies assessing the renal response to dietary
protein changes. High dietary protein increases multiple com-
ponents of renal ammonia production and metabolism, and
low-protein diets decrease renal ammonia metabolism
[43-45]. These effects on renal ammonia metabolism are
paralleled by changes in urinary ammonia excretion, and they
appear to reflect a renal response designed to maintain acid—
base homeostasis in the face of varying levels of endogenous
acid production that result from changes in dietary protein
metabolism. The finding, discussed above, that nasogastric
amino acid administration increases the addition of ammonia
of renal origin to the systemic circulation suggests that chang-
es in dietary protein intake will cause parallel changes, but this
has not been determined specifically.

Valproic acid encephalopathy

Valproic acid is an effective anticonvulsant used in many
types of epilepsy; it is usually well tolerated, but occasionally
causes hyperammonemic encephalopathy in the absence of
overt liver disease. As many as 10—15 % of pediatric patients
treated with valproic acid develop hyperammonemia [46], and
this, at least in part appears to be due to increased renal am-
monia generation. Valproic acid and several of its metabolites
increase renal glutamine uptake and renal ammonia produc-
tion quite dramatically [47—49]. The increased ammonia pro-
duction results in both an increase in urinary ammonia excre-
tion and a simultaneous quantitatively similar increase in the
addition of ammonia of renal original to the systemic circula-
tion [50-55]. Another study demonstrated the critical role of
the addition of renal ammonia to the systemic circulation by
showing that valproic acid-induced hyperammonemia did not
occur in animals with a previous bilateral nephrectomy [55].
There is also likely to be a hepatic contribution, resulting from
impaired hepatic ammonia metabolism, that contributes to the
hyperammonemia that develops.

Intrarenal roles of ammonia other than acid—base
homeostasis

A variety of studies over many years have investigated the
observation of a correlation between potassium disorders
and abnormal ammonia metabolism. As discussed previously,
hypokalemia stimulates renal ammonia metabolism and in-
creases urinary ammonia excretion. Simultaneous with the
changes in urinary ammonia excretion are changes in potassi-
um excretion [56, 57].

Tannen and colleagues investigated whether these changes
were causally related by stimulating renal ammonia metabo-
lism independent of changes in systemic acid-base status or
serum potassium concentration [58]. They took advantage of
the finding that glutamine is a limiting factor for renal ammo-
nia metabolism, under both basal and acidotic conditions, and
stimulated renal ammonia generation by administering gluta-
mine. The results showed that glutamine administration in-
creased urinary ammonia excretion rapidly and simultaneous-
ly decreased urinary potassium excretion (Fig. 5). The potas-
sium conservation could not be accounted for by changes in
urinary sodium excretion or in plasma potassium or acid-base
parameters. Quantitatively, the change in urinary ammonia
excretion, an increase of ~32 wmol/min, was significantly
greater than the change in urinary potassium excretion, a de-
crease of ~14 umol/min. Thus, the change in K* excretion
could not be simply attributed to a renal K* for NH4* ex-
change process. These results suggest that there might be a
correlation between the effects of renal ammonia metabolism
and renal potassium handling.
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Fig. 5 Effect of stimulating renal ammonia metabolism with glutamine
on urinary ammonia and K* excretion. Normal healthy men first ingested
a constant formula diet of normal electrolyte content for 3 days, followed
by the ingestion of glutamine at 4.3 mmol/kg body weight. Glutamine
ingestion resulted in an increase in urinary ammonia excretion and a
concomitant decrease in potassium excretion. Data were obtained
from [58]

Further studies in animal models sought to determine
where in the kidney changes in ammonia metabolism altered
potassium transport. Jaeger and colleagues observed that the
administration of intravenous glutamine to rats had the exact
same effect on urinary ammonia and potassium excretion as
observed in humans [59]. In their study, free-flow micropunc-
ture was used to assess the site along the nephron/collecting
duct where potassium transport was altered. Glutamine ad-
ministration did not significantly alter the fractional delivery
of potassium to the micropuncturable distal tubule, indicating
no change in K* reabsorption by the combined proximal tu-
bule and loop of Henle [59]. Instead, all of the regulation of
potassium handling occurred distal to the “micropuncturable
distal tubule,” a region which includes portions of the distal
convoluted tubule (DCT) and connecting segment and the
entire collecting duct. In the absence of glutamine stimulation,
there was net potassium secretion; however, following gluta-
mine treatment, there was net potassium reabsorption. Thus,
stimulating ammonia metabolism with glutamine decreased
renal potassium excretion, with all of the effects on potassium
transport occurring in the “distal nephron,” i.e. somewhere in
the DCT, connecting segment and collecting duct.

The next set of studies examining this issue originated from
the laboratory of Hamm, et al, and involved the use of in vitro
microperfusion of cortical collecting duct segments [60]. This
technique allows the effects of specific stimuli on transport to
be examined without having to worry about systemic and/or
nonspecific effects. These authors showed that ammonia rap-
idly and significantly decreased potassium secretion by the
cortical collecting duct by ~40 % (Fig. 6). Thus, the effects
of glutamine administration increase renal ammonia metabo-
lism and alter “distal tubule” potassium handling, and are
attributable, at least in part, to the ability of ammonia to sig-
nificantly and substantially inhibit net potassium secretion in
the cortical collecting duct.
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Fig. 6 Effects of ammonia on cortical collecting duct (CCD) K*
secretion. Net K* secretion was determined in isolated perfused rabbit
CCD segments. Ammonia addition to extracellular solutions significantly
inhibited net K* secretion. Data are from [60]

Potassium handling by the collecting duct involves sepa-
rate components of potassium secretion and potassium reab-
sorption [29, 61, 62]. Potassium secretion in the principal cell
is primarily linked to a mechanism of sodium reabsorption
occurring through the epithelial sodium channel (ENaC),
coupled to potassium secretion. Hamm et al., using the
isolated-perfused collecting duct approach, also showed that
ammonia significantly and rapidly impaired sodium reabsorp-
tion with a similar time course and magnitude as its effects on
potassium secretion [60]. Whether this effect was due to
changes in intracellular pH was not examined specifically.
However, chronic ammonia exposure has been found to de-
crease intracellular pH in collecting duct intercalated cells
[63]. If similar intracellular pH changes occur in Na®-
transporting principal cells, this could explain, at least in part,
the inhibition of Na* reabsorption because decreased intracel-
lular pH is known to inhibit ENaC [64, 65].

In a study involving the heterologous expression of ENaC
in the Xenopus oocyte and detailed electrophysiologic studies,
Nakhoul et al. showed that ammonia directly affected the in-
hibition of ENaC-mediated sodium transport (Fig. 7) [66].
This effect was independent of the effects of ammonia on
intracellular pH. Thus, at least a component of the effects of
ammonia on collecting duct potassium secretion can be linked
to ammonia acting as a “potassium-sparing diuretic” that
blunts the secretion of potassium by the collecting duct.

Potassium handling by the collecting duct also involves
potassium reabsorption, which occurs primarily via H-K-
ATPase [29, 67, 68]. Two sets of studies have addressed the
effects of ammonia on this component of potassium handling.
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Fig. 7 Effect of ammonia on epithelial sodium (Na") channel (ENaC)-
mediated Na* transport. ENaC was expressed in Xenopus oocytes, and
the effects of ammonia on ENaC-mediated Na* transport, measured as
current, were measured. Data are from [66]

The work of Hamm and colleagues on the isolated, perfused
collecting duct showed that ammonia stimulated the reabsorp-
tion of the potassium analog, rubidium [60], and that by Frank
and colleagues on the isolated, perfused cortical collecting
duct showed that ammonia stimulated proton secretion [63].
There are two mechanisms of apical proton secretion in the
cortical collecting duct, namely, H-ATPase and H-K-ATPase.
The inhibition of apical H-K-ATPase completely blocked the
effects of ammonia on proton secretion, whereas the inhibition
of H-ATPase did not [63]. Although continuous ammonia
exposure caused intracellular acidification in H™-
transporting intercalated cells [63], this process was con-
sidered by the authors as unlikely to explain the activation
of H-K-ATPase. Specifically, similar changes in

Fig. 8 Effects of renal ammonia

metabolism in addition to its
Correction

primary role in systemic acid—
base homeostasis. BP Blood

intracellular pH through alternative mechanisms not in-
volving changes in either extracellular or intracellular pH
did not alter H" secretion [63]. These observations indicate
that ammonia stimulates H-K-ATPase, directly contribut-
ing to the observed increased H* secretion and likely stim-
ulating unidirectional K* reabsorption.

This effect of ammonia and H-K-ATPase appears to be a
specific defect involving specific intracellular signaling
pathways. Further studies have shown that ammonia acti-
vates H-K-ATPase through mechanisms involving intracel-
lular calcium, microtubules, SNARE proteins and activa-
tion of mitogen-activated protein kinases (MAPKSs) ([69]
and unpublished observations). Although ammonia altered
intracellular pH, equivalent intracellular pH changes in-
duced by an alternative, nonspecific mechanism did not
alter H-K-ATPase activity [63].

Overall, these observations of a correlation between system-
ic potassium, renal ammonia metabolism and renal potassium
transport suggest that ammonia can be considered to be an
intrarenal, paracrine signaling molecule. A paracrine signaling
molecule is produced by one set of cells in a tissue in response
to a stimuli, and it acts on other cells in the same tissue to
enable correction of the initiating stimuli. Hypokalemia direct-
ly stimulates proximal tubule ammonia generation and luminal
secretion [38]. Because ammonia is reabsorbed in the thick
ascending limb by the transport of NH," at the K*-binding site
of NKCC2 [70], hypokalemia increases ammonia reabsorp-
tion, leading to increased interstitial ammonia concentrations,
particularly in the cortex and outer medulla [71], the major
sites of K™ transport in the collecting duct. This ammonia can
then act in the collecting duct to regulate net K* transport,
inhibiting unidirectional potassium secretion and stimulating
unidirectional potassium reabsorption [60, 63, 66, 69, 72].
Thus, ammonia meets all of the criteria necessary to be identi-
fied as a renal paracrine signaling molecule. However, the
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specific receptor protein(s) through which ammonia initiates
these effects in the intercalated and principal cells of the
collecting duct has not been identified.

Indirect effects of ammonia metabolism on sodium
chloride transport

A third effect of ammonia metabolism other than in acid—base
homeostasis has to do with the indirect effects of ammonia on
renal sodium chloride transport. For this consideration, I return
to a non-acid—base-mediated stimulation of ammonia metabo-
lism, hypokalemia. Hypokalemia and/or potassium deficiency
is well known to cause sodium chloride retention, mild intra-
vascular volume expansion, increases in blood pressure and
diuretic resistance [73—75]. In addition, hypokalemia often re-
sults in mild metabolic alkalosis [76, 77] that results in large
part from the increased ammonia metabolism and urinary am-
monia excretion (discussed in preceding sections in detail).

This ammonia-induced effect to stimulate metabolic alka-
losis may have significant effects on renal sodium chloride
transport. Human clinical studies show that metabolic alkalo-
sis decreases diuretic responsiveness [78]. This effect may
occur, at least in part, through a 2-oxoglutarate-dependent
pathway. Metabolic alkalosis increases renal excretion of the
organic anion, 2-oxoglutarate [79-82], and 2-oxoglutarate
stimulates sodium and chloride reabsorption [79]. Detailed
studies have shown that luminal 2-oxoglutarate acts through
a specific G-protein-coupled receptor, Oxgrl, expressed in the
apical membrane of pendrin-positive collecting duct cells, i.e.
non-A non-B cells and Type-B intercalated cells [79].
Activation of Oxgrl by luminal 2-oxoglutarate then stimulates
sodium and chloride reabsorption through activation of sodi-
um transporting protein NDCBE (sodium-dependent chloride
bicarbonate exchanger) and the chloride reabsorbing protein
pendrin [79]. By increasing sodium chloride reabsorption, this
mechanism can explain a component of the hypokalemia-
induced sodium chloride retention, volume expansion, in-
creased blood pressure and diuretic resistance.

Another important mechanism through which hypokalemia
stimulates salt retention involves the DCT and does not involve
ammonia. Hypokalemia increases phosphorylation of the Na*—
CI cotransporter (NCC) [83], which increases its activity [84],
leading to increased NaCl reabsorption. This likely occurs be-
cause hypokalemia causes hyperpolarization of DCT cells
resulting from K* transport through the basolateral K™ channel
KCNIJ10 (Kir4.1) [85]. The hyperpolarization presumably in-
creases basolateral CI exit, presumably via the basolateral C1™
channel CIC-Kb in association with its accessory subunit
barttin [86], decreasing intracellular C1". Decreased intracellu-
lar Cl" activates the signaling protein WNK4, increasing
SPAK phosphorylation, which then phosphorylates and acti-
vates the apical Na*—Cl~ cotransporter, NCC [83, 87]. At this

@ Springer

time, the relative roles of the ammonia-dependent pathway and
ammonia-independent pathway in hypokalemia-dependent in-
creases in NaCl reabsorption and intravascular volume expan-
sion have not been studied specifically.

Summary

The aim of this review was to discuss the roles of renal am-
monia metabolism other than its traditionally considered role
as a component of net acid excretion. The intention was not to
diminish the importance of the role of ammonia in acid—base
homeostasis, but rather to highlight additional roles of renal
ammonia metabolism (Fig. 8). First, the kidneys produce am-
monia, and under normal circumstances they excrete ~50 % of
the ammonia so produced into the urine. The remaining pro-
portion of ammonia produced in the kidney is added to the
systemic circulation as ammonia of renal origin. In patients at
risk of hyperammonemia, such as those with acute or chronic
liver disease, this addition of ammonia of renal origin to the
systemic circulation can lead to hyperammonemia and subse-
quent precipitation and/or exacerbation of hepatic encepha-
lopathy. Second, ammonia is a paracrine signaling molecule
that is produced in response to changes in extracellular potas-
sium, which can then regulate potassium transport by the
collecting duct through its effects on both potassium secretion
by principal cells and potassium reabsorption by intercalated
cells. Finally, stimulation of renal ammonia metabolism, par-
ticularly in response to hypokalemia, can be, albeit indirectly,
related to its effect in causing generation of metabolic alkalo-
sis by stimulating sodium reabsorption by the collecting duct
through a 2-oxoglutarate—2-oxoglutarate receptor 1-sodium-
driven chloride/bicarbonate exchanger (NDCBE) and
pendrin-mediated mechanism.
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