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Enhanced renal ammonia excretion following volume
expansion in patients with well compensated cirrhosis of
the liver
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Background and aims: In patients with cirrhosis, hepatic encephalopathy is often precipitated by
dehydration. This study tests the hypothesis that volume expansion in cirrhotic patients increases renal
ammonia excretion.
Patients and methods: Sixteen well compensated cirrhotic patients (mean Pugh score 6.7 (SEM 0.4))
were studied after an overnight fast. One litre of 0.9% saline was administered to patients intravenously
over one hour. Plasma and urinary ammonia and sodium, renal plasma flow (RPF), glomerular filtration
rate (GFR), plasma renin activity (PRA), and angiotensin II (ANG II) were measured before, during, and
two hours after saline infusion.
Results: Saline infusion resulted in a significant reduction in plasma ammonia (93 (SEM 7) to 56 (4)
µmol/l; p<0.05) and RPF and GFR increased (p<0.05). Urinary ammonia excretion increased
(p<0.05) significantly. There was a significant reduction in ANG II and PRA (p<0.05 for each) and the
change in ammonia excretion correlated directly with the change in urinary sodium excretion
(p<0.007), ANG II (p<0.002), and PRA (p<0.01). The mean increase in urinary ammonia excretion
during the observation period was 1.08 mmol. Assuming a volume of distribution of 45 litres, the cor-
responding change in whole body ammonia during the same period was 1.67 mmol.
Conclusion: The results of this study suggest that volume expansion reduces plasma ammonia concen-
tration by increasing ammonia excretion and reducing ammoniagenesis.

Ammonia is a key metabolite derived from amino acid
metabolism and breakdown of nitrogenous substances
in the gut,1 2 and present hypotheses suggest that it is of

central importance in the pathogenesis of hepatic encephal-
opathy. Current therapeutic strategies are directed towards
reducing circulating concentrations of ammonia. The two
main pathways of ammonia detoxification are synthesis of
urea and glutamine. In the physiological state, the liver is cen-
tral in urea synthesis and this forms the basis of ammonia
removal.3 The other organs capable of metabolising ammonia
are the brain and skeletal muscle through synthesis of
glutamine. In the presence of liver disease however, loss of
functional liver mass and portocaval shunting may contribute
to increased ammonia levels in plasma, thus predisposing to
hepatic encephalopathy. In cirrhotic patients, skeletal muscles
play an important role in the detoxification of ammonia to
glutamine.4 Glutamine synthesis is however only a temporary
method of ammonia detoxification. To remove ammonia from
the body in a situation when urea synthesis is compromised
(as happens in liver disease) requires transport of glutamine
to the kidney, where it is metabolised to release ammonia,
which is then excreted in urine.

Liver cirrhosis is characterised by progressive changes in sys-
temic and renal haemodynamics. In the initial compensated
state, patients have splanchnic vasodilatation and increased
cardiac output but no clinical signs of fluid retention. During the
decompensated phase, there is sodium retention, oedema, and
ascites. These changes are accompanied by alterations in renal
haemodynamics and the ability of the kidneys to excrete water
and solute load, resulting in disturbances of sodium, potassium,
and acid-base homeostasis. Such renal derangements are likely
to have an impact on other excretory functions of the kidney
such as excretion of ammonia.

In the physiological state, approximately 70% of ammonia
generated by the kidney is secreted into the renal vein and

30% excreted in urine.5 This ratio is reversed during
hyperammonaemia.6 Renal handling of ammonia is also
altered during metabolic acidosis and hypokalaemia.7–9 Other
potent stimuli modulating ammonia synthesis, transport, and
excretion by the kidneys include renal blood flow, acid-base
status of the tubular cell and pH of the tubular lumen, luminal
flow rate, and plasma angiotensin II (ANG II) levels.10 11

We have previously shown in well compensated patients
with cirrhosis that intravenous infusion of saline over one
hour results in a reduction in plasma renin activity (PRA) and
ANG II.12 Although patients with cirrhosis manifest the most
significant disturbance in ammonia metabolism in the
decompensated state, it is difficult to determine the contribu-
tion of the kidneys and in particular neurohormones such as
ANG II to this disturbed metabolism because most patients
are receiving treatment with diuretics and the ethical
problems with saline infusion. Therefore, we chose to study
patients with well compensated cirrhosis. The present study
was performed to test the hypothesis that volume expansion
would result in suppression of ANG II levels and result in
enhanced urinary excretion of ammonia.

PATIENTS AND METHODS
Subjects
Studies were undertaken with the approval of the local
research ethics committee and in accordance with the
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Abbreviations: GFR, glomerular filtration rate; RPF, renal plasma flow;
ANG II, angiotensin II; PRA, plasma renin activity; UNaV, urinary sodium
excretion; UNH3V, urinary ammonia excretion; TIPS transjugular
intrahepatic portosystemic shunt stent; PAH, para-amino hippuric acid;
throughout the text, the word ammonia is used to denote ammonia (NH3)
and ammonium (NH4

+) unless the two entities are specified separately.
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Declaration of Helsinki (1989) of the World Medical
Association and after obtaining written informed consent
from each patient.

Patients
Sixteen well compensated patients with biopsy proven cirrho-
sis were studied after an overnight fast and the studies were
started between 0700 h and 0800 h. Ten of 16 patients had a
functioning transjugular intrahepatic portosystemic shunt
stent (TIPS) in situ, which had been placed for variceal haem-
orrhage 6 (±1.2) months prior to enrolment into the current
study. Shunt patency and efficacy was established by portog-
raphy, with all 10 patients showing normal portal pressure
gradients (8.1 (0.8) mm Hg). Patients with alcoholic liver dis-
ease were required to be abstinent from alcohol for at least one
month prior to enrolment in the study. Patients were excluded
if they had ascites (demonstrable on ultrasonography), pitting
peripheral oedema, hepatic encephalopathy, clinically evident
cardiovascular disease, renal dysfunction (decreased renal size
on ultrasonography, proteinuria, or creatinine concentration
greater than 100 µmol/l), or were receiving any diuretics or
vasoactive medications. Patients were maintained on a diet
with restriction of sodium intake to 150 mmol per day for one
week prior to the study. Patients were maintained in a supine
posture throughout the study, adopting the erect posture only
for voiding. Prior to the study, two venous cannulae were
inserted, one in each arm (one for infusions and the other for
sampling). Blood pressure (Dynamap, Critikon, Australia) and
pulse were measured at 30 minute intervals throughout the
study. Primed continuous infusion of inulin (Inutest, 25%;
Laevosan-Gesellschaft, Linz, Austria) and para-amino hippu-
ric acid (PAH) (Merck Sharpe and Dohme, Sydney, Australia)
were started as indicated and continued throughout the study.
After two hours of PAH and inulin infusion, 1 litre of sodium
chloride was infused over a one hour period. The timing of the
infusions and various samples during the study are outlined in
fig 1.

Healthy volunteers
Plasma was collected from 27 healthy volunteers with a mean
age of 49 (SEM 4.1) years (16 males and 11 females) for
measurement of PRA and ANG II.

Measurements
Blood was collected from a peripheral vein into pre-cooled
tubes. Plasma was separated and samples stored at −70°C for

analysis at a later date. Inulin concentration was measured
using spectrophotometry, and PAH using high performance
liquid chromatography.12 13

Measurement of plasma renin activity
Radioimmunoassay for measurement of PRA was based on
the principle that angiotensin I is generated by the action of
renin on its substrate angiotensinogen. An inhouse antibody
for angiotensin I was used. The coefficient of variation for the
assay was 5.2%.13

Measurement of angiotensin II
Samples of blood were obtained in ANG II inhibitor. ANG II
values were measured by radioimmunoassay with an inhouse
rabbit antibody R6B4. The coefficient of variation for the assay
was 3.2%.12

Measurement of plasma and urinary ammonia
Blood samples were collected on ice from a cannula inserted
into a peripheral vein. Plasma was obtained by centrifugation
and deproteinised with trichloroacetic acid (50% w/v) for
ammonia determination and stored at −80°C for spectropho-
tometric determination of ammonia (CobasMiraS, Hoffman-
LaRoche, Switzerland).14 Urine was collected in a pre- cooled
bottle which was maintained acidified with 2 ml of 6.0 N
HCl.14 The coefficient of variation for all determinations was
<4%.

Calculations
Inulin clearance was used as a marker of glomerular filtration
rate (GFR), and PAH clearance as a marker of renal plasma
flow (RPF). Urinary sodium, urinary ammonia, and urinary
volume values were used to derive the following parameters:

urinary sodium excretion (UNaV, mmol/h): urinary
sodium×urinary volume;

urinary ammonia excretion (UNH3V, mmol/h): urinary
ammonia×urinary volume;

filtered ammonia load (FiNH3 load, µmol/min): GFR×plasma
ammonia;

fractional excretion of ammonia (FENH3, %): (UNH3V/Fi NH3

load)×100;

ammonia clearance (NH3 Cl, ml/min): UNH3V/plasma ammo-
nia.

Statistical analysis
All data are expressed as mean (SEM). Significance of
differences between the patient population and healthy volun-
teers for PRA and ANG II were calculated using the Mann-
Whitney test. The significance of changes within the whole
study group was tested using ANOVA with repeated measures
using a two tailed test to establish statistical significance. Com-
parison between patients with TIPS in situ and those without
the stent was performed using the unpaired t test or
Mann-Whitney U test, wherever applicable. Changes in neuro-
hormonal factors, plasma ammonia, urinary sodium excretion

Figure 1 Study protocol. ANG II, angiotensin II; PRA, plasma renin
activity; PAH, para-amino hippuric acid.
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Table 1 Demographics of the patients (n=16)

Age 52 (2.4)
Sex (M/F) 10/6
Aetiology of liver disease

Alcoholic cirrhosis 10
Other 6

Pugh score 6.7 (0.4)
Bilirubin (µmol/l) 37.8 (3.5)
Albumin (g/l) 33.1 (2.1)
Prothrombin time (s) 14.9 (2.1)

Data are mean (SEM).
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(UNaV), and urinary ammonia excretion (UNH3V) were
compared using linear regression.

RESULTS
The demographics of the patients are shown in table 1. At
baseline, all patients had plasma ammonia levels that were
greater than those in healthy volunteers (40 (3.9) µmol/l).
None had signs or symptoms of clinically evident hepatic
encephalopathy. There was no significant difference in plasma
ammonia level between those with a TIPS and those without.
Other parameters such as GFR, RPF, UNH3V, UNaV, timed
urine volumes, and PRA were comparable in the two subsets
of patients. Only ANG II levels in patients with TIPS were sig-
nificantly lower than those in patients without the stent
(p<0.05).

Infusion of saline was not associated with any change in
blood pressure, heart rate, or serum potassium values (pre 3.9
(0.3); post 3.8 (0.3) mmol/l). Volume expansion was associ-
ated with a significant increase in GFR (154 (17) to 181 (22)
ml/min; p<0.05) and RPF (682 (136) to 786 (151) ml/min;
p<0.05). Baseline values of PRA (controls 1.1 (0.1); patients
3.3 (0.8); p<0.01) and ANG II (controls 3.2 (1); patients 7.5
(1.5); p<0.01) were significantly higher in the study popula-
tion compared with age matched controls. Saline infusion was
associated with a significant decrease in PRA (to 1.7 (0.5)
ng/ml/h; p<0.05) and ANG II (to 3.7 (0.8) pg/ml; p<0.05).
UNaV increased significantly following saline infusion from
143 (19) to 293 (29) mmol/h (fig 2A) and was similar in
patients with or without TIPS.

There was a significant increase in UNH3V from 0.9 (0.1) to
1.4 (0.2) mmol/h (p<0.05) (fig 2B) and a concomitant
decrease in plasma ammonia levels from 93 (7) to 56 (4)
µmol/l (p<0.05) (fig 2C). Fractional excretion of ammonia (fig
2D) and ammonia clearance (166 (27.4) to 452 (59.8) ml/min;
p<0.01) increased despite a decrease in FiNH3 (14.2 (2.1) to
10.0 (1.2) µmol/min; p=0.14). Changes in plasma ammonia
levels as well as parameters of UNH3V were comparable in
patients with or without TIPS.

Per cent change in UNH3V correlated positively with the per
cent change in UNaV (r=0.78, p<0.007) (fig 3A). The per cent

Figure 2 Individual patient data showing changes in (A) urinary sodium excretion, (B) urinary ammonia excretion, (C) plasma ammonia, and
(D) fractional excretion of ammonia. Pre and post refer to time periods prior to and after infusion of 1 litre of 0.9% saline intravenously.
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Figure 3 Scatter diagrams showing correlations between (A) per
cent change in urinary ammonia excretion and per cent change in
urinary sodium excretion, and (B) per cent change in urinary
ammonia excretion and per cent change in plasma angiotensin II
concentration.
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change in UNH3V correlated negatively with the per cent
change in concentration of ANG II (r=−0.71, p<0.002) (fig
3B) and PRA (p<0.02). The change in UNaV correlated
significantly with the change in concentration of ANG II
(r=0.49, p<0.04) but not with the change in PRA.

DISCUSSION
The results of our study show for the first time that volume
expansion results in a reduction in plasma ammonia concen-
tration and an increase in UNH3V in patients with cirrhosis.
The effect was observed in patients with a functioning TIPS as
well as in those without a stent. Furthermore, volume expan-
sion resulted in an increase in ammonia excretion, which was
closely related to changes in UNaV and plasma ANG II
concentration.

There are differing reports of the measured concentrations
of circulating neurohormones in well compensated cirrhosis
in the literature. While some authors have shown levels to be
normal or even suppressed (especially in the supine
position),15 16 other groups including our own have shown high
circulating levels of ANG II and PRA.12 17–19 It is likely that these
discrepant results reflect the differences in the technique of
measurement, severity of liver disease, severity of portal
hypertension, sodium intake, posture, and duration of disease.
In a similar population of patients we have previously shown
that infusion of 1 litre of saline resulted in suppression of
elevated PRA and ANG II.12 It is against this background that
we chose to study well compensated patients who were
haemodynamically stable and did not have confounding
factors such as a precipitating illness or concomitant diuretic
usage. This enabled us to study alterations in renal ammonia
handling following volume expansion and determine the con-
comitant changes in neurohormonal factors.

Mean plasma ammonia values in the study cohort were
higher than those expected in patients with well compensated
liver disease but may reflect the fact that a proportion of
patients had a TIPS in situ. The high baseline values for GFR
and RPF in the overall study cohort could also be due to the
two subsets of patients (with and without TIPS) although
values were not significantly different in the two groups. The
change in GFR and estimated RPF occurred in the absence of
changes in mean arterial blood pressure or heart rate and are
therefore likely to have been mediated by decreases in
circulating levels of ANG II and PRA.

The most striking and unequivocal change (increase)
occurred in urinary excretion of ammonia with a simultane-
ous decrease in plasma ammonia levels. The mechanism of
renal ammoniagenesis and excretion has been well estab-
lished. The majority of renal ammoniagenesis occurs in the
proximal convoluted tubule20 21 and is dependent on the
concentration and activity of glutaminase, the concentration
of glutamine reaching the proximal renal tubular cells, and
luminal flow rate.22 Transport of ammonia into the tubular
fluid occurs as both NH4

+ (by substitution of the hydrogen ion
by the ammonium ion on the Na+-H+ antiporter) as well as
diffusion of ammonia (NH3) across the cell membrane of the
tubular cell into the acidic luminal fluid where it is trapped as
NH4

+ (“diffusion trapping”). Ammonia reaching the thick
ascending limb of the loop of Henle is actively absorbed into
the medullary interstitium by replacement of K+ with NH4

+ on
the Na-K-2Cl transporter. The concentration of ammonia in
the medullary interstitium rises several fold through counter
current multiplication. This ammonia is then excreted into the
collecting duct and finally into urine.23 24 The increased GFR
and RPF that resulted from saline infusion was a possible
mechanism of increasing the delivery of glutamine as well as
augmenting luminal flow rate.

The mean increase in urinary ammonia observed during the
study was 0.54 mmol/h or 1.08 mmol in the two hours of the
study period. If the volume of distribution of ammonia (due to

its excellent permeability across lipid membranes) is consid-
ered to be equal to total body water (60% of total body weight
or 45 litre for the study cohort), then the decrease in total body
ammonia during the observation period is 1.67 mmol. Thus
the decrease in total body ammonia at least during the study
period exceeded that accounted for by enhanced urinary
excretion of ammonia. One or more of the following
mechanisms could explain this observation: (1) decreased
renal and/or total body ammoniagenesis. In the former case,
this would suggest that the proportion of renal ammonia pro-
duction directed to the renal vein decreases while the
proportion excreted in urine increases5 6; (2) unchanged renal
ammoniagenesis but a decrease in only the proportion of
ammonia transported into the renal vein; or (3) increased
uptake of ammonia released into the circulation (through the
renal vein) by the liver, skeletal muscle, and brain. In the cur-
rent study, we cannot answer which of these mechanisms are
operative as the fluxes of ammonia (and its substrate
glutamine) across the renal and other regional circulations
were not measured. In the light of recent observations by
Gesek and Schoolwerth,25 Chobanian and Julin,26 and
Nagami,27 we might speculate that the decrease in circulating
ANG II levels induced by saline infusion could decrease renal
ammonia production. These workers showed that even in the
absence of changes in pH, ANG II enhanced ammoniagenesis
by the proximal renal tubules in a concentration dependent
manner. The observation of significant correlations between
the increase in UNH3V and decrease in ANG II is insufficient to
implicate a cause-effect relationship.

The clinical relevance of the reduction in ammonia concen-
tration by volume expansion is difficult to determine from the
results of the present study and cannot be extrapolated to
patients with decompensated cirrhosis. This particular study
was designed on the basis of the hypothesis that has existed
for over 100 years and now supported by a number of studies
that “ammonia is central to the pathogenesis of hepatic
encephalopathy”. In addition, ammonia reduction remains
the cornerstone of all of our present therapeutic armamen-
tarium such as the use of lactulose, L-ornithine, L-aspartate,
sodium benzoate, and non-absorbable antibiotics.28 We there-
fore believe that the reduction in ammonia by volume expan-
sion should result in an improvement in mental state but this
hypothesis will have to be tested in suitable studies.

To conclude, this is the first study to show enhanced urinary
excretion of ammonia in patients with well compensated cir-
rhosis given an intravenous saline load. From a pathophysi-
ological standpoint, volume loading may lead to enhanced
urinary diversion of ammonia produced by the kidneys or
decrease the total body/renal ammoniagenesis. Future studies
should address whether this enhancement in ammonia excre-
tion by volume expansion can be achieved in patients with
decompensated cirrhosis and whether this manoeuvre results
in clinical improvement of hepatic encephalopathy.
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