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The liver is the most important site of ammonia metabolism;
it removes much of the toxic ammonia presented to it by urea
and glutamine synthesis. By doing so, the liver also plays a major
role in the metabolic regulation of systemic pH, because hydro-
gen ions released from NH4

+ during the synthesis of urea neutral-
ize the excess bicarbonate produced by the breakdown of amino
acids (see below).

Urea is electroneutral and is transported across biological
membranes by facilitated diffusion. A phloretin-sensitive urea
transporter is also present in liver [6], and an aquaglyceroporin,
AQP9 [7], and UT-B1 [8] have also been identified as urea trans-
porters in liver. Although urea is not further metabolized by
mammalian enzymes, it interferes with the activity of K+ chan-
nels in the plasma membrane [9] and can cause liver cell shrink-
age at concentrations found in uraemia. Urea is excreted by the
kidney, and is normally present in plasma and body fluids at a
concentration of 3.0–6.5 mmol/L.

Sources of ammonia

Whereas urea production takes place largely within the liver,
much of the ammonia used in urea synthesis is derived, directly
or indirectly, from extrahepatic tissues. Ammonia is released
from the intestine and the kidneys, whereas liver, resting muscle,
and brain remove ammonia from the blood [10]; 25% of the
nitrogen utilized in urea synthesis reaches the liver via the portal
vein, from ammonia formed in the small intestine and colon (see
below) [10–13]. Most of the nitrogen transported to the liver for
incorporation into urea is carried not as ammonia but as amino
acids, such as alanine or glutamine (see also Chapter 2.3.3).

Within the liver, glutamate and glutamine are major sources
of ammonia. Glutamate is released directly from protein, but
more importantly it is formed from other amino acids (except
lysine and threonine) released from protein breakdown in
aminotransferase reactions. Glutamate is directly formed by
deamidation of glutamine, and from proline and histidine.
Ammonia is released from glutamate by its oxidative deamina-
tion by glutamate dehydrogenase, a mitochondrial enzyme.
Glutamate dehydrogenase is present in most tissues, but its
activity is highest in the liver.

Amino acids can also be transaminated with glyoxalate to
form glycine, which is deaminated by glycine oxidase to yield
ammonia; this pathway is thought to be quantitatively import-
ant in mammalian ammonia production. Ammonia is gener-
ated by the deamidation of glutamine and asparagine and in the
histidine lyase reaction. Ammonia is also generated from serine,
threonine, cysteine, cystathione and homoserine, in pyridoxal
phosphate-dependent deamination reactions, which occur mainly
in the liver. Ammonia is also produced by amine oxidases, but
the amounts involved are small. In addition, ammonia can be
generated from the metabolism of purines and pyrimidines.
Most of the ammonia produced from purine nucleotides is
derived from adenosine monophosphate (AMP), in a reaction
catalysed by adenylate deaminase. This pathway becomes par-

ticularly important during exercise when ammonia formation
and release from muscle is increased [14].

Ammonia from the intestine

The intestine is a major site of ammonia production. Some
15–30% of the urea synthesized by the liver is degraded by 
bacterial ureases in the gut, with the liberation of ammonia and
carbon dioxide [3,15]. Urea is hydrolysed in the mucosa or the
juxtamucosal area of the colon, and to a lesser extent in the small
intestine [16]. The ammonia generated in these reactions is
completely absorbed and returns to the liver to be converted
back to urea. The oral administration of antibiotics, such as
neomycin, reduces the bacterial degradation of urea in the 
intestine [17].

A second source of ammonia from the gut, quantitatively of
equal importance, is the intestinal mucosa itself. The small intes-
tine produces a significant quantity of ammonia, which comes
primarily from the metabolism of glutamine removed from
arterial blood. The fractional glutamine extraction in the human
jejunum and ileum is 24% and 9% respectively [18]. The small
intestine also produces ammonia from the intraluminal amino
acids, alanine, leucine and glutamine, but not from threonine,
serine and glycine [19]. Most of the ammonia produced in the
colon comes from bacterial degradation of urea and other
nitrogenous substances; nonbacterial production accounts for
only 10% of the ammonia produced in the colon; in the dog,
ammonia produced by the small intestine is approximately
equal to that produced in the uncleansed colon [18]. The
ammonia from the intestine enters the portal circulation and 
the ammonia concentration in the portal vein is up to 10-fold
greater than elsewhere in the circulation.

Ammonia detoxication by the liver

There are two major pathways for ammonia detoxication by 
the liver: urea and glutamine synthesis [10–13,20,21]. Both
pathways are embedded into a sophisticated structural and
functional organization in the liver acinus [10–13,20,21].

Urea production

Approximately 90% of surplus nitrogen in humans enters the
urea cycle for irreversible conversion to urea, which is excreted
by the kidneys. Approximately 30 g of urea is excreted daily in
healthy adults. Using tracer techniques, it has been observed that
calculated urea production exceeds urinary urea excretion by
about 20–30% [22]. This difference is attributed to extrarenal
losses, largely accounted for by the intestinal hydrolysis of urea.

The urea cycle and its enzymes
The urea cycle comprises five enzymes (Fig. 1): carbamoyl-
phosphate synthetase I (CPS I), ornithine transcarbamylase
(OTC), argininosuccinate synthetase (ASS), argininosuccinate
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lyase (ASL) and arginase. For efficient functioning of the path-
way in vivo, however, further proteins are required, such as 
liver glutaminase [23], mitochondrial carbonic anhydrase V
[24], N-acetylglutamate synthetase [25], the mitochondrial
ornithine/citrulline antiporters ORNT1 and ORNT2 [26,27]
and citrin, the mitochondrial aspartate/glutamate antiporter [28]. 

The liver is quantitatively the major organ involved in urea
synthesis and it is doubtful whether other cell types, such as
enterocytes, can produce significant amounts of urea [29].
However, at least some urea cycle enzymes are found in extra-
hepatic tissues, where they are involved in providing arginine 
for nitric oxide (NO) synthesis (the so-called citrulline–NO
cycle) [30].

The initial reaction of the urea cycle is the formation of 
carbamoyl phosphate from ammonia and bicarbonate (not
CO2), a reaction catalysed by CPS I, which requires N-acetylglu-
tamate as an allosteric cofactor. Condensation of carbamoyl
phosphate with ornithine yields citrulline (by OTC); this in turn
condenses with aspartate to give argininosuccinate (by ASS), a
reaction that requires the cleavage of two further high-energy
phosphate bonds. Argininosuccinate is hydrolysed to fumarate
and arginine (by argininosuccinase). Arginine is cleaved by
arginase to give urea and ornithine. OTC, like CPS I, is also a

major mitochondrial protein [31]; the remaining enzymes are 
in the cytoplasm of hepatocytes. This necessitates the entry of
ornithine into mitochondria and the exit of citrulline, which is
brought about by the ornithine/citrulline transporters ORNT1
and 2.

This series of reactions, returning to ornithine, is known as
the ‘urea cycle’. It takes part not only in the removal of poten-
tially toxic ammonia, but also in the irreversible removal of
bicarbonate [32,33]. Although the arginase reaction is the major
fate of arginine in liver, arginine can also be used for NO synthe-
sis or undergo decarboxylation to form agmatine. Agmatinase
converts arginine to putrescine and urea; however, the physio-
logical role of this pathway is unclear [34]. 

Regulation of urea synthesis
Short-term regulation of urea synthesis occurs at the levels of
substrate provision and enzyme activities, whereas long-term
control is transcriptionally effected by changes in enzyme con-
centrations. Substrate provision for the urea cycle depends on
amino acid delivery, the activity of amino acid transport sys-
tems, and amino acid metabolizing enzymes, and these factors
are therefore important determinants of urea synthesis in vivo.
The hepatic ureagenic response in humans is acutely sensitive to
the plasma amino-nitrogen concentration, and urea production
from an exogenous amino acid load is directly related to the
plasma amino-nitrogen concentration, up to at least a concen-
tration of 15 mmol/L [35]. Urea synthesis cannot therefore be
saturated at realistic substrate concentrations.

In vitro, ASS seems to be the rate-limiting enzyme of the urea
cycle at saturating ammonia concentrations. At physiologically
low ammonia concentrations, however, carbamoyl phosphate
synthesis is the rate-controlling step in urea synthesis [36]. 

Short-term regulation of urea synthesis primarily takes place
at the level of ammonia and bicarbonate provision for mito-
chondrial CPS I, which presumably is the rate-controlling
enzyme for the cycle at physiological substrate concentrations
[11,12,21]. The Km (NH4

+) of CPS I is 1–2 mmol/L, that is, far
above the portal NH4

+ concentration of 0.2–0.3 mmol/L. Thus,
the urea cycle has a low affinity for ammonia. This low affinity is
in part compensated for by mitochondrial glutaminase, which 
is activated by its own product, ammonia, in the physiological
concentration range [37]. This unique feature of liver glutami-
nase makes this enzyme a mitochondrial amplification system
for ammonia, and glutaminase activity becomes an important
determinant of urea cycle flux [12,13,21,23]. All factors known
to increase urea synthesis, such as glucagon, ammonia, in-
creased amino acid loads or alkalosis, activate glutaminase and
accordingly, via amplification, ammonia provision for CPSI.
Urea synthesis is also controlled at the level of mitochondrial
bicarbonate supply, which is determined by pH, the CO2 con-
centration and the activity of mitochondrial carbonic anhydrase
V. This enzyme is required for the fast conversion of CO2 into
HCO3

–, which is the substrate for CPS I. Its inhibition by acetazo-
lamide blocks urea synthesis [24,38].
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small in the hepatocyte. Flux through this citrulline–NO cycle in
nonhepatic tissues is controlled by the expression of arginase
and ASS and, like inducible nitric oxide synthase, is primarily
regulated by cytokines [30]. 

Arginine protects against ammonia intoxication by stimulat-
ing N-acetylglutamate synthetase [70]. Carnitine reduces plasma
ammonia and protects against acute ammonia intoxication by
increasing urea synthesis [71]. Juvenile visceral steatosis mice
with a defect in carnitine transport exhibit decreased expression
of urea-cycle enzymes [72]. Here, probably, the accumulation of
long-chain fatty acids results in an activated protein (AP)-1-
dependent inhibition of the glucocorticoid activation of tran-
scription [73]. In addition, CPS I is irreversibly inhibited by fatty
acylation at physiological concentrations of palmitoyl-CoA [74].
Such phenomena provide a link between fatty acid metabolism
and urea synthesis. 

Drugs may influence urea synthesis. Sodium valproate
increases plasma ammonia concentrations and reduces urea
synthesis by 30% [75] due to a decrease of CPS I activity, but 
renal ammoniagenesis is also affected [76]. There is a dose-
dependent inhibition of urea synthesis by acetylsalicylic acid.

Studies using isolated perfused liver preparations have shown
that the pH of the perfusate influences the rate of urea pro-
duction [24,77,78]. Such observations are consistent with the
hypothesis that the liver plays a central role in the metabolic 
regulation of systemic pH (see later). Acetazolamide and loop
diuretics containing a sulfonamide moiety inhibit the activity 
of mitochondrial carbonic anhydrase V and act as inhibitors of
urea synthesis by impairing bicarbonate supply for carbamoyl
phosphate synthesis [79].

Ammonia detoxication by glutamine
synthesis

The other major pathway for ammonia fixation in liver is 
glutamine synthesis. Liver glutamine synthetase is a cytosolic
enzyme and its localization in liver is restricted to a small hepa-
tocyte subpopulation at the perivenous end of the liver acinus
[23,80]. These cells are free of urea-cycle enzymes [12,21]. Thus,
following the direction of sinusoidal blood flow, the two 
ammonia detoxication systems, urea and glutamine synthesis,
are anatomically switched behind each other and present the
sequence of a low- and high-affinity system for ammonia detox-
ication respectively [12,21]. The cells that contain glutamine
synthetase have been termed perivenous scavenger cells [81],
because they eliminate with high affinity the ammonia that 
was not used by the upstream urea-synthesizing compartment.
They are of crucial importance for the maintenance of nontoxic
ammonia levels in the hepatic vein: selective damage of periven-
ous scavenger cells does not impair upstream urea synthesis, 
but leads to hyperammonaemia due to a failure of scavenger
function [82]. Both in vivo and in vitro, some 7 to 25% of the
ammonia delivered via the portal vein escapes periportal urea
synthesis and is used for glutamine synthesis [23,83]. In line

Short-term increases in ureagenesis are also thought to be
mediated via N-acetylglutamate, a cofactor that stimulates CPS I
activity [39], although its role as a short-term regulator of 
overall flux through the urea cycle has been disputed [40]. An
intraperitoneal injection of a complete amino acid mixture
causes rapid activation of ureagenesis. N-Acetylglutamate
increases fivefold, causing a fivefold increase in the activity of
CPS I [41]. Because the half-life of N-acetylglutamate in the 
liver is about 20 min, there is also a rapid response to a reduced
protein intake. The concentration of ornithine may also play a
role in the regulation of CPS I activity, and of flux through the
urea cycle [42]. 

The activities of CPS I, ASS, and ASL are subject to allosteric
regulation by MgATP and free Mg2+. There is no feedback 
inhibition of the urea cycle by urea within the physiological con-
centration range. Only at very high urea concentrations is there
some inhibition of ASL [43].

In the longer term, there are changes in urea-cycle enzyme
expression following alterations in dietary protein [43–46].
Glucagon, insulin and glucocorticoids are major mediators of
these responses [47]. When protein intake is increased, there is 
a proportional increase in the total hepatic content of all five
urea-cycle enzymes, resulting in increased urea production.
Long-term regulation of urea-cycle enzymes [20] primarily
occurs at the level of transcription [48,49], and several proteins
associated with the urea cycle such as ORNT1 [26] or glutami-
nase [50] are regulated in parallel. mRNA levels for CPS I and
ASS also increase immediately following partial hepatectomy
[51]. Glucagon, which increases during starvation, and gluco-
corticoids, which increase protein breakdown, are both associ-
ated with increased enzyme levels [52] and urea production.
Glucagon also regulates urea synthesis by rapid mechanisms, by
activation of mitochondrial glutaminase [53], amino acid trans-
port [54], N-acetylglutamate synthesis [55], and stimulation of
hepatic proteolysis [56]. Insulin probably has no direct effect on
urea synthesis, but is a powerful modulator of other known hor-
monal regulators such as glucagon and a potent inhibitor of liver
proteolysis [57], and is therefore still a major regulator of urea
synthesis in vivo. Hypothyroidism is associated with increased
activity of the urea-cycle enzymes in rat liver. There is no change
in urea-cycle activity with hyperthyroidism [58], although urea
synthesis from infused amino acids increases [59]. Growth hor-
mone lowers urea production, possibly by reducing the supply
of nitrogen to the liver [60,61]. Pregnancy and ageing are also
associated with reduced urea synthesis [62,63]. Caloric restric-
tion upregulates CPS I and glutaminase [64], whereas reduction
in protein intake decreases urea synthesis [65]. 

Endotoxaemia [66] and interleukin-1 increase urea synthesis
from amino acids in vivo [67]. In livers from endotoxaemic rats,
arginase and nitric oxide synthetase can compete for arginine
[68,69]. A short circuit of the urea cycle occurs under these con-
ditions, because arginine is converted directly to citrulline and
NO by inducible nitric oxide synthase; however, compared with
total urea-cycle flux, this pathway of arginine metabolism is
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with their specialization to scavenge ammonium by glutamine
synthesis, the perivenous scavenger cells strongly express the
NH4

+ transporter RhB glycoprotein [2], ornithine aminotrans-
ferase [84] and the glutamate transporter GLT1 [85], and exhibit
high-affinity uptake systems for α-ketoglutarate, malate and
other dicarboxylates [86,87], which serve as carbon precursors
for glutamine synthesis. The mechanisms underlying the strict
zonal expression of glutamine synthetase are not settled [88],
but may involve an intronic silencer element of the gene [89]
and the Wnt/β-catenin pathway [85,90]. 

Small amounts of glutamine synthetase are also expressed 
by Kupffer cells [91]. Glutamine synthetase is strongly induced
in activated hepatic stellate cells, which may significantly con-
tribute to ammonia detoxication in fibrotic liver injury [92]. 

Short-term regulation of glutamine synthesis occurs at the
level of substrate supply [87] and covalent modifications of the
enzyme [93]. Because of the exclusive downstream localiza-
tion of glutamine synthetase in the liver acinus, flux through 
the urea cycle in the periportal compartment will determine 
the amount of ammonia reaching the perivenous scavenger
cells. Accordingly, all factors that regulate urea synthesis will
indirectly exert control on glutamine synthesis. Also, the avail-
ability of carbon skeletons can control the rate of glutamine 
synthesis.

In vivo, glutamine synthetase activity is downregulated by

hypophysectomy [94], endotoxaemia [93] and following porto-
caval anastomosis [95,96]. Glutamine and cell swelling decrease,
whereas insulin and glucocorticoids increase, the levels of glu-
tamine synthetase expression [97–99]. The age-related increase
in oxidized protein in the liver and brain is accompanied by a
loss of glutamine synthetase activity [100] and acetaminophen
inhibits its catalytic activity [101]. 

The intercellular glutamine cycle and
ammonia detoxication [12,13,21]

Whereas glutamine synthetase is localized in perivenous hepato-
cytes, glutaminase is located in periportal hepatocytes and in 
the mitochondria together with CPS. Here, glutaminase acts 
as a pH- and hormone-modulated ammonia amplifier and is an
important determinant of urea-cycle flux in view of the physio-
logically low ammonia concentrations, which are about one
order of magnitude lower than the Km (ammonia) of CPS.
Periportal glutaminase and perivenous glutamine synthetase are
simultaneously active (the so-called intercellular glutamine
cycle) [23]: glutamine utilized for ammonia amplification in
periportal hepatocytes is resynthesized in perivenous scavenger
cells from the ammonia that escaped upstream urea synthesis
(Fig. 2). The regulatory properties of the intercellular glutamine
cycle allow the liver to become a net producer or net consumer
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of hepatic ammonia and glutamine
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and represent functionally the sequence of a
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of glutamine depending on the nutritional and hormonal con-
ditions [53,102]. Intercellular glutamine cycling also provides
an effective means to shift hepatic ammonia detoxication from
urea to net glutamine synthesis in acidosis.

Urea and ammonia metabolism in liver
disease

Urea synthesis is reduced in severe liver disease [103] in parallel
with glutamine synthesis [104], and this tends to be correlated
with deterioration in other markers of hepatocellular function
[105,106]. The metabolic zonation in the human hepatic lobules
with respect to urea and glutamine metabolism is preserved in
fibrotic lesions, but is lost in cirrhotic nodules [107].

In patients with well-compensated cirrhosis, urea production
rates are similar to those of healthy controls under basal condi-
tions, but the maximal urea production capacity in response to a
protein or amino acid load is significantly reduced [35,108,109].
Reduction in the maximal capacity for urea production in
patients with cirrhosis is due to a decreased activity of all five
urea-cycle enzymes [110,111]. Near-normal urea production
rates in cirrhosis, despite the reduced capacity of the urea cycle,
are in part achieved by increased ammonia amplification due to
a 4–5-fold increase in glutaminase activity [104,112,113]. Zinc
supplementation speeds up the kinetics of nitrogen conversion
from amino acids into urea in those with cirrhosis, but not in
healthy individuals [114]. This can be explained by the zinc
dependence of several urea-cycle enzymes and carbonic anhy-
drase V, and zinc deficiency, which is frequently found in 
cirrhosis.

In patients with liver disease, there is a tendency for blood
ammonia levels to rise. The main reason for this is presumably
the failure of the liver, because of portosystemic shunting and
hepatocellular dysfunction, to remove ammonia from the portal
venous blood. Liver cirrhosis is characterized by a severe scav-
enger cell defect [104], which also occurs after portocaval shunt-
ing [95,115]. Intestinal ammonia production is only slightly
altered in liver cirrhosis [10], but may increase upon intestinal
overgrowth with urease-containing bacteria [116,117]. In the
presence of severe liver impairment and portosystemic shunt-
ing, skeletal muscle becomes an important organ in ammonia
homeostasis [118]. In patients with chronic liver failure, muscle
takes up more ammonia and releases much more glutamine
than in control subjects [119,120]. The extraction of ammonia
from the circulation is significantly less in patients with cirrhosis 
and muscle wasting [121]. Exercise causes a greater release of
ammonia from muscle in patients with cirrhosis than in control
subjects [122].

In patients with cirrhosis the blood ammonia, which is
already high, may occasionally rise further as a result of gastroin-
testinal bleeding, renal failure, acid–base disturbances, diuretics
and infections. Such infections inhibit perivenous glutamine
synthetase, due to an inactivating tyrosine nitration of the
enzyme [93]. 

Urea-cycle disorders [123,124]

Deficiencies in all five urea-cycle enzymes, N-acetylglutamate
synthetase [125,126] and glutamine synthetase [127] have been
described in humans. A genetic defect of ORNT1 leads to the 
hyperornithinaemia–hyperammonaemia–homocitrullinaemia
syndrome [26,27], and citrin mutations can cause adult-onset
type 2 citrullinaemia [29] and idiopathic neonatal hepatitis
[128]. These disorders are rare and their clinical features are 
discussed in Chapter 22.1.

pH regulation and the liver [12,21,129,130]

The regulation of the acidity of the extracellular fluid is due 
primarily to the control of plasma CO2 and HCO3

– by the lungs,
liver and kidneys. Despite its modest buffer capacity at physio-
logical pH, the bicarbonate buffer is of special interest because
the concentrations of its constituents, HCO3

– and CO2, can 
be regulated very effectively. According to the Henderson–
Hasselbalch equation: 

pH = 6.1 + log[HCO3
–]/[CO2]

Mechanisms for the maintenance of extracellular pH must
keep the [HCO3

–]/[CO2] ratio constant. Thus, CO2 and HCO3
–,

which are continuously generated during the oxidation of
energy fuels, need to be eliminated from the body at the same
velocity as they are generated metabolically. Whereas the com-
plete oxidation of fat and carbohydrates yields CO2 and water 
as the only products and the lungs fulfil the role of regulating
PCO2

, the hydrolysis of proteins yields bipolar amino acids,
whose complete oxidation generates not only CO2 and water,
but also HCO3

– and NH4
+. The latter are derived from the car-

boxylic and amino/amido moieties of amino acids, respectively,
and arise in almost equal amounts. The daily oxidation of 
100 g of protein produces about 1 mol of HCO3

– and 1 mol of
NH4

+. Thus, protein oxidation creates a strong alkali burden 
for the body, and the major pathway for removal of HCO3

– is
hepatic urea synthesis, which consumes 2 mol of HCO3

– per mol
of urea produced:

2NH4
+ + HCO3

– 2 NH2CONH2 + H+ + 2H2O

HCO3
– + H+ 2 CO2 + H2O

Summary: 2NH4
+ + 2HCO3

– → NH2CONH2 + CO2 + 3H2O

In chemical terms, urea synthesis is an irreversible, energy-
driven neutralization of the strong base HCO3

– by the weak acid
NH4

+, and the average daily excretion of 30 g of urea is equivalent
to the disposal of about 1 mol of HCO3

– per day. Thus, a major
function of hepatic urea synthesis is to effect this neutraliza-
tion, without which the body would otherwise be confronted by
a major load of alkali [32]. In vitro studies showed a sensit-
ive control of hepatic urea formation by extracellular pH, which
establishes a homeostatic feedback control loop between 
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bicarbonate-consuming urea synthesis and the actual acid–base
status. In this respect, it is important that the structural and
functional organization of the pathways of ammonia detoxica-
tion in the liver acinus uncouples urea synthesis from the vital
need to detoxify ammonia [33]. Whenever the pH and/or the
HCO3

– concentration drop in the extracellular space, the liver
responds with a decrease of urea synthesis relative to the rate of
protein catabolism and oxidation. Consequently, a fraction of
the bicarbonate generated during protein breakdown is retained
in the body and can be used to correct the underlying acidosis.
The efficiency of such a mechanism is high: a 10% inhibition of
ureogenesis relative to protein breakdown in acidosis will retain
about 100 mmol HCO3

– per day. In a well-balanced acid–base
situation, however, the rate of bicarbonate removal (urea syn-
thesis) from the organism must match the rate of bicarbonate
production (protein catabolism) and the regulation of urea-
cycle flux appears to be controlled by the rate of protein break-
down only.

pH control of urea synthesis occurs at the level of substrate
provision, but not within the urea cycle itself. The mechanisms
involved include pH-dependent changes in the NH3/NH4

+ ratio,
the pH dependence of amino acid transport across the hepato-
cyte membrane, and the regulatory properties of mitochondrial
glutaminase and carbonic anhydrase V. These enzymes adjust in
a pH-dependent manner the input of the substrates ammonia
and HCO3

– into the CPS reaction, which is, in vivo, the rate-
controlling step of urea synthesis. Lowering the extracellular 
pH from 7.4 to 7.3 already inhibits ammonia formation by liver
glutaminase by 70% [33], mainly due to an inhibition of 
glutamine transport across the plasma and mitochondrial 
membranes [131]. Uptake across the plasma membrane is ac-
complished by SN1, which couples glutamine/Na+ symport to
H+ antiport [132], and these transport characteristics may explain
the inhibition of glutamine uptake by periportal cells and simul-
taneous augmentation of glutamine export from perivenous
hepatocytes in acidosis [133]. Also, the uptake of other amino
acids into the liver is inhibited in acidosis. This shifts the 
site of amino acid catabolism from the liver to nonhepatic 
tissues [134–136]. The other enzyme, mitochondrial carbonic
anhydrase V, is also sensitively controlled by pH and plays an
important role in providing HCO3

– inside the mitochondria for
CPS [24], because the mitochondrial membrane is impermeable 
to HCO3

– but not to CO2 [137] and the rate of spontaneous
(uncatalysed) conversion of CO2 into HCO3

– is by far not fast
enough to meet the bicarbonate requirements for intramito-
chondrial biosynthetic pathways [24]. In acidosis, both carbonic
anhydrase and glutaminase are inhibited and, consequently, also
irreversible bicarbonate consumption and urea synthesis. The
regulatory properties of catalysed and uncatalysed intramito-
chondrial bicarbonate formation also allow discrimination of
respiratory from metabolic acidosis, such that urea synthesis is
inhibited much more strongly in metabolic than in respiratory
acidosis. Even at a normal extracellular pH in vitro, the liver can
respond to a decrease in buffer capacity of the extracellular

HCO3
–/CO2 system with an inhibition of urea synthesis and a

sparing of bicarbonate.
The structural and functional organization of the pathways of

nitrogen metabolism in the liver eliminates the threat of hyper-
ammonaemia, which would otherwise result from an acidosis-
induced inhibition of urea synthesis: perivenous scavenger cells
maintain ammonia homeostasis by glutamine synthesis when
upstream urea synthesis is switched off (Fig. 2). Acidosis shifts
hepatic ammonia detoxication from bicarbonate-consuming
urea synthesis to net glutamine synthesis, which is the result of
both increased perivenous glutamine formation and reduced
glutamine consumption at periportal glutaminase. Thus, inter-
cellular glutamine cycling in the liver is an elegant means to
adjust ammonia flux into either urea or glutamine depending 
on the acid–base situation. Glutamine formed by the liver and
other organs during acidosis is hydrolysed in the kidney and 
the NH4

+ is excreted as such into the urine. This process of 
so-called renal ammoniagenesis has long been known to be
stimulated in acidosis and involves the action of kidney glutami-
nase, which is regulated by pH in an opposite way to the liver
enzyme [138]. 

Thus, the kidneys function as a spillover for surplus NH4
+,

which cannot be disposed of by urea synthesis [130] (Fig. 3).
This renal contribution is critical for the pH-stat function of 
the liver, because otherwise accumulation of surplus NH4

+ in the
organism, albeit in the form of glutamine, would override the
acid–base control of hepatic HCO3

– elimination by an inadae-
quate NH4

+- (or glutamine-)driven stimulation of urea synth-
esis. With respect to ammonia and HCO3

– homeostasis, the 
liver and kidney act as a team and impairment of one organ’s
function will give rise to acid–base disturbances. It is important
to stress that it is the change of urea synthesis relative to pro-
tein breakdown that affects the bicarbonate pool in the body,
whereas absolute changes of urea synthesis do not allow con-
clusions on bicarbonate homeostasis unless the rate of protein
oxidation is assessed simultaneously. Failure to do so has led in
the past to erroneous conclusions.

Clinical consequences [139–141]

Alkalosis is reportedly present in up to 70% of cirrhotic patients,
whereas acidosis is found in less than 10%, which is usually 
a metabolic acidosis [139–141] and follows sepsis, shock and
lactate accumulation. In alkalotic cirrhotic patients, the alkalosis
was 13–60% metabolic, 20–50% respiratory and 10–30% mixed
respiratory/metabolic [139–143]. In fulminant hepatic failure,
alkalosis is present in about 75% of patients; in 30% of these
cases, the alkalosis is metabolic [140]. Clearly, the acid–base 
status in patients with liver disease is influenced not only by the
severity of liver disease itself, but also by many variables includ-
ing accompanying morbidities and drugs. 

Metabolic alkalosis in cirrhosis is often attributed to potas-
sium deficiency and hyperaldosteronism, particularly as a result
of diuretic therapy [144], but it may also be found without these
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Fig. 3 Coordinated regulation of HCO3
– and

NH4
+ homeostasis by the liver and kidneys. NH4

+

and HCO3
– arise in almost equimolar amounts

during protein oxidation. Whereas urea
synthesis irreversibly consumes HCO3

– and NH4
+

in a 1:1 stoichiometry, HCO3
– is spared when

urea synthesis is switched off in acidosis
(‘bicarbonate homeostatic response’ of the
liver). Under these conditions, NH4

+ homeostasis
is maintained by NH4

+ excretion into urine
(‘ammonium homeostatic response’ of the
kidney). A feedback control loop between
bicarbonate-consuming urea synthesis and the
extracellular pH, [CO2] and [HCO3

–] adjusts
hepatic HCO3

– consumption to the needs of
acid–base homeostasis. In metabolic acidosis,
flux through the urea cycle and hepatic
glutaminase is decreased, whereas flux through
hepatic glutamine synthetase and renal
glutaminase is increased. The coordination of
these processes results in NH4

+ disposal from the
organism without concomitant HCO3

– removal
in acidosis. From ref. 79.

factors. Metabolic alkalosis in liver cirrhosis may be the result of
an impaired urea synthesis [145], as suggested by an inverse rela-
tionship between plasma bicarbonate concentration in humans
in vivo and the capacity for hepatic urea synthesis in vitro
[104,112,146]. In view of the relationship between urea syn-
thesis and bicarbonate homeostasis, metabolic alkalosis may 
not only be seen as a consequence of impaired urea synthesis, but
also as representing an important driving force for residual urea
synthesis in cirrhosis. This may explain why acidotic episodes
can provoke hyperammonaemia in cirrhosis. In view of this,
careful attention has to be paid to the acid–base status, and
metabolic acidosis requires treatment [147].

The pathogenesis of respiratory alkalosis in cirrhotic patients
is less clear, but elevated progesterone and oestradiol levels
[148], hypoxaemia and hyperammonaemia may play a role
[144,149]. It was hypothesized that hyperventilation and re-
spiratory alkalosis represent a compensatory response of the 
cirrhotic patient in order to counteract the low-grade cerebral
oedema that develops in response to hyperammonaemia and
other precipitating factors of hepatic encephalopathy [5]. 

Although the liver plays a key role in lactate metabolism and
lactate levels tend to be moderately elevated, overt lactic acidosis
is relatively uncommon in liver disease and is usually found only
when there are other factors that would increase lactate produc-
tion or cause further decreases in hepatic uptake of lactate, such
as shock, sepsis and bleeding [144]. In fulminant hepatitis, the
development of lactic acidosis is associated with a uniformly
high mortality; it has been attributed to tissue hypoxia resulting
from arteriovenous shunting, as it occurred in patients with an
apparently adequate systemic blood pressure, blood flow and
arterial oxygen tension [150].
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2.3.8 Protein synthesis and
degradation in the liver
Armin Akhavan and Vishwanath R. Lingappa

Introduction

The proper physiological function of various organs relies on the
expression of biologically active molecules such as antibodies,
hormones and neurotransmitters as well as various ligands and
receptors, and the signalling and other molecules by which they
act. Many of these molecules are proteins, encoded in genes.
Some are non-protein molecules (e.g. lipids, sugars and other
small molecules such as nitric oxide gas) whose existence
requires the action of proteins (e.g. enzymes that are involved 
in their synthesis). The DNA of the genes encoding these 

proteins must be transcribed and processed into mRNAs and
exported out of the nucleus into the cytoplasm, as a prerequisite
for gene expression. This occurs by complex mechanisms that
are outside the scope of this review. Once in the cytoplasm,
mRNAs can be either quiescent, as a result of binding proteins
that prevent their translation into proteins, or actively engaged
in making their encoded polypeptides.

One important function of the liver is the synthesis and secre-
tion of a wide range of proteins into the bloodstream, including
blood clotting factors and transporter proteins such as lipopro-
teins and albumin. Another important function is the synthesis
and correct localization of integral membrane proteins of the
plasma membrane and other compartments. A common feature
of these classes of proteins is that their fates are determined 
very early during translation of the mRNAs in which they are
encoded. The nascent chains of these proteins are targeted to 
the membrane of the endoplasmic reticulum (ER), a specialized
intracellular compartment that initiates their journey by subse-
quent vesicle fission and fusion through the secretory pathway
(Fig. 1). Regulatory steps along the way ultimately determine the
amount, function and/or localization of these proteins. Some of
these steps, such as the initial event of translocation across (for a
secretory protein) or integration into (for a membrane protein)
the membrane of the ER, are, in their simplest manifestation,
irreversible events. However, under certain conditions, these
irreversible steps are overcome by cellular machineries that
degrade undesired proteins, and thereby end their action. In 
this chapter, we describe first the fundamentals of early events 
in mRNA translation and degradation of newly synthesized
secretory and membrane proteins. Subsequently, we discuss 
regulatory mechanisms of protein synthesis and degradation
with emphasis on examples relevant to liver function and 
pathophysiology.

Principles of posttranscriptional gene
expression

Translation of mRNA to protein

Translation of mRNA into protein starts by (i) binding of
methionyl-tRNA (tRNAMet) to the small ribosomal subunit
(40S), (ii) recruitment of the complex to mRNA at the first AUG
codon and (iii) joining of the large ribosomal subunit (60S) 
to the mRNA–40S complex. The eukaryotic initiation factors
(eIF) are involved in all three steps of translation initiation [1].
Shortly before the start of translation, the eIF2 (composed of α,
β and γ subunits) forms a complex with GTP and tRNAMet to
facilitate binding to the small ribosomal subunit. The bind-
ing of this preinitiation complex, known as the 43S complex, 
to mRNA is assisted both in cis and in trans. The cis element
referred to is the ‘cap’, a modified guanine nucleotide at the 5′
end of mRNA, which in many cases is critical for the recruitment
of 43S by the eIF4 complex [2]. The eIF4 complex is composed
of several proteins including: eIF4E, which physically binds the
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