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Hepatic ammonia handling was analyzed in taurine transporter
(TauT) KO mice. Surprisingly, hyperammonemia was present at an
age of 3 and 12 months despite normal tissue integrity. This was
accompanied by cerebral RNA oxidation. As shown in liver perfusion
experiments, glutamine production from ammonia was diminished
in TauT KO mice, whereas urea production was not affected. In
livers from 3-month-old TauT KO mice protein expression and
activity of glutamine synthetase (GS) were unaffected, whereas
the ammonia-transporting RhBG protein was down-regulated by
about 50%. Double reciprocal plot analysis of glutamine synthesis
versus perivenous ammonia concentration revealed that TauT KO
had no effect on the capacity of glutamine formation in 3-month-
old mice, but doubled the ammonia concentration required for half-
maximal glutamine synthesis. Since hepatic RhBG expression is
restricted to GS-expressing hepatocytes, the findings suggest that
an impaired ammonia transport into these cells impairs glutamine
synthesis. In livers from 12-, but not 3-month-old TauT KO mice,
RhBG expression was not affected, surrogate markers for oxidative
stress were strongly up-regulated, and GS activity was decreased by
40% due to an inactivating tyrosine nitration. This was also reflected
by kinetic analyses in perfused liver, which showed a decreased
glutamine synthesizing capacity by 43% and a largely unaffected
ammonia concentration dependence. It is concluded that TauT de-
ficiency triggers hyperammonemia through impaired hepatic gluta-
mine synthesis due to an impaired ammonia transport via RhBG at 3
months and a tyrosine nitration-dependent inactivation of GS in 12-
month-old TauT KO mice.
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The liver plays a central role for ammonia homeostasis in the
body. A sophisticated structural and functional organization

of urea and glutamine synthesis as well as glutaminase has
evolved, which not only allows for efficient ammonia detoxication
by the liver, but also to adjust urea synthesis to the needs of sys-
temic acid base homeostasis (1, 2). In this organization, gluta-
minase augments urea synthesis by amplifying the ammonia
concentration in the periportal compartment, whereas glutamine
synthetase (GS), which is restricted to a small perivenous cell
population (3) acts as a high-affinity detoxification system for the
ammonia, which escapes periportal urea synthesis (1, 2, 4). Due to
this important function, the small perivenous subpopulation of
hepatocytes has been termed “scavenger cells” (2). These cells
exclusively express GS, the glutamate transporter 1 (Glt1) and the
NH3/NH4

+ transporter Rhesus type glycoprotein B (RhBG) as
well as uptake systems for dicarboxylates (3, 5, 6). Pioneer work
with the isolated perfused rat liver suggested already decades ago
that intact scavenger cells are essential for maintenance of phys-
iologically low ammonia concentrations in the blood (1, 2, 7), and
liver-specific GS deletion results in systemic hyperammonemia in
mice (8). This study also confirmed that chronic hyperammonemia
in the absence of liver damage is sufficient to induce cerebral
oxidative stress and to impair behavior and locomotion, which are
hallmarks of hepatic encephalopathy (HE) (8).

The amino acid taurine is highly abundant in brain, liver, and
other organs (9). Intracellular taurine concentrations are main-
tained at high levels through uptake by the taurine transporter
TauT (10). Functions of taurine in the body are remarkably di-
verse: taurine acts as an osmolyte, an antioxidant, and a molecular
chaperone, and promotes antiinflammatory effects and modulates
neurotransmission (11–13). Studies from TauT KO mice showed
that low taurine levels cause a variety of malfunctions in different
organs in an age-dependent way (14–20). Within 1 y after birth
TauT KO mice lose vision, suffer from auditory, olfactory, and
muscle dysfunction, and show altered synaptic transmission in
brain (for review see ref. 21). At higher age (beyond 15 mo), liver
manifestations develop, such as fibrosis, unspecific hepatitis, and
tumor formation (17, 21). However, the pathogenetic events that
precede such structural liver dysfunction in aged TauT KO mice
remained unclear until now.
In the present study, we analyzed effects of TauT deficiency on

hepatic ammonia handling in 3- and 12-mo-old TauT KO mice.
Our results suggest that TauT deficiency impairs ammonia de-
toxification by perivenous scavenger cells in the liver, thereby in-
ducing systemic hyperammonemia. This is explained by down-
regulation of the ammonium transporter RhBG at 3 mo of age and
a tyrosine nitration-induced inactivation of GS at 12 mo of age due
to oxidative/nitrosative stress. The data also suggest that RhBG
expression can be a site of control of hepatic glutamine synthesis.

Results
Taurine Transporter Knockout Triggers Hyperammonemia Without
Affecting Liver Integrity. TauT deficiency was shown to trigger
liver fibrosis in mice beyond an age of 15 mo (17). However, as
shown by Sirius red staining (SI Appendix, Fig. S1A) and immu-
nofluorescence analysis of collagens I and IV (SI Appendix, Fig.
S1B), no signs of fibrosis were found in livers from 3- and 12-mo-old
TauT KO and WT mice and expression of these surrogate markers
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of fibrosis was not different from respective wild-type controls.
However, a strong Sirius red staining was noted in liver slices from
bile duct ligated mice (21 d postsurgery), which served as a positive
control (SI Appendix, Fig. S1A). These data suggest that taurine
transporter knockout does not induce liver fibrosis or structural
liver damage in TauT KO mice up to an age of 12 mo. However,
unexpectedly, blood ammonia levels were significantly elevated to
about 115 μmol/L in both, 3- and 12-mo-old TauT KO mice com-
pared with WT mice, which presented blood ammonia levels of
about 70 μmol/L (Fig. 1).

Effects of TauT KO on Hepatic Glutamine and Urea Production from
Ammonia in Perfused Mouse Liver. The effect of TauT deficiency
on hepatic ammonia handling was analyzed in perfused livers
from 3- and 12-mo-old WT and TauT KO mice. As shown in Fig.
2, ammonia clearance by livers from 3- (Fig. 2A) and 12-mo-old
(Fig. 2B) TauT KO mice was significantly impaired compared
with respective wild-type mice. This was due to an impaired
glutamine synthesis, whereas urea production from ammonia
and glutamate release were unaffected in TauT KO mice (Fig.
2). In line with this, mRNA and protein expression of carbamoyl-
phosphate synthetase 1 (CPS1) and the mRNA levels of ornithine
transcarbamylase (OTC) and argininosuccinate lyase (ASL) were
not different in livers from 3- or 12-mo-old TauT KO mice
compared with the respective wild-type mice (SI Appendix, Fig. S2
A and B). Likewise, neither liver type glutaminase (LGA) nor
kidney type glutaminase (KGA) protein levels were altered in
livers from TauT KO mice compared with WT mice at 3 or 12 mo
of age, respectively (SI Appendix, Fig. S2B).
The data suggest that hyperammonemia in TauT-deficient

mice involves an impairment of hepatic glutamine synthesis, but
not of urea synthesis.

Effects of TauT Deficiency on Scavenger Cell Marker Expression. In
the liver acinus ammonia that escapes the urea cycle is sub-
sequently detoxified by glutamine synthesis in a small perivenous
hepatocyte population termed scavenger cells (1, 2). These
scavenger cells not only exclusively express GS, but also the
glutamate transporter Glt1 and the NH3/NH4

+ transporter RhBG,
which is under transcriptional control of T cell factor 4 (TCF4).
As shown by qPCR, mRNA levels of GS and Glt1 were not

affected in both, 3- and 12-mo-old TauT KO mice (SI Appendix,
Figs. S3A and S4A), whereas mRNA levels of RhBG were sig-
nificantly down-regulated in livers from 3-mo-old TauT KO mice
and a similar tendency was found in livers from 12-mo-old TauT
KO mice (Fig. 3A). TCF4 (Fig. 3B) and RhBG (Fig. 3C and SI
Appendix, Fig. S5) protein levels were significantly decreased by
about 50% in livers from 3-mo-old TauT KO mice as shown by
Western blot or immunofluorescence analysis. However, at an
age of 12 mo RhBG (Fig. 3C and SI Appendix, Fig. S5) but not
TCF4 (Fig. 3B) protein expression in liver had fully recovered
and was no longer different from the wild-type control.
Neither GS mRNA (SI Appendix, Fig. S4A) and protein levels

(Fig. 4A) nor the strict perivenous localization of GS in liver
were altered in TauT KO mice at 3 and 12 mo of age (Fig. 4A
and SI Appendix, Fig. S4B). GS activity was significantly reduced

by about 40% in protein lysates of livers from 12- but not from 3-
mo-old TauT KO mice compared with the respective wild-type
mice (Fig. 4B).
Glt1 protein levels were significantly increased by about 80%

in livers from 3-mo-old and about fourfold in livers from 12-mo-
old TauT KO mice as shown by Western blot and immunoflu-
orescence analysis (SI Appendix, Fig. S3 B and C).

Mechanism of Impaired Glutamine Synthesis in Livers from 3-Mo-Old
TauT KO Mice. As shown above, in perfused livers from 3-mo-old
TauT KO mice, glutamine synthesis from ammonia at concen-
trations up to 0.5 mmol/L is diminished (Fig. 2A), although GS
expression (Fig. 4A) and activity (Fig. 4B) were not affected
compared with 3-mo-old wild-type mice. We therefore analyzed
the ammonia concentration dependence of glutamine pro-
duction by the liver (VGln) using a double-reciprocal plot analysis
in analogy to Lineweaver–Burk blotting. In this approach, the
perivenous intrasinusoidal ammonia concentration available for
GS-positive scavenger hepatocytes {[NH4

+]scav} can be esti-
mated as the sum of the ammonia concentration in effluent
{[NH4

+]effl} and the ammonia consumed by glutamine synthesis
and being recovered in effluent perfusate {[Gln]effl)}: [NH4

+

]scav = [NH4
+]effl + 2 [Gln]effl. As shown in Fig. 5A double re-

ciprocal blotting of [NH4
+]scav versus VGln showed that the max-

imal rates of hepatic glutamine production were 0.50 μmol/g/min
and 0.48 μmol/g/min in 3-mo-old wild-type and TauT KO mice,
respectively, indicating that the capacity for glutamine synthesis
was not affected by TauT deficiency. On the other hand, the
ammonia concentrations {[NH4

+]scav} required for half-maximal

Fig. 2. Urea, glutamine, ammonia, and glutamate release into effluent of
perfused livers from 3- and 12-mo-old WT and TauT KO mice. Livers from 3
(A)- and 12 (B)-mo-old WT and TauT KO mice were perfused with 0, 0.2, or
0.5 mmol/L NH4Cl and concentrations of urea, glutamine, ammonia, and
glutamate in the effluent were measured as described in Materials and
Methods. Urea, glutamine, ammonia, and glutamate production is given as
μmol/g/min. n.s., not statistically significantly different compared with WT.
*Statistically significantly different compared with WT. n = 3–5 animals for
each condition.

Fig. 1. Blood ammonia levels in TauT KO and WT mice. Ammonia levels in
blood from 3- and 12-mo-old WT and TauT KO mice were measured as de-
scribed in Materials and Methods. *Statistically significantly different com-
pared with WT. n = 3–8 animals for each condition.
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glutamine production were 0.25 and 0.55 mmol/L in livers from
wild-type and TauT KO mice, respectively (SI Appendix, Table
S1). These observations are well compatible with an impaired
ammonia import into scavenger cells due to a down-regulation of
the RhBG ammonia transporter, which apparently becomes rate
controlling for glutamine synthesis at near-physiological extracellular
ammonia concentrations.

Mechanism of Impaired Glutamine Synthesis in Livers from 12-Mo-Old
TauT KO Mice. A similar double reciprocal plot analysis in 12-mo-
old wild-type and TauT KO mice (Fig. 5B) revealed that com-
pared with 12-mo-old wild-type mice, glutamine synthesis ca-
pacity is decreased from 0.58 μmol/g/min to 0.33 μmol/g/min, i.e.,
by 43% in TauT KO mice. This value nicely corresponds to the
40% decrease of GS activity in the liver lysate (Fig. 4B). On the
other hand, the ammonia concentrations {[NH4

+]scav} required
for half-maximal glutamine production were similar and calcu-
lated to be 0.31 and 0.25 mmol/L in livers from wild-type and
TauT KO mice, respectively (SI Appendix, Table S1). This sug-
gests that inhibition of glutamine synthesis in 12-mo-old TauT
KO mice is primarily explained by a diminished GS activity.
As shown recently, GS is sensitive toward inactivation by ty-

rosine nitration (22, 23). Therefore, we investigated whether the
decreased specific activity of GS (compare Fig. 4 A and B) in 12-
mo-old TauT KO mice is due to tyrosine nitration. As shown in
Fig. 4C, NO2Tyr immunodepletion lowered anti-GS immunoreactivity

as analyzed byWestern blot by about 50% in liver protein lysates from
12-mo, but not from 3-mo-old TauT KOmice. The data suggest that
TauT KO inhibits GS activity through tyrosine nitration in 12-mo-
old, but not in 3-mo-old TauT KO mice.
Taurine is considered to be an antioxidant (21) and taurine

depletion may render cells and tissue sensitive to oxidative/
nitrosative stress and trigger protein tyrosine nitration. As shown
by qPCR, mRNA levels of glutathione peroxidase (GPx) as well
as enzymes producing RNOS [NADPH oxidases (Nox), p47phox

and neuronal nitric oxide synthase (nNOS)] in livers from 3-mo-
old TauT KO mice did not differ from those found in wild type
(Fig. 6A). However, mRNA levels of nNOS, Nox subunit p47phox

and Nox2 were strongly up-regulated in livers from 12-mo-old
TauT KO mice compared with WT mice (Fig. 6A). As shown by
immunofluorescence analysis, levels of nNOS protein and serine-
phosphorylated p47phox were strongly elevated in livers from 12-
but not from 3-mo-old TauT KO mice compared with the re-
spective WT mice (SI Appendix, Fig. S6). Immunoreactivities of
the surrogate markers for oxidative/nitrosative stress, nitro-
tyrosine and 8OH(d)G (Fig. 6B) were strongly enhanced in livers
from 12- but not from 3-mo-old TauT KO mice.
The data show increased levels of nNOS, p47phox, and Nox2

mRNA, up-regulation of nNOS protein, enhanced serine phos-
phorylation of p47phox and up-regulation of oxidative/nitrosative
stress surrogate markers NO2Tyr and 8OH(d)G in livers from
12- but not from 3-mo-old TauT KO mice.

Fig. 3. Expression levels of RhBG, TCF4, and GAT2 in livers from TauT KO
andWT mice. mRNA and protein were isolated from livers of 3- or 12-mo-old
TauT KO or WT mice and analyzed for RhBG expression by qPCR (A). Analysis
of TCF4 (B), RhBG (C), or GAT2 (D) protein expression by Western blot. mRNA
or protein levels in livers from TauT KO are given relative to WT mice. n.s.,
not statistically significantly different compared with WT. *Statistically sig-
nificantly different compared with WT. (A and C) Three month, n = 3; 12 mo,
n = 4; (B) three month, n = 3; 12 mo, n = 4 WT, and n = 8 KO; and (D) n = 3
animals for each condition.

Fig. 4. Glutamine synthetase expression, activity, and tyrosine nitration in
livers from TauT KO and WT mice. Protein was isolated from livers from 3-
or 12-mo-old TauT KO or WT mice and analyzed for (A) GS protein ex-
pression by Western blot and (B) GS activity (n = 3). (C ) GS immunoreac-
tivity (Western blot) in protein lysates from TauT WT and KO mice after
depletion of tyrosine-nitrated proteins as described in Materials and
Methods (n = 4–6 animals). GS protein expression was quantified by
densitometric analysis. GS expression in NO2Tyr-depleted TauT KO protein
lysates is given relative to NO2Tyr-depleted WT liver samples. n.s., not
statistically significantly different compared with WT. *Statistically sig-
nificantly different compared with WT.
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Effects of Taurine Transporter Knockout on GAT2 Expression in the
Liver. Taurine levels in livers from 16- to 21-mo-old TauT KO
mice are almost fourfold higher than in 2-mo-old TauT KO
animals but are still decreased by more than 70% compared with
respective WT controls (17). This may relate to a compensatory
taurine uptake mechanism. Recently, the γ-aminobutyric acid
transporter 2 (GAT2) was identified in mouse liver as a taurine
transporter (24). As shown in Fig. 3D, GAT2 protein levels were
by about threefold higher in livers from 12-mo-old, compared
with 3-mo-old TauT KO mice. GAT2 was also strongly expressed
in the plasma membrane of scavenger cells, whereas only weak
immunostaining was found inside Kupffer cells (SI Appendix, Fig.
S7). Up-regulation of GAT2 in the older animals may well ex-
plain why the taurine levels in liver tissue are almost fourfold
higher than in young animals (17).

TauT Deficiency Triggers Cerebral RNA Oxidation and Protein Tyrosine
Nitration. As shown recently, systemic hyperammonemia triggers
cerebral RNA oxidation in mouse brain where it was suggested
to disturb cerebral neurotransmission (8). In line with this, sys-
temic hyperammonemia in both 3- and 12-mo-old TauT KO
mice was also associated with enhanced 8OH(d)G immunore-
activity in the brain (SI Appendix, Fig. S8). As shown by confocal
laser-scanning microscopy, enhanced 8OH(d)G immunoreactiv-
ity was present in the somatosensory cortex, the hippocampus,
the hypothalamus, and the cerebellum but not in the piriform
cortex of 3-mo-old TauT KO mice (SI Appendix, Fig. S8). Anti-
8OH(d)G immunoreactivity was absent in brain slices exposed to
RNase (6 h, 37 °C, 100 μg/mL) indicative for enhanced oxidation
of RNA but not of DNA in brain of TauT KO mice.

Discussion
The present study revealed an unexpected role of taurine for
maintenance of systemic ammonia homeostasis in mice. Hyper-
ammonemia was observed in 3-and 12-mo-old TauT KO mice
and was not explained by altered expression of urea cycle en-
zymes or glutaminases, by alterations of zonal enzyme distribution or
liver structure and there were no signs of liver fibrosis. As reported
recently, fibrosis and unspecific hepatitis can develop in the TauT KO
mice at an age beyond 15 mo (17, 21). Whereas urea production was
not affected in livers from 3- or 12-mo-old TauT KO mice (Fig. 2),
glutamine production was significantly reduced in livers from 3- and
12-mo-old TauT KO mice (Fig. 2). Therefore, the effects of TauT
deficiency on hepatic scavenger cell function were analyzed in up to
12-mo-old TauT KO mice. These perivenous scavenger cells are
the only liver cells expressing GS, which here acts as a high-affinity
system for ammonia removal at the outflow of the sinusoidal bed.
As shown previously these cells are decisive for the maintenance
of systemic ammonia homeostasis (1, 2, 7, 8, 25).
As shown in the present study, GS localization and expression at

the mRNA and protein levels were unchanged in livers from TauT
KO mice up to 12 mo. However, the expression of the scavenger
cell markers Glt1 and RhBG was affected in livers of TauT KO
mice in an age-dependent way: whereas Glt1 was significantly up-
regulated at 3 and 12 mo (SI Appendix, Fig. S3), RhBG protein
expression was strongly down-regulated only in livers from 3-mo-
old but not from 12-mo-old TauT KO mice (Fig. 3C and SI Ap-
pendix, Fig. S5). Together with the finding that GS activity in liver
tissue remained unaffected in 3-mo-old TauT KO mice, this ob-
servation suggests that an impaired ammonia uptake by hepatic
scavenger cells via RhBG may become rate controlling for
glutamine synthesis in livers from 3-mo-old TauT KO mice.
This view is substantiated by the kinetic analysis of glutamine
formation in livers from 3-mo-old mice (Fig. 5A). This analysis
shows that maximal rates of glutamine formation are not different
between wild-type and TauT KO mice; however, the perivenous
sinusoidal ammonia concentration {[NH4

+]scav} required for half-
maximal glutamine formation is about twice as high in TauT KO
mice compared with wild-type mice. This suggests an impaired
ammonia availability for GS in TauT KO mice, which can be
overcome by increasing the ammonia concentration. These find-
ings not only underline the importance of perivenous scavenger
cells for maintenance of ammonia homeostasis, but also provide
evidence that ammonia transport across the plasma membrane
can be another site of regulation of hepatic glutamine synthesis.
Down-regulation of RhBG mRNA in livers from 3- and 12-

mo-old TauT KO mice can be explained by decreased levels of
TCF4 (Fig. 3B), which drives the transcription of RhBG (26), but
not of GS (27), by interacting with β-catenin. However, decreased
RhBG mRNA levels were not reflected at the protein level in livers
from 12-mo-old TauT KOmice (Fig. 3C). This suggests that normal
RhBG protein levels in livers from 12-mo-old TauT KO mice are
maintained by posttranscriptional mechanisms that either
enhance the translation of RhBG mRNA or stabilize the RhBG
protein. Taurine is known to stabilize proteins (28) and to act as
a chemical chaperone (29) and taurine levels in livers from TauT
KO mice at an age of 16–21 mo are about fourfold higher than in

Fig. 5. Double reciprocal blot analysis of glutamine synthesis versus peri-
venous ammonia concentration in perfused mouse livers from 3- and 12-mo-
old WT and TauT KO mice. Livers were perfused with different NH4Cl con-
centrations (0–1 mmol/L) and glutamine release (VGln) and ammonia con-
centration in the effluent were measured as described in Materials and
Methods. The perivenous intrasinusoidal ammonia concentration available
for GS-positive scavenger hepatocytes {[NH4

+]scav} was calculated as the sum
of the ammonia concentration in effluent {[NH4

+]effl} and the ammonia
consumed by glutamine synthesis and being recovered in effluent perfusate
{[Gln]effl}:[NH4

+]scav = [NH4
+]effl + 2 [Gln]effl. Linear regression analysis of the

data shown in Fig. 5 yielded the following relationships with y = (VGln)
−1 and

x = [NH4
+]scav

−1. (A) Three-month-old animals: WT, y = 0.49x + 2.01; KO, y =
1.16x + 2.10. (B) Twelve-month-old mice: WT, y = 0.53x + 1.73; TauT KO, y =
0.76x + 3.02. Data are from n = 3–5 different livers for each condition.
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2-mo-old animals (17), probably due to a compensatory up-regulation
of the also taurine-transporting (24) GAT2 which is also expressed in
scavenger cells (Fig. 3D and SI Appendix, Fig. S7 A and B). In line
with a role of taurine for stabilization of RhBG protein, siRNA-
mediated knockdown of TauT in HuH-7.5 cells significantly down-
regulated RhBG protein levels (SI Appendix, Fig. S9).
Interestingly, down-regulation of RhBG was accompanied by an

up-regulation of the ammonia transporter RhCG in livers from 12-
mo-old TauT KO mice (SI Appendix, Fig. S10). RhCG is solely
expressed in epithelial cells of bile ducts and here RhCG may serve
to secrete ammonia into the bile (5, 30). Thus, up-regulation of
RhCG in livers from 12-mo-old TauT KO mice will not augment
hepatic glutamine synthesis, but may represent a compensatory
mechanism for ammonia removal in TauT deficiency. The
mechanisms underlying the up-regulation of RhCG in the livers
from 12-mo-old TauT KOmice remain to be determined. However,
TNFα, whose plasma levels are elevated seven- to eightfold in 9- to
15-mo-old TauT KO animals (17), may trigger up-regulation of
RhCG in mouse liver. In line with this, elevated TNFα was shown to
up-regulate RhCG in vascular endothelial cells in mouse brain in
acute liver failure (31). On the other hand, RhCG expression was
not significantly increased in livers from 3-mo-old TauT KO mice

(SI Appendix, Fig. S10) and in these animals the TNFα serum levels
were not increased (SI Appendix, Fig. S11).
Ammonia is also transported by aquaporins (AQPs) 3, 7, 8, and

9 and in human liver AQPs 8 and 9 are coexpressed with Rhesus
proteins (32). However, mRNA levels of aquaporins 3, 7, 8, or 9
were not significantly changed in livers from 3- and 12-mo-old
TauT KO mice (SI Appendix, Fig. S12). This may indicate that
decreased ammonia uptake due to RhBG down-regulation in
livers from 3-mo-old TauT KO mice is probably not compensated
by up-regulation of ammonia-transporting aquaporins.
At 12 mo of age, however, GS activity in liver tissue was

strongly decreased in TauT KO mice, despite unchanged GS
protein expression. This loss of GS activity by about 40% is also
reflected in the kinetic analysis of hepatic glutamine formation in
relation to [NH4

+]scav (Fig. 5B), which indicates a 43% decrease
of the capacity to produce glutamine without major effects on
[NH4

+]scav required for half-maximal glutamine formation. This
decrease in GS capacity is due to a sizeable increase of tyrosine-
nitrated GS, which was shown to inactivate mammalian GS (22, 23)
and may trigger hyperammonemia in these mice. The situation
resembles the pathomechanism for LPS-induced impairment of
ammonia clearance in perfused rat liver, which also could be at-
tributed to tyrosine nitration of GS (22). Interestingly, similar to
findings in liver-specific GS knockout mice, the loss of GS activity in
livers from 12-mo-old TauT KO mice led to hyperammonemia,
which was not compensated by up-regulation of GS protein in
skeletal muscle, kidney, or brain (SI Appendix, Fig. S13). These
observations strengthen a role of taurine for maintenance of sys-
temic ammonia homeostasis by the liver. It is unlikely that hyper-
ammonemia inhibits taurine uptake and depletes taurine levels in
the liver. This is suggested by unchanged TauT mRNA and protein
levels in livers from liver-specific GS KO mice (SI Appendix, Fig.
S14), which also present with hyperammonemia (8).
Down-regulation of RhBG at 3 mo and GS inactivation at 12 mo

of age in livers from TauT KO mice were both associated with sys-
temic hyperammonemia, suggesting that TauT deficiency disrupts
ammonia homeostasis by impairing scavenger cell function. Up-
regulation of Glt1 in livers from 3- and 12-mo-old TauT KO mice
may represent an ineffective compensatory response to augment
the impaired glutamine synthesis in the scavenger cells.
Tyrosine nitration of GS indicates the presence of oxidative/

nitrosative stress and of peroxynitrite (ONOO−) which can
recombine from NO and O2

− (33). In line with this, up-regulation
of nNOS, Nox2, and p47phox mRNA, nNOS protein and en-
hanced serine-phosphorylation of p47phox were found in livers
from 12- (but not 3)-mo-old TauT KO mice. These changes may
trigger NO and O2

− synthesis and up-regulate the oxidative/
nitrosative stress markers NO2Tyr and 8OH(d)G in livers from
12- but not from 3-mo-old TauT KO mice. The mechanisms
underlying up-regulation of nNOS, Nox2, and p47phox and acti-
vation of p47phox in prolonged TauT deficiency have not yet been
identified. However, activation of p47phox (34) and nNOS (35)
may be triggered by TNFα which is significantly elevated in the
blood of 9- to 15-mo-old (17) but not 3-mo-old TauT KO mice
(SI Appendix, Fig. S11). In the liver, TNFα is mainly synthesized
by Kupffer cells and TNFα synthesis is suppressed by taurine in
liver injury and inflammation (36–38). Therefore, low taurine
levels may trigger TNFα synthesis in Kupffer cells in 12-mo-old
TauT KO mice and elevate systemic TNFα levels. Unchanged
TNFα levels in 3-mo-old TauT KO mice may be explained by
significantly elevated levels of IL10, which was shown to inhibit
TNFα production in Kupffer cells (39). Levels of the proin-
flammatory cytokines IL1α/β and acute phase proteins were
unchanged in the serum from TauT KO mice (SI Appendix, Fig.
S11), suggesting that elevated IL6 levels in 3-mo-old TauT KO
mice promote antiinflammatory effects.
Hyperammonemia was shown to trigger cerebral RNA oxi-

dation not only in astrocytes, neurons, and brain slices in vitro,
but also in mouse brain in vivo and to disturb cerebral neuro-
transmission (8). In line with this, systemic hyperammonemia in
3-mo-old TauT KO mice was also associated with enhanced

Fig. 6. Oxidative/nitrosative stress markers in livers from TauT KO and WT
mice. (A) mRNA was isolated from livers of 3- or 12-mo-old TauT KO or WT mice.
mRNA expression levels of GPx, Nox isoforms, or nNOS were analyzed by qPCR.
mRNA levels in livers from TauT KO mice are given relative to mRNA expression
in TauT WT mice. n.s., not significantly different compared with WT; *Statis-
tically significantly different compared with WT. n = 3–4 animals. (B) Immu-
nofluorescence analysis of NO2Tyr and 8OH(d)G in livers from TauT KO andWT
mice. Nuclei were counterstained using Hoechst. n = 3 animals for each
condition.
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8OHG immunoreactivity in the somatosensory cortex, the hip-
pocampus, the hypothalamus, and the cerebellum but not in the
piriform cortex. This pattern of regional RNA oxidation in the
brain resembled that observed in the liver-specific glutamine
synthetase knockout mouse, which exhibits a similar degree of
systemic hyperammonemia as the TauT KO mouse (8). These
findings suggest that at least some of the neuropathologies
reported in TauT KO mice such as impaired plasticity in corti-
costriatal neurotransmission (40) which are also found in liver-
specific GS KO (41) mice may be attributed to systemic hyper-
ammonemia. On the other hand, taurine was shown to diminish
cerebral oxidative stress (42) and to counteract ammonia-
induced edema in cerebrocortical brain slices (43). This clearly
indicates that apart from effects on hepatic ammonia, handling
other neuroprotective effects of taurine can come into play.
Taken together, the present study shows that taurine is essential

for scavenger cell function in the liver and for the maintenance of
systemic ammonia homeostasis.
TauT deficiency-induced hyperammonemia triggers cerebral

oxidative stress, which provides another aspect of the role of
taurine as neuroprotectant. Furthermore, prolonged TauT de-
ficiency triggers oxidative/nitrosative stress in liver through in-
duction of NADPH oxidase and nitric oxide synthases.
Serum taurine levels are frequently reduced in patients with

liver cirrhosis (44), but it is currently unclear to what extent this

will contribute to liver dysfunction. It remains also to be estab-
lished, whether single nucleotide polymorphisms in the TauT
gene exist that underlie an increased individual susceptibility for
developing liver disease or its complications. Further research is
required to identify the mechanisms underlying the beneficial
actions of taurine in liver and brain.

Materials and Methods
Detailed information on genotyping, Sirius red staining, immunofluores-
cence, Western blot, qPCR analysis, and NO2-Tyr immunodepletion can be
found in SI Appendix. GS activity was measured using a colorimetric trans-
ferase assay (SI Appendix), which is more sensitive compared with the
synthetase assay. All experiments were approved by the Landesamt für
Natur- und Verbraucherschutz, North Rhine-Westphalia.

Experiments were carried out with the indicated number of mice. Results
are presented as arithmetric means ± SEM. Statistical testing was performed
using two-sided unpaired Student’s t test (Excel, Microsoft) or one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test (Prism,
GraphPad). A P value of ≤0.05 was considered significant.
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