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O-GIcNAcylation-dependent upregulation of HO1
triggers ammonia-induced oxidative stress and
senescence in hepatic encephalopathy
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e Ammonia triggers protein O-GlcNAcylation in astrocytes via
synthesis of GIcN.

e O-GIcNAc-dependent upregulation of HO1 + Nox4 induces
RNA oxidation and senescence.

e Protein O-GlcNAcylation is increased in the brains of
cirrhotic patients with HE.
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Lay summary

Patients with liver cirrhosis frequently
exhibit hyperammonemia and suffer from
cognitive and motoric dysfunctions,
which at least in part involve premature
ageing of the astrocytes in the brain. This
study identifies glucosamine and an
O-GIcNAcylation-dependent disruption
of iron homeostasis as novel triggers of
oxidative stress, thereby mediating
ammonia toxicity in the brain.
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ammonia-induced oxidative stress and senescence
in hepatic encephalopathy
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Background & Aims: Cerebral oxidative stress plays an impor-
tant role in the pathogenesis of hepatic encephalopathy (HE),
but the underlying mechanisms are incompletely understood.
Herein, we analyzed a role of heme oxygenase (HO)1, iron and
NADPH oxidase 4 (Nox4) for the induction of oxidative stress
and senescence in HE.

Methods: Gene and protein expression in human post-mortem
brain samples was analyzed by gene array and western blot
analysis. Mechanisms and functional consequences of HO1
upregulation were studied in NH4Cl-exposed astrocytes
in vitro by western blot, qPCR and super-resolution microscopy.
Results: HO1 and the endoplasmic reticulum (ER) stress marker
grp78 were upregulated, together with changes in the expres-
sion of multiple iron metabolism-related genes, in post-
mortem brain samples from patients with liver cirrhosis and
HE. NH4CI elevated HO1 protein and mRNA in cultured astro-
cytes through glutamine synthetase (GS)-dependent upregula-
tion of glutamine/fructose amidotransferases 1/2 (GFAT1/2),
which blocked the transcription of the HO1-targeting miR326-
3p in a O-GlcNAcylation dependent manner. Upregulation of
HO1 by NH4CI triggered ER stress and was associated with ele-
vated levels of free ferrous iron and expression changes in iron
metabolism-related genes, which were largely abolished after
knockdown or inhibition of GS, GFAT1/2, HO1 or iron chelation.
NH,4CI, glucosamine (GIcN) and inhibition of miR326-3p upreg-
ulated Nox4, while knockdown of Nox4, GS, GFAT1/2, HO1 or
iron chelation prevented NH4Cl-induced RNA oxidation and
astrocyte senescence. Elevated levels of grp78 and O-
GlcNAcylated proteins were also found in brain samples from
patients with liver cirrhosis and HE.

Conclusion: The present study identified glucosamine
synthesis-dependent protein O-GlcNAcylation as a novel mech-
anism in the pathogenesis of HE that triggers oxidative and ER
stress, as well as senescence, through upregulation of HO1
and Nox4.
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Lay summary: Patients with liver cirrhosis frequently exhibit
hyperammonemia and suffer from cognitive and motoric dys-
functions, which at least in part involve premature ageing of
the astrocytes in the brain. This study identifies glucosamine
and an O-GlcNAcylation-dependent disruption of iron home-
ostasis as novel triggers of oxidative stress, thereby mediating
ammonia toxicity in the brain.

© 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction

Ammonia is a major toxin in the pathogenesis of hepatic
encephalopathy (HE).! In the brain, ammonia is detoxified by
glutamine synthetase (GS) in astrocytes and glutamine accumu-
lation in astrocytes in patients with liver cirrhosis and HE trig-
gers the development of a low grade cerebral edema? associated
with oxidative/nitrosative stress.>*

Several in vitro and in vivo studies demonstrated that ammo-
nia induces the formation of reactive oxygen species (ROS) in
astrocytes,! which triggers a variety of functional consequences,
such as gene expression changes, protein tyrosine nitration,
RNA oxidation and senescence."”>® Of note, these functional
consequences were also identified in post-mortem brain samples
from patients with liver cirrhosis and HE, but not in those with-
out HE.>*® Of particular interest, RNA oxidation was suggested
to disturb postsynaptic protein synthesis which is required for
memory formation in HE.” Astrocyte senescence was proposed
to destabilize synaptic connections, thereby explaining the clin-
ical observation that cognitive impairment in patients with liver
cirrhosis can persist after resolution of an acute episode of overt
HE.®’ In line with this, a recent study showed that astrocyte
senescence initiates and promotes cognitive decline in a mouse
model of Alzheimer’s disease.® Overall, this evidence strongly
supports an important role of oxidative stress in the pathogen-
esis of HE, but the underlying mechanism remains poorly
understood.

Oxidative stress in ammonia-exposed astrocytes and in
brains from animal models of HE, or patients with liver cirrhosis
and HE, is associated with an upregulation of heme oxygenase-1
(HO1).>° While HO1 was shown to protect from oxidative stress
in some brain pathologies such as traumatic brain injury,'? its
role in the pathogenesis of HE remains unclear. Likewise, the
mechanisms underlying upregulation of HO1 by ammonia are
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only incompletely understood but may involve downregulation
of HO1-targeting microRNAs.!" Upregulation of HO1 may also
be triggered by endoplasmic reticulum (ER) stress'? but
whether upregulation of HO1 by ammonia in astrocytes is a
consequence of ER stress is not known.

Another functional consequence in ammonia-exposed astro-
cytes is the glutamine synthesis-dependent O-GIcNAcylation of
individual proteins.'”> This post-translational modification
depends on the synthesis of activated sugar nucleotides within
the hexosamine biosynthetic pathway and the conversion of glu-
tamine and fructose-6-phosphate to glucosamine-6-phosphate
(GIcN-6-P) by GFAT1/2 is rate-controlling. Similar to phosphory-
lation, O-GIcNAcylation can modulate the function of many
proteins in specific ways.'* Unfortunately, the functional conse-
quences of the ammonia-induced protein O-GlcNAcylation in
astrocytes remained completely unknown.!®

The aim of the present study was to analyze the mechanisms
underlying the ammonia-induced upregulation of HO1 and its
role in astrocytes. Here we identified the O-GlcNAcylation-
dependent upregulation of HO1 and Nox4 as a novel mechanism
that triggers ammonia-induced RNA oxidation and senescence
in astrocytes.

Material and methods

Materials

A detailed list of all materials can be found in the supplemen-
tary CTAT table.

Preparation, culture and experimental treatment of rat brain
astrocytes and rat and brain tissue sampling

Detailed information on the culture, treatment and viability of
the astrocytes is provided in the supplementary information
and in Fig. S1. Tissue sampling was approved by the responsible
local authorities (Office for Nature, Environment and Consumer
Protection, North Rhine-Westphalia and the Animal Facility of
the Central Unit for Animal Research and Animal Welfare Affairs
of the University of Diisseldorf, Germany).

Whole genome microarray

Gene expression levels were analyzed in post-mortem brain tis-
sue in 2 former studies as described before>'> and in the
supplement.

Western blot, qPCR, miQPCR, immunofluorescence analysis
and semi-quantitative measurement of proliferation
Detailed information on measurement of protein, mRNA and
miRNA levels and astrocyte proliferation is provided in the sup-
plement and in.%!!

Detection of free ferrous iron and staining of cell organelles
in vital astrocytes

For detecting free ferrous iron, vital astrocytes were stained
with the fluorescent iron chelators rhodamine B-[(2,2’-bipyri
dine-4-yl)-aminocarbonyl]benzyl ester (RDA) or RhoNox™-1.
Specific detection of ferrous iron by RDA and RhoNox™-1 in
astrocytes was validated by incubating the astrocytes with
Fe(I1)Cl,, (Fig. S2).

Analysis of results
Experiments were carried out with the indicated number of
independent preparations or samples. Values are given as
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means = SEM. Statistical testing was performed as indicated in
the respective legends to figures and tables. A p value <0.05
was considered significant.

Results
Expression levels of HO1 and iron-related genes in post-
mortem brain samples from patients with liver cirrhosis with
or without HE
Gene expression levels were analyzed by microarray in post-
mortem brain tissue from 2 independent patient cohorts. As
shown in Fig. 1, mRNA levels of HO1 were significantly higher
in parallel with multiple expression changes of genes related
to iron metabolism in post-mortem brain tissue from patients
with liver cirrhosis and HE in a European (Fig. 1A) and an Aus-
tralian (Fig. 1B) cohort. Importantly, mRNA levels of heavy and
light subunits of ferritin were elevated in patients with liver cir-
rhosis and HE in both cohorts. Elevated expression levels of fer-
ritin light chain positively correlated with HO1 mRNA levels in
patients with liver cirrhosis and HE (Spearmann’s correlation:
Australian cohort: r?2=0.984, p=0.016; European cohort:
% =0.709, p = 0.049). Such changes were not observed in post-
mortem brain samples from patients with liver cirrhosis without
HE (Fig. 1A, B).

These data are indicative for altered iron homeostasis in the
brain of patients with liver cirrhosis and HE.

Characterization of the ammonia-induced upregulation of
HO1 in rat astrocytes in vitro

Time- and concentration-dependent effects of ammonia on HO1
protein and mRNA expression levels were analyzed in astro-
cytes in vitro. As shown in Fig. 2A, HO1 protein levels were ele-
vated in astrocytes exposed to NH,4Cl (5 mM) for 24 h and were
still increased after 72 h. Exposure of astrocytes to NH4CI also
upregulated HO1 mRNA levels in a concentration-dependent
way (Fig. S3A). HO1 mRNA levels were significantly elevated
in astrocytes exposed to 2.5 and 5 mM NH4CI for 72 h. Exposure
of astrocytes to 0.5 and 1 mM NH,(CI transiently elevated HO1
mRNA levels at 24 h, but not at 72 h (Fig. S3A). Upregulation
of HO1 protein (Fig. 2A) and mRNA (Fig. S3B) by NH4Cl
(5 mM) was largely abolished after siRNA-mediated knockdown
of GS. Like NH,4CI, also L-GIn (10 mM, 72 h) upregulated HO1
protein (Fig. S3B). These results suggest that ammonia upregu-
lates HO1 in a glutamine synthesis-dependent way.

As glutamine is a substrate for glucosamine-6-phosphate
(GIcN-6-P) synthesis by GFAT1/2, we analyzed levels of GlcN-
6-P, GFAT1/2 protein and mRNA in NH4Cl (5 mM)-exposed
astrocytes. GIcN-6-P levels in NH4Cl (5 mM, 48 h)-exposed
astrocytes significantly increased to 1.72+0.16-fold of
untreated controls (n =3, Student’s t test, p < 0.05). Both GFAT
isoforms were significantly upregulated at the mRNA and pro-
tein level by NH4CI (5 mM) after 48-72 h (Fig. 2B, Figs. S3A,
C). Already 1 mM NH4CI transiently raised GFAT1/2 mRNA levels
after 24 h (Fig. S3A).

Upregulation of GFAT1/2 mRNA by NH4CI (5 mM) was pre-
vented by knockdown or inhibition of GS using siRNA or MSO
(3 mM), respectively (Fig. S3C). siRNA-mediated knockdown of
GFAT1/2 significantly decreased HO1 protein (Fig. 2B) and
mRNA (Fig. S3B) levels in untreated astrocytes and prevented
the NH4Cl (5 mM)-induced upregulation of HO1.

GIcN (8 mM, 72 h), which is intracellularly converted to
GIcN-6-P by the low-affinity hexokinase glucokinase
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A Liver cirrhosis HE Non HE
Fold of Fold of
Heme metabolism Control HE Non HE p value control pvalue control
HO1 (HMOXT) 0.001 24 0.07 -1.8
HO2 (HMOX2) 0.78 1.1 0.16 1.6
Ferrochetalase 0.07 -1.6 0.99 -1.0
Frataxin 0.86 1.1 0.70 -1.1
Iron storage _ I
Ferritin light chain 0.02 1.4 0.33 -1.2
Ferritin heavy chain 1 0.05 1.3 0.89 1.1
Ferritin heavy chain like 17 0.01 1.2 0.07 -1.2
Ferritin heavy chain like 20 0.03 1.3 0.84 11
Mitochondrial ferritin 0.01 1.4 0.17 -1.3
B Liver cirrhosis HE Non HE
Fold of Fold of
Heme metabolism Control HE Non HE p value control p value control
HO1 (HMOX1) 0.01 3.8 0.49 15
HO2 (HMOX2) Max 0.05 15 0.05 15
Ferrochetalase ? 0.35 1.3 0.19 1.4
Frataxin ; ? 0.99 -1.0 0.96 -1.0
Iron storage § H
Ferritin light chain g 0.04 1.9 0.13 1.6
Ferritin heavy chain 1 Min 0.001 1.5 0.21 1.2
Ferritin heavy chain like 17 0.0002 1.8 0.14 1.2
Ferritin heavy chain like 20 0.01 14 0.74 1.1
Mitochondrial ferritin 0.98 -1.0 0.37 1.3

Fig. 1. Expression levels of HO1 and genes related to iron metabolism in post-mortem brain samples from patients with liver cirrhosis with or without
HE. mRNA was prepared from cerebrocortical human brain samples from a (A) European or an (B) Australian cohort. mRNA levels were measured by microarray
and are color-coded with red indicating higher and with green indicating lower individual mRNA levels compared to the median level of the respective gene.
For each gene the p-value and fold-change in patients with liver cirrhosis with or without HE compared to controls is presented. (one-way ANOVA with
Dunnet’s (A) or Tukey'’s (B) post hoc test). Gene expression levels of HO1 in (A) reproduced with permission from (>, John Wiley & Sons, © 2013 by the American

Association for the Study of Liver Diseases).

(K = 8 mM),'® strongly upregulated HO1 mRNA and protein in
astrocytes (Figs. S3B, D). While NH4Cl (5 mM) and GIcN (8 mM)
elevated HO1 protein to similar extend, HO1 levels in astro-
cytes exposed to NH4Cl+ GIcN were not significantly higher
when compared to astrocytes exposed to NH4Cl or GIcN only
(Fig. S3B).

These findings indicate that ammonia elevates HO1 protein
and mRNA through glutamine synthesis-dependent upregula-
tion of GFAT1/2 and synthesis of GlcN-6-P.

HO1 induction by ammonia is blocked by taurine via an
unknown mechanism.!! We therefore investigated the effects
of taurine on the NH4Cl-induced upregulation of GFAT1/2. As
shown in Figs. S3B, C, taurine (5 mM) prevented both, the
ammonia-induced upregulation of HO1 as well as of GFAT1/2
mRNA.

Role of endoplasmic reticulum stress for ammonia-induced
upregulation of HO1 in rat astrocytes in vitro

Upregulation of HO1 has been suggested as a consequence of
the unfolded protein response which is triggered by ER stress.'?
Whether upregulation of HO1 is the cause or a consequence of
ammonia-induced ER stress in astrocytes was investigated by
analyzing grp78 protein and mRNA levels by Western blot and
gPCR, respectively.

NH4Cl (5 mM) significantly upregulated grp78 protein after
48 and 72 h and grp78 mRNA after 72 h (Fig. 2C; Fig. S3E).
Already 1 mM NH,CI transiently elevated grp78 mRNA levels
in astrocytes after 24 h (Fig. S3A). Knockdown of GS, GFAT1/2
or HO1 by siRNA strongly inhibited the NH4Cl (5 mM)-induced
upregulation of grp78 protein and mRNA (Fig. 2C; Fig. S3E).
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Since taurine prevented the ammonia-induced upregulation
of HO1 mRNA (Fig. S3B) we investigated effects of taurine on
grp78 mRNA levels in NH4Cl-exposed astrocytes. As shown in
Fig. S3E, upregulation of grp78 mRNA by NH4CI (5 mM) in astro-
cytes was prevented by taurine.

Also GIcN (8 mM, 72 h), which upregulates HO1 in cultured
astrocytes, elevated grp78 mRNA (Fig. S3D).

These data suggest that the glutamine and GIcN-6-P
synthesis-dependent upregulation of HO1 is not a consequence
but rather a trigger of ammonia-induced ER stress in astrocytes.

Ammonia inhibits the transcription of the HO1-targeting
miR326-3p in an 0-GlcNAcylation-dependent way

The glutamine-dependent synthesis of GIcN-6-P by GFAT1/2
determines intracellular levels of activated sugar nucleotides
which are utilized by O-GIcNAc transferase (OGT) for the O-
GlcNAcylation of individual proteins.!® As ammonia triggers
glutamine synthesis-dependent protein O-GlcNAcylation'® and
downregulates the HO1-targeting miR326-3p,'' we investi-
gated a role of GFAT-dependent GlcN-6-P synthesis and protein
O-GIcNAcylation for downregulation of miR326-3p in
ammonia-exposed astrocytes.

As shown in Fig. 2D, GIcN (8 mM, 72 h) and NH,4CI (5 mM,
72 h) triggered the O-GlcNAcylation of individual proteins in
astrocytes and the NH,Cl-induced O-GIcNAcylation was pre-
vented by siRNA-mediated knockdown of OGT. While distinct
proteins were O-GlcNAcylated by GlcN and NH,4CI, others were
only O-GIcNAcylated by NH4CI.

Both, NH4Cl (5 mM) and GIcN (8 mM) also downregulated
B-arrestin 1 mRNA and the miR326-3p primary transcript

Journal of Hepatology 2019 vol. 71 | 930-941
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Fig. 3. Effects of NH4Cl on expression levels of genes and proteins related to iron metabolism and intracellular levels of free ferrous iron. Astrocytes were
either exposed to NH4Cl (5 mM) or were left untreated (control) for the indicated time. Where indicated, astrocytes were exposed to the indicated siRNA. (A)
Quantification of FPN, CP, sCP, hephaestin, hepcidin and ferritin mRNA by qPCR. mRNA levels are given relative to the respective control (untreated or siRNA
without NH4Cl). *Significantly different compared to control. #Significantly different compared to control siRNA + NH,CI. (n = 3-4 independent experiments; 3A
left panel: Student’s t test; 3B right panel: one-way ANOVA, Tukey’s post hoc test). (B) Immunofluorescence analysis of FPN, CP, hephaestin and ferritin. Nuclei
were counterstained using Hoechst34580. (C, D) Detection of free ferrous iron in vital astrocytes by the fluorescent iron chelators RDA or RhoNox™-1 and super-
resolution microscopy. Mitochondria, lysosomes and nuclei were costained using Mitotracker™ Green, LysoTracker™ Green and Hoechst34580, respectively.

pri-miR326-3p which is co-transcribed with B-arrestin 1, as
well as mature miR326-3p (Fig. 2E). Knockdown of GFAT1/2 or
OGT fully prevented the NH,4Cl-induced downregulation of
pri-miR326-3p and miR326-3p (Fig. 2E).

These data indicate that ammonia inhibits the transcription
of the HO1 mRNA-targeting miR326-3p in a way that depends
on GIcN-6-P synthesis and protein O-GlcNAcylation.

Effects of ammonia on iron homeostasis in cultured rat
astrocytes

The effects of ammonia-induced upregulation of HO1 for intra-
cellular iron homeostasis were analyzed by measuring expres-
sion of genes and proteins related to iron export and storage.

While mRNA and protein levels of the iron exporter ferro-
portin (FPN) were significantly elevated, the expression of the
FPN accessory factors CP, sCP and hephaestin was downregu-
lated by NH4Cl (5 mM, 72 h; Fig. 3A, B; Table S3). Similar effects
were observed, when astrocytes were exposed to GIcN (8 mM,
72 h; Fig. S4A). Upregulation of FPN mRNA in NH4Cl-exposed
astrocytes was prevented by siRNA-mediated knockdown of
GS, GFAT1/2 or HO1 (Fig. 3A). Furthermore, the effects of NH,4Cl
on mRNA levels of FPN, CP, sCP, hephaestin and hepcidin were
abolished by the GS inhibitors MSO (3 mM) and PPT (100 pM),
by the iron chelators PIH (100 uM) and BIP (150 M) and by
taurine (5 mM) (Figs. S4B-D). While protein levels were
significantly increased (Fig. 3B; Table S3), mRNA levels of the

Fig. 2. Molecular mechanisms underlying the ammonia-induced upregulation of HO1 in cultured rat astrocytes. Astrocytes were either treated with
NH,4CI (5 mM), GlcN (8 mM) or were left untreated (control, “C”) for the indicated time. (A-C) Effects of NH4Cl on GS, GFAT1/2, HO1 or grp78 protein expression
were analyzed by Western blot. (A, B) Effects of siRNA-mediated knockdown of GS or GFAT1/2 on GS and HO1 or GFAT1/2 and HO1 protein expression,
respectively. (C) Role of GS, GFAT1/2 and HO1 for upregulation of grp78 by NH4Cl. Protein levels were quantified densitometrically and are given relative to
respective controls (untreated, control siRNA). (D) Effects of NH4Cl and GIcN on protein O-GlcNAcylation and role of OGT for ammonia-induced O-
GlcNAcylation in astrocytes. O-GlcNAc immunoreactivities in the respective samples are plotted in a dendrogram. Red and black arrows indicate proteins O-
GlcNAcylated in astrocytes by NH4Cl only or by NH4Cl and GIcN, respectively. (E) Effects of NH4Cl and GIcN on B-arrestin 1 mRNA and pri-miR326-3p and
miR326-3p levels and role of GIcN-6-P synthesis and protein O-GlcNAcylation for NH4Cl-induced downregulation of pri-miR326-3p and miR326-3p. mRNA/
miRNA expression levels in NH4Cl-exposed astrocytes are given relative to the respective control (untreated, siRNA without NH4Cl). *Significantly different to
the respective control. *Significantly different compared to control siRNA + NH,CI. (n = 3-8 independent experiments; 2A-C time-dependency: Student’s t test,
other panels: one-way ANOVA, Tukey’s post hoc test; 2E upper panel: one-way ANOVA, Dunnet’s post hoc test; Fig. 2E lower panel: Student’s t test against the
respective siRNA control).
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endogenous iron chelator ferritin remained unchanged (Fig. 3A)
in NH4Cl-exposed astrocytes.

While mRNA and protein levels of FPN were also upregulated
by 0.5 mM NH4CI, CP, hephaestin and ferritin mRNA and protein
levels remained unchanged (Figs. S4E, F; Table S3). However,
nuclear ferritin expression significantly increased in astrocytes
exposed to 0.5 mM NH,4CI for 72 h to 1.22 + 0.09-fold of control
(Student’s t test, n = 8) (Fig. S4F).

These findings demonstrate that ammonia concentration
dependently changed the expression of genes and proteins
related to iron homeostasis in astrocytes in a glutamine and
GIcN-6-P synthesis, HO1 and iron-dependent way.

Upregulation of FPN and ferritin are known to reflect ele-
vated cytosolic levels of free iron. In line with this, ferritin
immunoreactivity and FPN mRNA were strongly enhanced after

A
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induction of an experimental iron overload in astrocytes
(Fig. S4G).

We therefore analyzed effects of 0.5 and 5 mM NH4CI on
intracellular levels of free ferrous iron by super-resolution
structured illumination microscopy and epifluorescence micro-
scopy using the fluorescent ferrous iron chelators RDA and
RhoNox™-1. RDA fluorescence colocalized with Mitotracker®
Green and RhoNox™-1 fluorescence overlapped with LysoTrack-
er™ Green (Fig. 3C, D; Fig. S5A). Upon chelation of ferrous iron,
RDA fluorescence decreases, whereas RhoNox™-1 fluorescence
increases.

While RDA fluorescence intensity was reduced, RhoNox™-1
fluorescence was enhanced by NH4Cl in a time and
concentration-dependent manner (Fig. 3C,D; Figs. S5B, C;
Table S4).
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Fig. 4. Role of HO1 and Nox4 for ammonia-induced RNA oxidation in cultured rat astrocytes. Astrocytes were exposed to NH4Cl (5 mM), GIcN (8 mM),
miRIDIAN miR326-3p inhibitor or were left untreated (control). Where indicated, astrocytes were exposed to the indicated siRNA, PIH (100 uM) or BIP
(150 uM). (A) Effects of NH4Cl and GlcN and miR326-3p inhibition on Nox4 expression as measured by immunofluorescence and Western blot analysis or qPCR.
(B) Role of GS, GFAT1/2, HO1, Nox4 and free iron for NH4Cl-induced RNA oxidation. Detection of 80H(d)G by immunofluorescence analysis. Nuclei were
counterstained using Hoechst34580. (C) Quantification of anti-80H(d)G immunoreactivity. *:Significantly different compared to the respective control
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These findings suggest that ammonia enhances intracellular
levels of free ferrous iron in astrocytes.

Role of HO1 for ammonia-induced oxidative stress
Ammonia induces RNA oxidation (80HG) in cultured rat astro-
cytes in a NADPH oxidase-dependent way.” RNA is especially
vulnerable to oxidation by hydroxyl radical anion which is
formed in the so-called Fenton reaction in the presence of fer-
rous iron and H,0; and therefore is considered a surrogate mar-
ker for oxidative stress.!” As Nox4 is the only Nox isoform which
produces H,0,,'® we analyzed effects of ammonia and GIcN on
Nox4 expression in astrocytes.

Although NH4Cl (5 mM, 72 h) downregulated Nox4 mRNA,
Nox4 protein levels increased as shown by immunofluorescence
and Western blot analysis (Fig. 4A). A strong increase in Nox4
immunoreactivity was already noted in astrocytes exposed to
0.5 mM NH4CI (Fig. S6). Also treating the astrocytes with GIcN
(8 mM) or inhibiting miR326-3p, which is predicted to target
Nox4 mRNA (Table S5), upregulated Nox4 immunoreactivity in
the astrocytes (Fig. 4A).

To further analyze whether the ammonia-induced upregula-
tion of HO1 and Nox4 are triggers for ammonia-induced RNA
oxidation in the astrocytes, we performed siRNA experiments.
As shown in Fig. 4B, C and Fig. S6, exposure to NH4CI (0.5 or
5 mM) strongly increased cytosolic 80OH(d)G immunoreactivity
in the astrocytes, which is indicative of RNA oxidation
(80HG). The NH4Cl (5 mM)-induced increase of 80H(d)G
immunoreactivity in astrocytes was completely prevented by
siRNA-mediated knockdown of GS, GFAT1/2, HO1, Nox4 or by
iron chelation using PIH (100 uM) or BIP (150 uM) (Fig. 4B, C).

These findings demonstrate that ammonia induces RNA oxi-
dation in cultured astrocytes in a glutamine and glucosamine
synthesis-dependent way by upregulating HO1, free iron and
Nox4-derived H,O0,.

Role of HO1 and Nox4 for ammonia-induced senescence
The ammonia-induced ROS formation triggers senescence in
astrocytes by activating the p53-dependent transcription of
the cell cycle inhibitory genes p21 and GADD450.° We therefore
investigated, whether upregulation of HO1 and Nox4 activates
p53 and elevates p21 and GADD45c mRNA levels.

As shown by immunofluorescence analysis in Fig. 5A-C,
knockdown of GS, GFAT1/2, HO1 or Nox4 or iron chelation by
PIH (100uM) or BIP (150 uM) inhibited serine392-
phosphorylation of p53 and nuclear accumulation of p53 and
p21 in NH,CI (5 mM, 72 h)-exposed astrocytes. Serine®>®? phos-
phorylation of p53 and nuclear accumulation of serine392-
phosphorylated p53 and p21 were also observed in Fe(II)Cl,
(25 uM, 18 h)-exposed astrocytes (Fig. S7). Upregulation of
GADD450. mRNA by NH4Cl was significantly inhibited after
knockdown of GS, GFAT1/2, HO1 or Nox4 (Fig. 5C). GS inhibition
by MSO (3 mM) or PPT (100 uM) or iron chelation using PIH
(100 uM) or BIP (150 uM) prevented upregulation of GADD45c
and p21 mRNA in NH4Cl-exposed astrocytes (Fig. S8). Similar
to NH4Cl, also GlcN (8 mM, 72 h) and Fe(II)Cl, but not the car-
bon monoxide (CO) donor CORM-A1 (25 pM) or biliverdin
(1 pM) upregulated GADD450 and p21 mRNA levels in astro-
cytes (Fig. 5E).

The effects of the NH4Cl-induced upregulation of p21 and
GADD450, on astrocyte proliferation were measured by fluori-
metric quantification of DNA content. In line with earlier find-
ings,® astrocyte proliferation was significantly inhibited by

936

Cirrhosis

NH,4Cl (5 mM) and this effect was fully prevented by knock-
down of GS, GFAT1/2, HO1 or Nox4, iron chelation by PIH
(100 uM) or BIP (150 uM) or HO1 inhibition by SnPP (10 uM)
(Fig. 5D).

Also exposure of astrocytes to GIcN (8 mM, 120 h), Fe(II)Cl,
(25 uM, 18 h) or to hemin (1 and 5 pM, 72 h) inhibited astrocyte
proliferation. Importantly, the hemin-induced proliferation
inhibition was prevented by the iron chelator PIH (100 uM)
indicating that the release of ferrous iron from heme inhibits
astrocyte proliferation (Fig. 5F).

The data suggest that ammonia inhibits astrocyte prolifera-
tion through p53-dependent transcription of the cell cycle inhi-
bitory factors p21 and GADD45a and nuclear accumulation of
p21. This pathway becomes activated by ammonia in a way that
depends on glutamine and GIcN-6-P synthesis, HO1-dependent
release of ferrous iron and Nox4-derived H,0,.

Expression levels of grp78 and 0-GIcNAcylated proteins in
post-mortem brain samples from patients with liver cirrhosis
with and without HE

A potential relevance of ammonia-induced ER stress and O-
GlcNAcylation for the pathogenesis of HE was investigated in
post-mortem brain samples from patients with liver cirrhosis
with and without HE by western blot analysis.

As shown in Fig. 6A, protein levels of the ER stress marker
grp78 tended to be increased in brain tissue from patients with
liver cirrhosis without HE (p=0.13), but were significantly
(p <0.05) upregulated in patients with liver cirrhosis and HE.

The analysis of O-GlcNAcylated proteins by western blot
revealed 4 major proteins, which were prominently anti-
O-GlcNAc-immunoreactive in brains from patients with liver
cirrhosis and HE (Fig. 6B). Besides these, further anti-O-GlcNAc-
immunoreactive proteins with lower intensity were detected
(I'in Fig. 6B). Out of the 4 major anti-O-GlcNAc-immunoreactive
proteins, 2 were significantly higher O-GIcNAcylated in
post-mortem brain tissue of patients with liver cirrhosis and HE,
but not in those without HE (Il and V in Fig. 6B).

Discussion

The present study suggests an important and previously unrec-
ognized role of O-GIcNAcylation-dependent upregulation of HO1
and ferrous iron release for induction of oxidative stress in HE.

In line with this, HO1 mRNA levels and multiple genes
involved in iron homeostasis were elevated in post-mortem
brain tissue from patients with liver cirrhosis and HE from 2
independent patient cohorts. Of particular importance, ferritin
mRNA levels were significantly upregulated in patients with
liver cirrhosis and HE in both cohorts (Fig. 1A, B) and a strong
correlation between expression levels of ferritin and HO1 mRNA
was found in both cohorts. Since expression levels of ferritin
reflect cytosolic levels of free iron in astrocytes,'® these data
are indicative of elevated levels of free iron in brain of patients
with liver cirrhosis and HE.

The mechanisms underlying the ammonia-induced upregu-
lation of HO1 and its functional consequences for oxidative
stress and senescence were further analyzed in cultured astro-
cytes. Our data show that treating the astrocytes with glu-
tamine upregulates HO1 and that siRNA-mediated knockdown
of GS fully abolished the ammonia-induced upregulation of
HO1 (Fig. 2A, Fig. S3B). Moreover, the ammonia-induced synthe-
sis of glutamine elevated HO1 protein and mRNA by upregulat-
ing GFAT1/2 and consequently the synthesis of GIcN-6-P. In line

Journal of Hepatology 2019 vol. 71 | 930-941
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with a role of glucosamine for the upregulation of HO1, both,
ammonia as well as GlcN increased HO1 protein and mRNA
(Fig. 2A; Figs. S3A, B). Interestingly, lower ammonia concentra-
tions upregulated GFAT2, grp78 and HO1 mRNAs transiently.
This may relate to the activation of counter-regulatory mecha-
nisms which either terminate the de novo synthesis or which
enhance the degradation of the respective mRNAs.

Upregulation of HO1 in neurological disorders was demon-
strated to be a consequence of ER stress and HO1-derived CO
was even suggested to ameliorate ER stress.'? Unexpectedly,
we found that upregulation of HO1 is not a consequence but a
trigger of ER stress in ammonia-exposed astrocytes (Fig. 2C,
Fig. S3E). The underlying mechanisms are currently unclear,
but since HO1 resides at the outer ER membrane, ferrous iron
release may trigger oxidative stress close to the ER membrane,
thereby disturbing protein synthesis.

In search of the mechanism by which enhanced synthesis of
GIcN-6-P upregulates HO1 mRNA and protein in ammonia-
exposed astrocytes (Fig. 2A, Fig. S3B), we found that elevating
intracellular GIcN-6-P levels either by exposure to GIcN or NH4-
Cl markedly enhanced the O-GIcNAcylation of specific proteins.
Knockdown of OGT inhibited both, the ammonia-induced O-
GlcNAcylation of individual proteins (Fig. 2D) as well as the
transcriptional inhibition of pri-miR326-3p which is under B-
arrestin 1 promoter control (Fig. 2E). Thus, downregulation of
the HOT1-targeting miR326-3p by ammonia was due to a
GIcN-6-P synthesis and protein O-GIcNAcylation-mediated inhi-
bition of the transcription of pri-miR326-3p (Fig. 2E). Unfortu-
nately, the precise mechanism by which O-GlcNAcylation
represses the transcription of pri-miR326-3p remains unclear.
A likely explanation could be that transcription factors recruit
OGT to the B-arrestin 1 promoter, where OGT inhibits the initi-
ation of transcription through O-GlcNAcylation of RNA poly-
merase I12°?" This mechanism was recently identified to
underlie the inhibition of nuclear factor kB (NFkB)-dependent
proinflammatory gene transcription by the glucocorticoid
receptor (GR).2! However, whether GR recruits OGT to the p-
arrestin 1 promoter in ammonia-exposed astrocytes needs to
be determined.

Upregulation of HO1 by ammonia or GIcN was associated
with expression changes of proteins and/or genes reflecting ele-
vated intracellular free iron levels, such as upregulation of the
iron exporter FPN and the iron chelator ferritin (Fig. 3A, B;
Table S3; Fig. S4A). Interestingly, ammonia also triggered a
nuclear accumulation of ferritin in astrocytes (Fig. S4F) which
may be triggered by O-glycosylation?? and which may protect
DNA from oxidative damage.?> This may explain why ammonia
triggers oxidation of RNA, but not of DNA in astrocytes.’

Importantly, our data indicate that HO1 activity substantially
affects iron homeostasis in ammonia-exposed astrocytes. This is
evidenced by the observations that knockdown of GS, GFAT1/2

Cirrhosis

and HO1 fully prevented the upregulation of FPN mRNA by
ammonia (Fig. 3A). Upregulation of FPN may be easily explained
by iron-dependent activation of the metal-responsive transcrip-
tion factor (MTF) 1 in ammonia-exposed astrocytes.”*?° In line
with this, exposure of astrocytes to Fe(II)Cl, upregulated FPN
mRNA levels (Fig. S4G). Elevated FPN protein levels in
ammonia-exposed astrocytes (Fig. 3B; Table S3) may also reflect
diminished degradation of FPN by hepcidin (Fig. S4D). Interest-
ingly, upregulation of FPN and ferritin was accompanied by
downregulation of CP and hephaestin mRNA and protein
(Fig. 3A, B; Table S3). As FPN activity relies on physical associa-
tion with CP?® or hephaestin, our data may indicate that ammo-
nia could impair the export of iron from the astrocytes. This
assumption is further supported by our findings showing that
free ferrous iron levels were markedly enhanced in mitochondria
and lysosomes in ammonia-exposed astrocytes (Fig. 3C, D) which
may relate to ammonia-induced autophagy, mitochondrial dys-
function®” and mitophagy.?® While autophagy releases iron ions
from ferritin,?® mitophagy may elevate cytosolic heme levels.>°

A functional consequence of elevated cytosolic free iron
levels in the presence of H,0, is the formation of highly reactive
hydroxyl radical anions in the so-called Fenton reaction, which
may contribute to ammonia-induced oxidative stress in astro-
cytes. As one potential source for H,O0, we identified Nox4,
which is upregulated by ammonia via a post-transcriptional
mechanism (Fig. 4A) most likely through downregulation of
Nox4-targeting (Table S5) miR326-3p (Fig. 2E, 4A).

Most importantly, all maneuvers preventing either upregula-
tion of HO1 or Nox4 such as knockdown of GS, GFAT1/2, HO1
and Nox4 as well as chelation of free iron prevented the
ammonia-induced RNA oxidation (Fig. 4B, C). These findings
clearly demonstrate an important role of both, HO1-derived fer-
rous iron and Nox4-derived H,0, for the induction of oxidative
stress in ammonia-exposed astrocytes.

Our study further identified the ammonia-induced upregula-
tion of HO1 and Nox4 as the mechanism underlying the induc-
tion of astrocyte senescence.® This is evidenced by the findings
that the ammonia-induced activation of p53 (Fig. 5A, C), upreg-
ulation and nuclear accumulation of p21 (Fig. 5B, C), enhanced
transcription of GADD45¢ (Fig. 5C) and inhibition of prolifera-
tion (Fig. 5D) are prevented by knockdown of GS, GFAT1/2,
HO1 and Nox4 or iron chelation. In line with this, incubation
of astrocytes with GIcN or ferrous iron upregulated GADD45c
and p21 mRNA levels and inhibited astrocyte proliferation.
Importantly, astrocyte proliferation was also inhibited by hemin
in an iron-dependent way (Fig. 5E, F).

Another novel finding of the present study is that taurine
blocks ammonia-induced ER stress by inhibiting the
ammonia-induced upregulation of GFAT1/2 and HO1 (Figs. S3B,
C, E). In line with this, taurine depletion in brains from
taurine transporter (TauT) knockout mice is associated with

Fig. 5. Role of HO1 and Nox4 for ammonia-induced astrocyte senescence. Astrocytes were either exposed to NH4Cl (5 mM), GIcN (8 mM), Fe(II)Cl, (25 or
500 puM), hemin (5 uM) or were left untreated (control) for the indicated time. Where indicated, cells were exposed to the indicated siRNA, PIH (100 uM), BIP
(150 puM) or SnPP (10 uM). Immunofluorescence analysis of p>¢°2-p53 (A) or p21 (B). Nuclei were counterstained using Hoechst34580. (C) Quantification of

nuclear pSer392

-p53 and p21 immunoreactivity and GADD45x mRNA levels as analyzed by qPCR. n = 3-5 independent experiments. (D) Role of glutamine and

GIcN-6-P synthesis, HO1, Nox4 and free iron for the NH4Cl-induced proliferation inhibition. (E, F) Effects of GIcN, Fe(II)Cl,, CORM-A1 and biliverdin (BV) on
GADD450. and p21 mRNA expression and astrocyte proliferation. mRNA levels of GADD45« and p21 and proliferation are given relative to the respective control
(untreated, inhibitor or the respective siRNA only). *Statistically significantly different to control siRNA or untreated astrocytes. *Statistically significantly
different compared to control siRNA + NH,4Cl or NH4CL. [n =3-5 (E) or n = 3-12 (F) independent experiments; C: one-way ANOVA, Tukey’s post hoc test; D-F:
Student’s t test when comparing 2 groups, otherwise one-way ANOVA, Dunnett’s post hoc test].
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Fig. 6. Expression levels of the ER stress marker grp78 and O-GIcNAcy-
lated proteins in post-mortem brain tissue from controls and patients
with liver cirrhosis with or without HE. Protein lysates were prepared from
human post-mortem brain samples from controls and patients with liver
cirrhosis with or without HE. (A) Western blot analysis and densitometric
quantification of grp78 protein (Australian cohort). (B) Western blot analysis
and densitometric quantification of O-GlcNAcylated proteins (European
cohort). Median anti-O-GIcNAc immunoreactivities of the respective groups
are plotted in a dendrogram. Major anti-O-GlcNAc-immunoreactive bands
indicated by roman letters I-IV were quantified by densitometric analysis.
*Significantly different compared to control. #Significantly different com-
pared to HE. (n=4-11 independent samples one-way ANOVA, Tukey’s post
hoc test).

upregulation of HO1 and senescence biomarkers'' and high
levels of free iron ions (Fig. S9A). Cerebral iron levels were also
strongly elevated in aged rats (Fig. S9B). These data further
strengthen a role of iron and taurine deficiency for development
of senescence.
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Fig. 7. Mechanisms of ammonia-induced RNA oxidation and astrocyte
senescence. Ammonia upregulates HO1 through glutamine and GIcN-6-P
synthesis and O-GIcNAcylation-dependent inhibition of pri-miR326-3p tran-
scription. Downregulation of miR326-3p upregulates HO1 and Nox4 which
trigger the formation of hydroxyl radical anion in the so-called Fenton
reaction. As a consequence, RNA is oxidized and astrocytes become senescent
in a p53, p21 and GADD45a-dependent way.

Elevated protein levels of the ER stress surrogate marker grp78
were also found in post-mortem brain samples from patients with
liver cirrhosis with and without HE (Fig. 6A). This suggests that
besides HO1-derived iron, other factors such as ethanol®*! may
also contribute to ER stress in the brains of patients with liver cir-
rhosis. As ER stress is considered multifactorial, ammonia and
ethanol may have additive effects on the expression of grp78.

The relevance of our findings for the pathogenesis of HE in
humans is further strengthened by our data showing enhanced
0-GlcNAcylation in post-mortem brain samples from patients
with liver cirrhosis and HE, but not in those without HE
(Fig. 6B). We cannot rule out an impact of confounding factors
on the results obtained from human post-mortem brain samples.
However, due to the similar gene expression changes observed
in the 2 independent patient cohorts, we are confident in the
observed effects.

The findings of our study are at variance with protective
effects of HO1 in neurological disorders, such as traumatic brain
injury, which may be attributed to the anti-oxidative actions of
biliverdin and bilirubin.?? The findings of our study suggest that
an insufficient sequestration of ferrous iron by ferritin triggers
oxidative stress in ammonia-exposed astrocytes. In line with
this, a sustained transgenic overexpression of HO1 in astrocytes
elevates free ferrous iron levels and triggers oxidative stress,
mitophagy and senescence.>?
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It is a limitation of the present study, that the ammonia con-
centrations used in the in vitro experiments exceed the ammonia
levels found in blood of patients with liver cirrhosis and HE
(range: 48-343 umol/L, mean: 146.0 + 42.6, n = 6). However, sig-
nificantly elevated levels of HO1 mRNA and O-GIcNAcylated pro-
teins were observed in post-mortem brain samples from patients
with liver cirrhosis and HE, supporting the in vivo relevance of
these findings. However, it remains to be established whether
our findings are relevant not only for patients with severe hyper-
ammonemia, but also for those with liver cirrhosis and HE.

Conclusions

The present study identified the O-GlcNAcylation-dependent
upregulation of HO1 and Nox4 as a novel mechanism underly-
ing ammonia-induced RNA oxidation and astrocyte senescence
(Fig. 7). Given the important role of oxidative stress for the
pathogenesis of HE, and the inherent limitations of a broad
antioxidant therapy, our study warrants further research on
the suitability of HO1 or Nox4 inhibitors or iron chelators for
the treatment of HE.
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