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Background: Hepatic encephalopathy (HE) is a severe neuropsychiatric syndrome caused by various types

of liver failure resulting in hyperammonemia-induced dysfunction of astrocytes. It is unclear whether

autophagy, an important pro-survival pathway, is altered in the brains of ammonia-intoxicated animals

as well as in HE patients.

Methods: Using primary rat astrocytes, a co-culture model of primary mouse astrocytes and neurons,

an in vivo rat HE model, and post mortem brain samples of liver cirrhosis patients with HE we analyzed

whether and how hyperammonemia modulates autophagy.

Findings: We show that autophagic flux is efficiently inhibited after administration of ammonia in as-

trocytes. This occurs in a fast, reversible, time-, dose-, and ROS-dependent manner and is mediated by

ammonia-induced changes in intralysosomal pH. Autophagic flux is also strongly inhibited in the cerebral

cortex of rats after acute ammonium intoxication corroborating our results using an in vivo rat HE model.

Transglutaminase 2 (TGM2), a factor promoting autophagy, is upregulated in astrocytes of in vitro- and in

vivo-HE models as well as in post mortem brain samples of liver cirrhosis patients with HE, but not in pa-

tients without HE. LC3, a commonly used autophagy marker, is significantly increased in the brain of HE

patients. Ammonia also modulated autophagy moderately in neuronal cells. We show that taurine, known

to ameliorate several parameters caused by hyperammonemia in patients suffering from liver failure, is

highly potent in reducing ammonia-induced impairment of autophagic flux. This protective effect of tau-

rine is apparently not linked to inhibition of mTOR signaling but rather to reducing ammonia-induced

ROS formation.

Interpretation: Our data support a model in which autophagy aims to counteract ammonia-induced tox-

icity, yet, as acidification of lysosomes is impaired, possible protective effects thereof, are hampered. We

propose that modulating autophagy in astrocytes and/or neurons, e.g. by taurine, represents a novel strat-

egy to treat liver diseases associated with HE.

Funding: Supported by the DFG, CRC974 “Communication and Systems Relevance in Liver Injury and

Regeneration“, Düsseldorf (Project number 190586431) Projects A05 (DH), B04 (BG), B05 (NK), and B09
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Research in Context

Evidence before this study

Liver failure, as for example caused by excessive alcohol abuse

or liver cancer, very frequently results in cognitive impairments

and can lead to coma and death. The current view on the patho-

genesis of this severe neuropsychiatric syndrome, termed hepatic

encephalopathy (HE), is an underlying failure to detoxify excess

of ammonia originating largely from gut-resident bacteria. Am-

monia levels subsequently increase in the blood and the cere-

bral fluid causing primarily toxic effects to astrocytes. This toxic-

ity is largely attributed to increased osmotic swelling and oxida-

tive stress, which promotes protein and nucleic acid modifications,

subsequently alters gene expression, and impairs brain functional-

ity. Protective mechanisms aiming to counteract ammonia-induced

toxicity are not well understood. Autophagy is a well-known

pro-survival pathway ensuring the efficient removal of damaged

molecules or organelles and impairment thereof is strongly linked

to cancer (e.g. liver cancer) and numerous neurodegenerative dis-

eases. Albeit ammonia is known to impair autophagy in numer-

ous cell types including cancer cells and liver cells, it was unclear

whether autophagy is altered under conditions of hyperammone-

mia in astrocytes, in neurons, in animal HE models, or in the brain

of patients suffering from HE. Prior to this study it was also not

known whether modulation of autophagy in astrocytes could rep-

resent a therapeutic strategy for treating HE.

Added value of this study

We provide several lines of evidence that autophagy is mod-

ulated in astrocytes, in neurons, in brain tissue derived from an

animal HE model and from liver cirrhosis patients suffering from

HE. We gained a detailed mechanistic picture on ammonia-induced

toxicity on autophagy which was shown to depend on impaired

acidification of lysosomes and formation of reactive oxygen species.

Our data point to an updated view on the pathogenesis of HE sug-

gesting that impaired autophagy in the brain is a novel critical

factor. We further show that taurine, a compound known to have

beneficial effects in the context of neurodegenerative and liver dis-

eases, improves autophagic flux in astrocytes and in brain tissue

from an animal HE model under hyperammonemia. Taurine does

not appear to act via inhibiting the classical mTOR signalling path-

way to induce autophagy but alleviates ammonia-induced ROS for-

mation.

Implications of all the available evidence

Our study opens a novel, expanded view on the pathogenesis

of HE suggesting that impaired autophagy, an important cellular

quality control mechanisms, has to be considered in future studies.

We propose that improving autophagy in particular in astrocytes,

as exemplified by the use of taurine, represents a novel strategy

for treating HE.

1. Introduction

Hepatic encephalopathy (HE) is a quite common and severe

neuropsychiatric syndrome caused by liver failure and subsequent

hyperammonaemia [1],[2]. HE is characterized by low grade cere-

bral edema and increased cerebral oxidative/nitrosative stress. 30

to 80% of all patients suffering from liver cirrhosis develop neu-

rocognitive deficits that are classified as HE or as the earliest stage

of HE, minimal HE [3]. Astrocytes are critical for the detoxifica-

tion of ammonia in the brain and impairment of astrocyte func-

tion is well accepted to be the primary cause for subsequent neu-
onal damage and ultimate cognitive and motoric symptoms [1].

hough numerous studies tried to elucidate the molecular mech-

nism behind the development of the disease, a comprehensive

icture is still missing. Ammonia is for example discussed to alter

lutamate/glutamine metabolism [4],[5]. Such a metabolic imbal-

nce is regarded as a possible cause for the generation of reactive

xygen species (ROS) and reactive nitrogen species (RNS), which

re key factors for downstream observed RNA oxidation, tyrosine

itration and other oxidative damages in the development of HE

6–8]. Other studies observed additional biological consequences

n different HE models including impaired mitochondrial functions

9],[10], altered signal transduction [11], post-translational modifi-

ations [12], senescence and changes in microRNA expression [13].

Cytosolic material is degraded via autophagy which is known

o eliminate toxic components and to provide nutrients under var-

ous stress conditions [14]. Autophagy is critical for a wide range

f cellular processes such as cellular homeostasis, cancer, aging,

evelopmental processes, and programmed cell death type II [15].

utophagy is known to act in a protective manner in various neu-

odegenerative diseases and to counteract (1) the progression from

teatosis to non-alcoholic steatohepatitis (NASH), (2) ammonia-

nduced toxicity in acute and chronic animal models, (3) formation

f hepatocellular carcinomas (HCCs), and (4) toxin-induced liver

ysfunction [16–19]. Furthermore, using several animal models it

as shown that hyperammonemia results in altered muscle au-

ophagy contributing to loss of skeletal muscle (sarcopenia) [20].

Given the importance of autophagy as a protective mechanism

gainst various forms of external stresses including ROS and the

nown fact that ammonia impairs autophagy in fibroblasts and tu-

or cells [21],[22], we decided to test whether autophagy is pos-

ibly also modulated in astrocytes and/or the brain upon hyperam-

onemia. Here we provide several lines of evidence (using in vitro-

in vivo-HE models, as well as HE patient data) suggesting that im-

aired autophagy is critical for the pathogenesis of HE. We further

how that taurine, a compound known to have beneficial effects in

he context of liver diseases, improves autophagic flux despite the

resence of high concentrations of ammonia. We propose that im-

roving autophagy in astrocytes and/or neurons represents a novel

trategy for treating HE in the future.

. Materials and methods

.1. Cell lines, culture conditions, cell viability assays

Human embryonic kidney cells HEK293 and human adenocar-

inoma cell line HeLa were from ATCC (Manassas, USA). Human

epatocyte carcinoma cell line HepG2 and human astrocytoma cell

ine MOG-G-CCM were from ECACC (Salisbury, UK) while human

euroblastoma cell line SH-SY5Y was from DSMZ (Braunschweig,

ermany). For further details of reagents, material, cell viability as-

ays, and cell culture conditions see supplement.

.2. Preparation of primary rat astrocytes

All animal experimental protocols have been approved by Insti-

utional Animal Care and Use Committee, Heinrich Heine Univer-

ity Düsseldorf. Primary rat astrocytes are prepared from the cere-

ral cortex of newborn Wistar rats as described previously [23].

.3. Preparation of primary mouse neurons

Primary hippocampal neurons were prepared from embryonic

57BL/6 J mice as described previously with minor modifications

24],[25]. Briefly, embryonic day 16 mouse hippocampi were dis-

ected in Hank’s balanced salt solution (1 × HBSS w/o Ca2+ w/o

g2+ plus 10 mM HEPES), digested with 0.05% trypsin for 15 min
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t 37 °C, dissociated by trituration, and plated on poly-d-lysine

oated glass coverslips. Neurons were seeded at a density of

0,000 on 12 mm and 500,000 on 30 mm diameter coverslips and

ncubated in Neurobasal Medium plus 7,5% fetal bovine serum,

% Na-Pyruvate, 1% Fungizone and 1% penicillin/streptomycin (P/S)

t 37 °C / 5% CO2 to allow attachment of neurons to the cover-

lips. After 3–4 h the medium was exchanged to glia-conditioned

eurobasal Medium enriched with 2% B27®Serum-free Supple-

ent, 1% Na-Pyruvate, 1% Fungizone and 1% P/S by transferring

he neuron-containing coverslips to culture dishes with astroglia

eeder cells prepared from embryonic day 16 cortices from the

ame mice as above. To inhibit proliferation of astrocytes cy-

osin arabinoside (1-ß-D-arabinofuranosylcytosine) was added to

he culture medium after two days-in-vitro (DIV2) at a final con-

entration of 5 μM. After three weeks cells were subjected to treat-

ents and analyses.

.4. In vivo rat HE model of acute ammonium intoxication

Hyperammonemia was induced in young adult male Wistar

ats (weight 280 g ± 6 g) by intraperitoneal injection of ammo-

ia acetate (4.5 mmol/kg body weight in 0.9% NaCl) [26]. Con-

rols were treated with an equal amount of vehicle (0.9% NaCl)

nly. Taurine (5%) was given in drinking water for five con-

ecutive days prior to ammonia acetate or the vehicle injec-

ion. 24 h after injection of ammonia acetate or vehicle, animals

ere deeply anesthetized, transcardially perfused with ice-cold

hysiological saline containing 5.000 I.E. heparin/L (Rotexmed-

ca), and the cerebral cortex was dissected from blood free brain

issue.

.5. SDS-PAGE and western blot

Experimental procedures for all cell lines except neurons were

one as described previously [27]. Neurons were washed twice

ith PBS, lysed with cold RIPA buffer (+ complete protease in-

ibitor, + phosphatase inhibitor cocktail 2) for 10 min, scraped in

IPA buffer and subsequently centrifuged for 20 min at 16,000 g.

ensitometry was performed using non-saturated exposures for in-

icated number of independent experiments. For details such as

ntibodies see supplement.

.6. Fluorescence microscopy

Fluorescence microscopy was used to visualize the GFP-LC3

uncta. Cells were transfected with appropriate amounts (1 μg

35 mm dish) of pEGFP-LC3 plasmid using Effectene transfec-

ion reagent according to the manufacturer’s protocol. 24 h af-

er transfection, cells were seeded onto MatTek dishes. 48 h after

ransfection, cells were treated as indicated. Imaging at different

ime points was done using the Axio observer D1 fluorescent mi-

roscopy (Carl Zeiss) with 63 × objective. ZEN 2012 software was

sed to prepare the images.

.7. LysoSensorTM fluorescence microscopy

Astrocytes were seeded in MatTek dishes 48 h before experi-

ents. Cells were treated with 5 mM NH4Cl or water for 72 h. Af-

er treatment, cells were stained with 1 μM LysoSensorTM Green

ND-189 (Invitrogen) for 30 min. For NH4Cl-treated group, 5 mM

H4Cl was present during the staining procedure. Astrocytes were

hen imaged with the same setting using the spinning disk confo-

al microscopy (Eclipse Ti microscope (Nikon) and UltraVIEW vox

pinning disk confocal system (PerkinElmer)).
.8. Electron microscopy (EM) and immunofluorescence (IF)

Experimental procedures for EM and IF in astrocytes were

one as previously described [27]. For IF of neurons, cells were

xed and immunostained as described previously [28], using rab-

it anti-LC3 (1:250), chicken anti-MAP2 (1:10,000), goat anti-

abbit Abberior STAR 635P, and goat anti-chicken Alexa Fluor®

88. After staining, neurons were mounted using ProLong Dia-

ond Antifade Mountant. Confocal images were taken on Leica

SC SP8 STED 3X using the 100 × /NA1.4 oil objective and the

hite-light-laser. The same laser configurations were used for all

our probes and image processing was performed equally in each

hannel.

.9. CellROX fluorescence microscopy

MOG-G-CCM astrocytoma cells were seeded 24 h before treat-

ent. Cells were treated with 5 mM taurine and/or 5 mM NH4Cl

or 72 h (30 min taurine pretreatment). 2.5 μM CellROXTM green

ere added and incubated for 40 min. Cells were washed 3

imes with PBS and DMEM medium was applied. Cells were im-

ediately imaged in a temperature and CO2-controlled micro-

cope chamber. The same settings were chosen for all images

ecorded.

.10. Image analysis

GFP-LC3 puncta in GFP-LC3 transfected cells and acidic lyso-

ome puncta in LysoSensorTM-stained cells were manually counted.

or analysis of autophagosomal area per cell, cells were manu-

lly outlined, the same threshold value for LC3 fluorescence was

hosen for all pictures, and the total area of LC3 signal above

hreshold was measured within a cell. The ratio of “LC3 cluster

ersus MAP2” was analyzed using FIJI by equally thresholding the

C3-images in one experiment and using the wand tracing tool

o select and load identified above-threshold-clusters to the ROI-

anager for subsequent measurement of the overall cluster size

er image. For MAP2, the total area above-threshold was deter-

ined per image. The total LC3 fluorescence of IHC slices was

etermined as the mean grey value of the whole picture. Brain

ections of intoxicated rats were analyzed by immunofluorescence

taining for LC3 using a Zeiss LSM880 microscope. Glutamin syn-

hetase (GS) as glia cell marker or neuronal nuclei (NeuN) anti-

en were co-stained with LC3. LC3 intensity was determined from

he total LC3 signal (‘raw integrated intensity’) relative to con-

rols (without NH4Ac) which were set to 1. For CellROX quantifi-

ation images were background corrected with a fixed value, cells

ere manually selected, and a fixed stack size of 20 μm of an

rea was analyzed for voxel intensity. The mean and sum inten-

ity of this voxel volume was then again manually background cor-

ected for each image individually. The sum of voxel intensity cor-

elated with cell size, while the mean has a cell size-independent

alue.

.11. Cathepsin l activity assay

Cultured rat astrocytes were treated with 5 mM NH4Cl,

H3NH4Cl, or 1.5 mM H2O2 as positive control. 72 h after

H4Cl/CH3NH3Cl treatment, cathepsin L activity was ana-

yzed via Magic red cathepsin L assay kit (Immunochemistry

echnology), according to the manufacturer’s manual (proto-

ol 15). Red (592 nm excitation; 628 nm emission) fluores-

ence was detected by Microplate reader infinite 200 PRO

Tecan).
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2.12. Post mortem human brain tissue and microarray analysis

Patient characteristics/histories and details of microarray anal-

ysis have been described previously [29]. TGM2 gene expression

levels were taken from data sets acquired in two earlier stud-

ies using AgilentTM whole human genome microarray analysis

[29],[30]. Microarray analysis was performed by Miltenyi-Biotech

(Bergisch Gladbach, Germany). One analysis was performed using

post mortem human brain tissue taken from the intersection pari-

etal to occipital cortex area from 8 control subjects and 8 patients

with liver cirrhosis and accompanying HE. Tissue was provided

by the body donor program of the Department of Anatomy at

the Heinrich Heine University Düsseldorf, Germany. Additional post

mortem human brain tissues from three patients with liver cirrho-

sis without HE were obtained from the Australian Brain Donor Pro-

grams NSW Tissue Resource Centre. A second AgilentTM whole hu-

man genome microarray analysis was performed using post mortem

brain samples taken from the fusiform gyrus from control subjects,

patients with liver cirrhosis with or without HE; each four cases

[30]. Tissue was provided by the Australian Brain Donor Programs

NSW Tissue Resource Centre. Gene array data was deposited at the

public genomic data repository GEO (GSE41919 and GSE57193).

2.13. Statistical analysis

Data are presented as mean ± standard error of the mean

(SEM) unless stated otherwise. To test for statistical differences

between two conditions an unpaired student’s t-test was used.

For other analyses, one-way ANOVA with Bonferroni’s, Tukey’s or

Sidak’s post-hoc test was applied as indicated in the figure legends.

2.14. Ethics statement

All Animals were treated and all experiments on them were

performed in compliance with our institution’s guiding principles

“in the care and use of animals” in accordance with German an-

imal protection law, and the EU Directive 2010/63/EU. Treatment

protocols were reviewed and approved by the appropriate authori-

ties (LANUV, Recklinghausen, Germany).

3. Results

3.1. Autophagic flux is modulated by ammonia in primary rat

astrocytes

To test whether hyperammonemia affects autophagy, we used

an established in vitro model of HE, namely treatment of primary

rat astrocytes with NH4Cl concentrations up to 5 mM [26],[31]. This

concentration used in further settings shows no or only very minor

toxicity as demonstrated by two assays (MTT- and Trypan blue- as-

say) (Fig. S1) and is similar to 5.4 mM found in brain tissue of rats

subjected to portocaval anastomosis and hepatic artery ligation, an

established in vivo rat model of HE [32]. First, primary rat astro-

cytes were transfected with pEGFP-LC3 and treated with increasing

amounts of NH4Cl for 72 h with or without chloroquine (CQ). CQ

blocks autophagy and allows to test to which extent markers such

as p62 or LC3 accumulate under a given situation. This is a com-

monly used measure of ongoing autophagic flux. In the absence

of CQ we observed a dose-dependent increase in the accumulation

of free GFP cleaved from GFP-LC3 demonstrating induction of au-

tophagy by NH4Cl (Fig. 1a). Moreover, endogenous LC3-II, the lip-

idated form of LC3 which is a well-established alternative marker

for autophagy, accumulated upon addition of ammonia. At mod-

erate concentrations (0.5 and 1 mM) of NH4Cl (in the absence of

CQ), we observed a pronounced accumulation of LC3-II indicating

that autophagy is stimulated at these concentrations of ammonia
Fig. 1a-c). Chloroquine treatment led to a pronounced accumu-

ation of LC3-II when compared to the respective condition with-

ut CQ clearly demonstrating that autophagic flux occurs at these

oderate ammonia concentrations. The accumulation of LC3-II is

aximal at a concentration of 5 mM NH4Cl and is nearly as strong

n the absence of CQ as in its presence. The latter demonstrates

hat autophagy is efficiently blocked at 5 mM NH4Cl independent

f the presence of CQ.

Consistent with these findings, the accumulation of p62

SQSTM1), an autophagy adaptor protein known to be degraded ef-

ciently during autophagy, was observed with 5 mM NH4Cl treat-

ent (without CQ) further confirming the efficient inhibition of

utophagic flux upon addition of ammonia. Treatment with 0.5 or

mM NH4Cl as well as with rapamycin, an mTOR1 kinase inhibitor

nd known inducer of autophagy, led to a reduction in p62 levels.

his confirms again that at moderately increased concentrations

f ammonia (0.5 and 1 mM) autophagic flux is actually induced

Fig. 1a–c). Thus, moderately increased concentrations of NH4Cl in-

uce autophagy while a high concentration (5 mM) of NH4Cl in-

ibits autophagic flux in primary rat astrocytes. These observations

ere corroborated using a fluorescence microscopy-based assay

howing a statistically significant accumulation of GFP-LC3-positive

tructures at 5 mM NH4Cl (Fig. 1d, e).

A more detailed characterization of the ammonia-induced au-

ophagy inhibition in astrocytes revealed that the threshold con-

entration for NH4Cl causing an inhibitory effect on autophagy af-

er 72 h was in the range between 2 to 3 mM as already at these

oncentrations LC3-II accumulates strongly (Fig. 2a). When using

mM NH4Cl, inhibition of autophagic flux is weakly detectable af-

er 24 h and becomes very prominent after 48 and 72 h (Fig. 2b).

he co-treatment with CQ shows an additive effect at all concen-

rations up to 4 mM NH4Cl and at time points 24 h and 48 h sug-

esting that ammonia efficiently inhibits autophagy but does not

lock it completely under these conditions (Fig. 2a, b). Examina-

ion after early time points revealed that 5 mM NH4Cl leads to

n accumulation of p62 and LC3-II starting already after only one

our of treatment (Fig. 2c) demonstrating that hyperammonemia

nhibits autophagic flux in primary rat astrocytes rapidly. This is

eversible as we see a clear loss of p62 and LC3-II accumulation

fter a short washout period, starting after only 2 h and reaching

ontrol levels at approximately 12 h for both markers (Fig. 2d). We

lso confirmed that high ammonia concentrations are able to in-

ibit autophagy efficiently in various tumor cell lines both nervous

issue-derived and non-nervous tissue-derived (Fig. 2e) consistent

ith earlier studies [22],[33].

.2. Inhibition of autophagy and impairment of lysosomal function is

ediated by alteration of intralysosomal pH at high ammonia

oncentrations

Next, we tested whether administration of NH4Cl impairs the

ormation of acidic lysosomes by increasing the pH explaining the

bserved block in autophagy. Applying LysoSensorTM Green DND-

89 (Invitrogen) revealed a significant reduction (by ∼50%) of the

umber of acidic lysosomes within cultured rat astrocytes after

rolonged treatment with 5 mM NH4Cl (Fig. 3a, b). This strongly

upports the idea that elevated pH within lysosomes is the under-

ying mechanism for autophagy inhibition under hyperammone-

ia. To further evaluate the effect of ammonia on the number

f autophagosomes/autolysosomes in primary rat astrocytes stan-

ard transmission electron microscopy (EM) was employed. We

bserved that 5 mM NH4Cl treatment led to an increase of roughly

-fold in the number of autophagosomes/autolysosomes compared

o the water-treated control (Fig. 3c, d). A very similar increase

as observed when applying 5 mM of the pH-mimetic compound

H NH Cl. This compound cannot be metabolized but alters cellu-
3 3
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Fig. 1. Autophagic flux is modulated by ammonia in cultured primary rat astrocytes. Astrocytes were transfected with pEGFP-LC3 for 24 h, subsequently treated with

indicated concentration of NH4Cl with or without chloroquine (CQ, 10 μM) for 72 h. Controls were left untreated for 48 h or autophagy was induced with rapamycin (Rapa,

1 μM) for 24 h. Autophagic activity was assayed by (a) WB and quantitative densitometry of endogenous autophagy markers (b) p62 and (c) LC3 (n = 3). (d) Representative

fluorescence microscopy images of autophagosome formation indicated by GFP-LC3 puncta and of nuclei by DAPI staining (scale bar 100 μm). (e) Quantification of GFP-LC3

puncta per cell from 4 – 18 cells per condition. All graphs show mean ± SEM. Statistical analysis done with One-Way-ANOVA, followed by Bonferroni post-hoc test. ∗ p < 0.05,
∗∗ p < 0.01, n.s. not significant compared to ctrl (0 mM NH4Cl).
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Fig. 2. Autophagy inhibition by ammonia is time- and concentration-dependent, and reversible. WB analysis of autophagy markers in astrocytes treated with various

concentrations of NH4Cl with or without chloroquine (CQ, 10 μM) for indicated times to test (a) threshold concentration of autophagy inhibition, (b) time dependence, and

(c) starting time point for autophagy inhibition. (d) Reversibility of autophagy inhibition induced by ammonia was assayed via WB after treatment of astrocytes with 5 mM

NH4Cl for 72 h, followed by replacement of the medium with fresh medium lacking NH4Cl for indicated times. (e) WB analysis of autophagy markers in primary rat astrocytes

and various human cell lines after 5 mM NH4Cl treatment for 72 h. SE, short exposure.
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lar pH in a very similar manner as NH4Cl. Our results demonstrate

that inhibition of autophagy is largely mediated by changes in in-

tracellular and intralysosomal pH. Neither CH3NH3Cl nor NH4Cl,

however, did alter the average size or perimeters of autophago-

somes/autolysosomes significantly (Fig. 3e, f and S2b-g), yet led in

few cases to quite large autophagosomes consistent with an ac-

cumulation of engulfed material (Fig. S2a). To test whether alter-

ing intralysosomal pH (Fig. 3a and b) indeed impairs lysosomal

activity during autophagy we determined cathepsin L activity in

cultured rat astrocytes treated with CH3NH3Cl or NH4Cl for 48 h.

Activity of lysosomal degradation enzymes including cathepsin L

is strongly dependent on the acidic environment of the lysosome

[34]. Both, CH3NH3Cl and NH4Cl triggered a roughly 2-fold reduc-

tion of cathepsin L activity (Fig. 3g) in line with the conclusion

that lysosomal activity is severely impaired due to an increase of

intralysosomal pH. WB analysis further confirmed that CH3NH3Cl

is sufficient to inhibit autophagy to a similar extent as NH4Cl since

both p62 and LC3-II accumulate to a similar extent upon adminis-

tration of the two compounds (Fig. 4a–c).
.3. Ammonia-induced inhibition of autophagy occurs in a

OS-dependent manner

Previous studies suggested a significant contribution of ROS in

he pathogenesis of HE using different in vitro and in vivo mod-

ls [6–8] prompting us to investigate the role of ROS in respect

o our findings on impaired autophagy. Upon administration of

AC, an intracellular ROS scavenger, ammonia-induced accumula-

ion of p62 and LC3-II was largely abolished (Fig. 4a-c) suggest-

ng that inhibition of autophagic flux depends on the formation

f ROS. Likewise, the addition of apocynin, an inhibitor of NADPH

xidases, prevented accumulation of p62 and LC3-II in NH4Cl-

reated astrocytes (Fig. S3) supporting this conclusion. However,

o-treatment of astrocytes with NH4Cl and the glutamine syn-

hetase (GS) inhibitor MSO, or the p38MAPK inhibitor SB203580,

howed little or no alleviation on autophagy inhibition suggest-

ng that ammonia-induced autophagy inhibition is independent of

S or p38MAPK (Fig. 4a–c, and Fig. S3). These finding were con-

rmed using immunostaining of LC3 and fluorescence microscopy
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Fig. 3. Ammonia impairs lysosomal function and induces accumulation of autophagosomes. (a) Representative fluorescence microscopy pictures of LysoSensorTM-treated

astrocytes (scale bar: 9 μm) and (b) quantification of acidic lysosomes per cell (>50 cells per condition). (c) Representative EM pictures of autophagosomes in cultured

primary rat astrocytes treated with indicated substances for 72 h (red arrows, autophagosomes/lysosomes; purple arrows, mitochondria; scale bars: 0.5 μm upper images,

5 μm lower images). (d) Quantification of autophagosome number per arbitrary cell area unit, (e) autophagosome size, and (f) perimeter, (n= ≈40 images for each group).

(g) Magic RedTM cathepsin L activity assay of astrocytes treated with indicated substance for 72 h (n = 3, normalized to ctrl). Graphs b, d, and g show mean ± SEM, graphs e

and f show quartiles. Statistical analysis done using two-tailed student’s t-test for panel b and One-Way-ANOVA, followed by Bonferroni post-hoc test for d and g. ∗ p < 0.05,
∗∗ p < 0.01.
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hich showed reduced accumulation of LC3 puncta upon addition

f NH4Cl when using NAC but not MSO or SB203580 (Fig. 4d, e).

ddition of CH3NH3Cl was sufficient to cause accumulation of LC3

uncta. Also, similar to NH4Cl, the inhibitory effect of CH3NH3Cl

n autophagy was fast, reversible, and could be prevented by in-

racellular ROS scavengers, once more indicating that the mode

f action of both NH4Cl and CH3NH3Cl is the same (Fig. S4a-

). These results show that ammonia-induced inhibition of au-

ophagy is a pH-mediated but not a GS-, or p38MAPK-dependent

rocess. Overall, we conclude that ammonia-induced effects on

utophagy are mediated by altering the intracellular/lysosomal
 p
H and depend, at least partially, on intracellular formation of

OS.

.4. Autophagy is modulated in the brain of HE patients and in

nimal HE models

Transglutaminase 2 (TGM2) is strongly upregulated under var-

ous stress conditions including tissue injury, inflammation, pro-

ein misfolding, and oxidative stress and was shown to positively

egulate late steps of autophagy [35],[36]. We checked whether

rotein levels of TGM2 were increased in cultured rat astrocytes
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Fig. 4. Ammonia-induced inhibition on autophagy is mediated by changes in intracellular pH and depends on ROS. When indicated astrocytes were pre-treated with

the glutamine synthetase (GS) inhibitor MSO (3 mM), or the ROS scavenger NAC (2 mM), or the p38MAPK inhibitor SB203580 (10 μM) for 30 min followed by a treatment with

NH4Cl (5 mM), CH3NH3Cl (5 mM), or H2O (control) with or without chloroquine (CQ, 10 μM) for 72 h. Chemicals used for pretreatments remained present during subsequent

steps. CCCP (10 μM) for 30 min was used as a control. (a) WB and densitometry of autophagic markers (b) LC3 and (c) p62 (n = 3–4). (d) Representative IF microscopy images

for detection of endogenous LC3 (red: LC3; blue: DAPI; scale bar: 100 μm), (e) quantification of autophagosomal area per cell from panel d. Graphs show mean ± SEM.

Statistical analysis done with One-Way-ANOVA, followed by Bonferroni post-hoc test. ∗ p < 0.05, ∗∗ p < 0.01, ns: not significant.
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pon treatment with NH4Cl and whether TGM2 could be used as

n additional marker of altered autophagy. Indeed, TGM2 was in-

reased in a concentration- and time-dependent manner in pri-

ary rat astrocytes (Fig. S5a, b) and an increase was also evi-

ent in HepG2 cells (Fig. S5c). To test whether autophagy is mod-

lated in vivo we next checked whether mRNA levels of TGM2 are

ltered in humans suffering from HE. Data from two patient co-

orts subjected to whole genome microarray analyses confirmed

hat TGM2 gene expression was increased significantly ∼3-fold in

ost mortem human brains from liver cirrhosis patients with HE

ompared to controls (patients without cirrhosis) or compared to

iver cirrhosis patients without HE (Fig. 5a, top and bottom pan-

ls). This is consistent with an animal in vivo HE model as TGM2

rotein levels were also increased in the cerebral cortex of rats ex-

osed to NH4Ac compared to control brain samples (Fig. 5b, c).

oreover, we see a significant increase in the protein level of the

utophagy marker LC3 in post mortem human brains from liver cir-

hosis patients with HE compared to controls (patients without cir-

hosis) as well as compared to liver cirrhosis patients without HE

Fig. 5d, e). Overall, we provide several lines of evidence that hy-

erammonemia in the brain results in modulation of autophagic

ux in vivo pointing to a role of autophagy in the pathogenesis of

E.

.5. Taurine alleviates the degree of autophagy impairment caused by

yperammonemia in primary rat astrocytes and in an animal model

f HE

The beta-amino sulfonic acid taurine has been demonstrated to

e potent in preventing ammonia-induced proliferation inhibition

nd senescence in astrocytes [13],[26] and to alleviate liver injury

nd brain edema in animal HE models [37],[38]. We thus asked

hether taurine could act via modulating autophagy. Indeed, cul-

ured primary rat astrocytes exposed to taurine treatment showed

reduced autophagy inhibition upon addition of ammonia com-

ared to untreated astrocytes as accumulation of LC3-II and p62

ere significantly reduced in the presence of taurine (Fig. 6a, b

nd Fig. S6a, compare lane 3 vs. 7). This observation of significantly

educed levels of p62 could indicate that taurine promotes au-

ophagic flux despite the presence of high ammonium concentra-

ions. Thus, we quantified the autophagic flux using an established

ethod based on the relative accumulation of p62 or LC3-II caused

y addition of CQ. Consistent with our data shown above (Fig. 1a-c

nd Fig. 2a–c) 5 mM NH4Cl is sufficient to block autophagy nearly

ompletely as CQ only results in a marginal additional accumula-

ion of p62 or LC3-II (Fig. 6a, b and Fig. S6a, compare lane 3 vs. 4).

owever, in the presence of taurine adding CQ results in a clear

urther accumulation of p62 or LC3-II despite the presence of 5 mM

H4Cl (Fig. 6a, b and Fig. S6a, compare lane 7 vs. 8). Thus, au-

ophagic flux is significantly increased by taurine under conditions

f hyperammonemia (Fig. 6c and Fig. S6b).

To test whether inhibition of autophagy also occurs in vivo and

hether taurine shows similar effects we used an established rat

odel of acute hyperammonemia in which an increase of ammo-

ia levels in the blood was induced by intraperitoneal adminis-

ration of NH4Ac to Wistar rats. Alterations of autophagy in vivo

ere evaluated by analyzing tissue protein lysates obtained from

he cerebral cortex of rats with or without acute ammonium in-

oxication (Fig. 6d, e). 24 h after NH4Ac administration, prominent

onversion of LC3-I to LC3-II as well as accumulation of LC3-II and

62 were observed demonstrating that autophagy impairment in-

uced by ammonia occurs in rat brain. Rats receiving taurine sup-

lement showed a rather moderate autophagy inhibition in the

ortex as evidenced by a minor non-significant accumulation of

62 (Fig. 6f, g right panel). LC3-II showed a significant but limited

ccumulation (Fig. 6f, g left panel). The inhibition of autophagy
y hyperammonemia in rats receiving taurine was thus apparently

ess compared to rats not receiving taurine (Fig. 6d, e vs. 6f, g). To

alidate this in a quantitative manner and due to the fact that in

ivo we cannot determine autophagic flux by CQ administration,

e determined the relative inhibition of autophagy by ammonia

n the presence vs. in the absence of taurine. Indeed, we observed

hat taurine is able to alleviate ammonia-induced inhibition of au-

ophagy significantly also in the in vivo HE model (Fig. 6h) con-

istent with the in vitro HE model shown above (Fig. 6a–c). These

esults confirmed the in vivo relevance of the ammonia-induced

utophagy inhibition and the protective effect of taurine via mod-

lation of autophagy. The latter provides a novel rational for the

ode of action of taurine.

.6. Neurons show impairment of autophagy under hyperammonemia

To investigate the effects of ammonia also on neurons we used

n established mouse primary neuron-glia cell co-culture model

24],[25]. After 72 h of 5 mM ammonia intoxication a significant in-

rease in LC3-II accumulation was detected in total cell extracts de-

ived from neurons co-cultured with astrocytes (Fig. 7a, b). When

e tested the effect of taurine in this context, we still observed

n ammonia-induced accumulation of LC3-II, yet the extent of this

ccumulation was moderately reduced compared to the condition

ithout taurine (Fig. 7a, b). To exclude that the LC3 signal in

hese cell extracts is partly derived from glia cells, we also per-

ormed immunofluorescence staining and analyzed the accumula-

ion of LC3 clusters specifically in MAP2-positive neurons (Fig. 7c,

). Consistent with our earlier data, we observed a clear ammonia-

nduced increase of the number of LC3 clusters suggesting a block

n autophagy in MAP2-positive neurons. This accumulation again

ppeared to be moderately reduced by taurine (p = 0.07) suggest-

ng that taurine can alleviate ammonia-induced impairment of au-

ophagy also in neurons. The result that taurine alone caused an

pparent accumulation of LC3 (Fig. 7c, d) can be attributed to a

ross accumulation of LC3 clusters in the nucleus of various, yet

ot all, cells. The functional significance of nuclear LC3 clusters is

nclear and future studies have to address this and the effect of

aurine on neuronal autophagy in general.

Expanding these observations to our in vivo model system,

rain sections from different brain areas of acutely NH4Ac-

ntoxicated Wistar rats were prepared and immunostained for LC3

nd cell type-specific markers. In the corpus callosum, an area

ainly inhabited by glia cells, a noticeable increase in total LC3

uorescence was observed (Fig. 7e, g), confirming the results from

he WB analysis of rat brain lysates. In the cerebral cortex however,

n area of roughly equal amounts of neurons and glia cells, we did

ot observe a significant increase in total LC3 fluorescence, despite

he fact that apparently a few cells appeared to show increased

C3 levels (Fig. 7f, h). Overall, we provide experimental evidence

ndicating that next to astrocytes autophagy is also impaired by

yperammonemia in neurons, possibly to varying degree in certain

egions in the brain.

.7. Taurine does not appear to modulate mTOR-dependent

utophagy signaling but alleviates ammonia-induced ROS formation

Our data strongly point to a role of taurine in modulating au-

ophagic flux. Thus, we aimed to investigate the underlying basic

olecular mechanism using an astrocytoma cell culture. One well-

nown and important pathway to induce autophagy is via inactiva-

ion of the mTORC1 complex which can be monitored by dephos-

horylation of mTORC1. Taurine treatment alone or together with

mmonia for 72 h did not result in dephosphorylation of mTORC1

uggesting that taurine does not cause inhibition of mTORC1. As a
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Fig. 5. Autophagy is modulated in HE Patients and in animal HE models. (a) TGM2 gene expression levels determined by microarray analysis in the cerebral cortex

of patients with liver cirrhosis with or without HE and controls (two independent patient cohorts, top and bottom panels). Fold-changes and p values compared with

control groups are indicated. Red, enhanced; green, reduced gene expression. (b) WB of TGM2 in cerebral cortex samples from rats after acute ammonium intoxication

(NH4Ac administration, 4.5 mmol/kg BW, 24 h). (c) Densitometry of panel b. Average fold change as well as individual values of TGM2/GAPDH are presented. ∗ p < 0.05. (d)

Representative WB of LC3-II using protein lysates prepared from human post mortem brain biopsies from controls and patients with liver cirrhosis with or without HE and

control. (e) Densitometric quantification of LC3 II levels normalized to the mean of ctrls. Graph shows single values and mean, graph c also shows mean ± SD. Statistical

analysis done with One-Way-ANOVA, followed by Dunnett’s post-hoc test. ∗ p < 0.05, ∗∗ p < 0.01, n.s. not significant.
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control we used Torin2, a well-known inducer of autophagy caus-

ing inactivation and concomitant dephosphorylation of mTORC1

(Fig. S8a). Autophagy can also be induced via the MAPK(Erk1/2)

pathway in a mTORC1-dependent and -independent manner. Here

we observed that MAPK (Erk1/2) shows no alteration of its phos-

phorylation state after taurine treatment (Fig. S8a) suggesting that

taurine does not modulate autophagy via this pathway either. As a
ontrol we confirmed that Torin 2 also promoted phosphorylation

f MAPK (Erk1/2) to induce autophagy. Dephosporylation of Atg13

s another marker of autophagy induction via mTORC1-inhibition.

robing for phosphorylation changes of Atg13 revealed no gross

hanges by ammonia with or without taurine corroborating the

iew that mTOR1 signaling is not modulated here. In a comple-

entary approach using primary rat astrocytes and immunoflu-
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Fig. 6. Taurine alleviates the degree of autophagy impairment caused by hyperammonemia in vitro and in vivo. (a) Representative WB of autophagy markers in as-

trocytes pre-treated 30 min with 5 mM taurine when indicated and treated with NH4Cl (5 mM) and/or CQ when indicated. LE/SE; long/short exposure. (b) Densitometry of

p62 levels (n = 3–6, each normalized to NH4Cl+CQ control). (c) Quantification of autophagic flux as represented by relative fold change of p62 accumulation caused by CQ

treatment. (d) WB analysis of cerebral cortex samples from a rat model of acute ammonium intoxication (NH4Ac administration, 4.5 mmol/kg BW, 24 h); (e) Densitometry

of panel d. LC3-II/GAPDH (left) or p62/GAPDH (right) are presented relative to ctrl. (f) WB analysis of the same model with pretreatment of taurine supplement (5% taurine

in drinking water for 5 days). (g) Densitometry of panel f. LC3-II/GAPDH (left) or p62/GAPDH (right) are presented relative to ctrl. (h) Relative inhibition of autophagy by

ammonia as represented by relative fold change of p62 (top) or LC3-II (bottom) accumulation caused by NH4Ac administration in vivo in the absence vs. presence of taurine.

Graphs b, c, and h show mean ± SEM, graphs e, and g show individual values and mean. Statistical analysis done with two-tailed student’s t-test. ∗ p < 0.05, ∗∗ p < 0.01,

n.s. not significant.
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rescence we checked whether taurine induces the formation of

tg16L or WIPI2 puncta, both indicators for early stages of au-

ophagy. Neither Atg16L, nor WIPI2 showed a drastically different

taining pattern i.e. puncta formation or colocalization, whereas

he control using Torin 2 -treated did (Fig. S8c), indicating that

aurine does not grossly affect these early steps in autophagy in-

uction. Next, we asked whether the reported antioxidative prop-

rty of taurine may impair autophagy induction. We determined

OS using CellROXTM green in astrocytoma cells after 72 h with-

ut treatment (control), or with ammonia, taurine, or in combina-

ion (Fig. S8d, e). Consistent with earlier reports ammonia caused a

ignificant increase of cellular ROS compared to control cells. The

ncrease in ROS caused by ammonia was almost completely pre-

ented by co-treatment with taurine showing ROS level compara-

le to ctrl cells and to cells treated with taurine alone (Fig. S8d,

). This strongly suggests that the known ROS scavenging effect of
aurine contributes to the observed modulation of autophagy in as-

rocytes.

. Discussion

In the present study we analyzed the effects of hyperammone-

ia on autophagy in the brain using well established in vitro and

nimal HE models and also in humans suffering from HE. We show

or the first time that autophagy is strongly inhibited in these HE

odels using different independent experimental approaches such

s WB analysis, fluorescence microscopy, and electron microscopy.

his occurs in a time- and concentration-dependent manner and

s fully reversible in cultured astrocytes. The mechanism by which

mmonia modifies the progression of autophagy is shown to be

ependent on the alteration of the intracellular pH as well as on

he generation of ROS. These findings are expanded in vivo us-
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Fig. 7. Neurons show a moderate autophagy impairment by hyperammonemia. (a-d) Neurons in upside-down co-culture with glia cells were treated with 5 mM NH4Cl

for 72 h and/or 5 mM Taurine (30 min prior to NH4Cl) and subjected to WB or IF analysis. (a) Representative WB of autophagy marker LC3. (b) Densitometry of 4 independent

experiments each with 2–3 technical replicates normalized to loading control and to cells treated with 5 mM NH4Cl for 72 h alone. (c) Representative IF images (MAP2 stained

with AlexaFluor488, LC3 with AberiorStar635P). (d) Quantification of LC3 cluster area divided by total MAP2 area normalized to ctrl. 29 – 38 cells from 3 to 4 independent

experiments were analyzed. (e-h) Wistar rats were acutely intoxicated with 4.5 mmol/kg body weight of NH4Ac or NaCl ctrl for 24 h, sacrificed and their brain sections

were analyzed by immunohistochemistry (IHC). (e) Representative IHC images from the corpus callosum and (f) the cerebral cortex. GS or NeuN as cellular specific markers

were stained with FITC, LC3 with Cy3, and nuclei with Hoechst. (g-h) Quantification of total LC3 fluorescence per image from (g) corpus callosum (3 images per animal,
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N

t

ng post mortem brain tissue from liver cirrhosis patients with HE

howing a significant induction of the autophagy markers LC3-

I as well as TGM2 which apparently does not occur in liver

irrhosis patients without HE or patients without liver cirrhosis.

his is fully in line with the in vitro HE model using primary

at astrocytes as well as an in vivo animal HE model. One ma-

or advantage of the in vitro HE model clearly is the possibility

o dissect the molecular mechanism of autophagy modulation in

ore detail and to study possible treatments reversing ammonia-

nduced toxicity. This allowed us for example to show that an

ncrease in intracellular/lysosomal pH is a key factor in mediat-

ng the observed effects. Ammonia is known to increase the in-

racellular pH to levels which decrease lysosome protease activ-

ties [34],[39]. In line with this, we demonstrate that autophagy

nhibition as well as loss of cathepsin L activity was mimicked

y CH3NH3Cl, a non-metabolizable compound causing pH-changes

imilar as NH4Cl. Furthermore, this fits well to our observation that

mmonia-treated cultured rat astrocytes showed a reduced num-

er of acidic lysosomes. At the same time, we observed an in-

rease in the number of autophagosomal/lysosomal structures by

M which is expected under conditions when autophagic flux is

nhibited as non-acidic lysosomes are impaired in their ability to

fficiently degrade cellular waste material.

Many of the previously observed effects of ammonia on astro-

ytes have been attributed to the formation of ROS [1],[40]. Inter-

stingly, this also applies to autophagy. Both the ROS scavenger

AC and the NADPH oxidase inhibitor apocynin were able to at-

enuate many of the observed effects pointing to a critical role

f ROS for modulation of autophagy by ammonia. This is in line

ith earlier reports demonstrating that ROS are important signal-

ng molecules required for the regulation of autophagy [41],[42].

oreover, reducing ROS levels by ROS scavengers might simply re-

uce the amount of damaged cellular material that needs to be

egraded via autophagy which consequently might lead to a lower

ccumulation of autophagosomes. Ammonia-induced ROS forma-

ion, as reported in earlier studies [8],[31], may also result in direct

xidation and inactivation of lysosomal enzymes which further im-

airs clearance by autophagy. All these ROS-mediated effects could

xplain the apparent reduction of ammonia-induced autophagy in-

ibition exerted by ROS scavengers.

The inhibition of autophagic flux under hyperammonemia could

ell explain the increase in the levels of LC3 and of the transg-

utaminase TGM2 in vitro and in vivo models as well as in post

ortem brain samples of liver cirrhosis patients with HE. An upreg-

lation at the mRNA level of TGM2 as observed here in HE patients

ndicates a response to counteract the effects of ammonia-induced

tress as TGM2 is known to promote autophagy [35]. The increase

n TGM2 was well recapitulated when analyzing in vitro and in

ivo HE models. In accordance with the accumulation of autophagy

arkers p62 and LC3, TGM2 upregulation in cultured rat astrocytes

as similarly time- and concentration-dependent, demonstrating a

ossible causal connection of autophagy inhibition and activation

f the autophagy pathway possibly to overcome the inhibition. In-

erestingly, in neurons, TGM2 ablation was reported to result in in-

reased vulnerability towards cellular stress [43]. It appears that

GM2 is a central player regulated by p53 that is induced by am-

onia [31],[44], in order to trigger cellular stress responses. Still,

uture studies will have to elucidate to what extent TGM2 is mech-

nistically involved in the development of HE symptoms.

The general inhibitory effect of ammonia on autophagy is well

nown for a number of cell types including fibroblasts, liver cells
– 5 animals) and (h) cerebral cortex (1 image per animal, 3 – 5 animals). Statistical a

H4Cl-Taurine to ctrl and NH4Cl-Taurine to NH4Cl+Taurine significance from panel b was

wo-tailed student’s t-test. ∗∗ p < 0.01, ∗ p < 0.05, n.s. not significant.
nd tumor cell lines [21],[22], yet it has not been reported so

ar for astrocytes or brain tissue in HE and related models. Here

e show that the inhibition of autophagy starts at concentra-

ions as low as 2 mM and progresses with time and concentra-

ion. It should be noted that at moderately increased concentra-

ions of ammonium (1 mM or lower) even a slight induction of

utophagy occurs suggesting an initiation of a compensatory, pro-

urvival mechanism at these lower ammonia concentrations. This

ual effect of ammonia is consistent with earlier results using tu-

or cell lines [33] and with the increase in TGM2 mRNA levels

n human brain of HE patients. As a block in autophagy caused

y hyperammonemia profoundly affects many HE relevant physio-

ogical and pathological processes such as cellular quality control

nd inflammation [45], it is expected that long-term, efficient au-

ophagy inhibition in the brain, as reported here, will facilitate the

athogenesis and increase the severity of symptoms and lethal-

ty in HE. In line with this, decreased autophagosome biogene-

is and inhibited autolysosome degradation were also observed in

atient samples of various neurodegenerative diseases including

lzheimer’s disease and Parkinson’s disease [46]. Although astro-

ytes are the major and primary target of ammonia-induced toxic-

ty during the pathogenesis of HE [1],[40] we also provide evidence

hat neurons are similarly impaired in their autophagic capabilities

y hyperammonemia. Our in vitro glia-neuron co-culture model

hows a clear ammonia-dependent increase of LC3-II in mouse

eurons with two independent methods. For the Corpus callosum

f ammonia-intoxicated rats a similar accumulation of LC3 under

yperammonemia was observed but not for the cortex suggesting

rain region specific effects. This is not unexpected given the fact

hat the relative number of glia cells versus neurons is variable and

hat, moreover, the treatment times was short (24 h vs. 72 h in the

n vitro approach). Furthermore, it is likely that the autophagy inhi-

ition in neurons is cushioned by astrocytes in vivo much more ef-

ectively than in the co-culture model as in the latter case the ratio

f astrocytes per neurons is lower. Overall, as ammonia is a highly

iffusible and membrane-permeable molecule, it is quite likely that

mmonia-induced harmful effects on autophagy also occur in neu-

onal cells in vivo (e.g. in a chronic hyperammonemia model) and

t a pleiotropic tissue level, including the liver, which may result in

egative systemic effects and thus contribute to the development

f HE symptoms.

Current therapy options for HE are limited and largely target

he production of ammonia in the intestine or the gut micro-

iome [1]. Combining our findings with earlier studies we now

ropose that alterations in autophagy in astrocytes are involved in

he pathogenesis of HE as well, a view that has been neglected

n the past. Restoring this process is therefore a possible, novel

herapeutic strategy. A promising and well-known compound stud-

ed extensively in the past could be taurine. Here we demonstrate

hat taurine, a non-proteinogenic amino acid widely known as a

iomembrane stabilizer and oxidative stress mitigator, largely abol-

shes ammonia-induced autophagy inhibition in different models

f HE. These results shed new light on earlier studies showing

hat taurine is able to abolish ammonia-induced proliferation in-

ibition and senescence [13],[26], and to reduce liver injury and

rain edema under conditions of hyperammonemia [37],[38]. Fur-

her, high serum taurine levels prior to treatment with L-carnitine

ere reported to be a positive predictor in patients suffering from

inimal HE [47]. Here we provide several lines of evidence that

aurine directly or indirectly promotes autophagic flux despite the

resence of high concentrations of ammonia. This is demonstrated
nalysis for panel b and d done using One-Way-ANOVA and Sidak’s post-hoc test.

determined by one-sample t-test. Statistical analysis for panel g and h done using
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in vitro as well as in vivo HE models and provides a novel rationale

how taurine could act mechanistically. However, this effect of tau-

rine does not appear to be the result of a direct, strong activation

of autophagy via the well-known mTOR pathway. Possibly, the ef-

fect is much more subtle and thereby hard to detect or the flux in-

crease is even mediated via a different signaling pathway. Our data

point to an important role of taurine via alleviating ROS-dependent

effects on autophagy. The exact molecular mechanism of taurine

remains elusive. Taurine is known to be beneficial for many mi-

tochondrial functions, e.g. it can stabilize mitochondrial matrix pH

[48], it can assist in mitochondrial calcium homeostasis [49], and it

was furthermore shown to reduce mitochondrial swelling and ROS

generation in a rat HE model [50]. Since many studies have shown

an impact of hyperammonemia on mitochondrial functions, such

as inhibition of enzymatic activity [9],[51], interference with an-

tioxidant defense [52], or the induction of the mitochondrial per-

meability transition [53], the idea to use this as a starting point

for therapeutic approaches emerged. Mitophagy, an essential part

of the mitochondrial quality control, is the selective degradation of

mitochondria and relies on a functional autophagosomal and lyso-

somal machinery. It is therefore comprehensible that a disturbance

of general autophagy might also impact mitophagy and thereby

contribute in the accumulation of damaged proteins, membranes

and whole organelles. Future studies are certainly needed on the

mechanism of the protective role of taurine and it may be good to

focus on the intricate relationship between mitochondrial function,

mitophagy and autophagy in the pathogenesis of HE and poten-

tial therapies for this disease. In summary, we propose that the re-

ported beneficial effects of taurine are at least partially caused by

enhancing autophagic flux under conditions that normally would

hamper autophagy. In view of these findings, we propose that pro-

moting autophagy is a novel promising therapeutic approach in

treating patients suffering from hyperammonemia. In-depth stud-

ies are necessary for evaluating the supportive therapeutic poten-

tial of taurine or similar approaches modulating autophagy in HE.
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