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Ammonia inhibits energy metabolism in astrocytes in a rapid
and glutamate dehydrogenase 2-dependent manner
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ABSTRACT
Astrocyte dysfunction is a primary factor in hepatic encephalopathy
(HE) impairing neuronal activity under hyperammonemia. In particular,
the early events causing ammonia-induced toxicity to astrocytes are
not well understood. Using established cellular HE models, we show
that mitochondria rapidly undergo fragmentation in a reversible
manner upon hyperammonemia. Further, in our analyses, within a
timescale of minutes, mitochondrial respiration and glycolysis were
hampered, which occurred in a pH-independent manner. Using
metabolomics, an accumulation of glucose and numerous amino
acids, including branched chain amino acids, was observed.
Metabolomic tracking of 15N-labeled ammonia showed rapid
incorporation of 15N into glutamate and glutamate-derived amino
acids. Downregulating human GLUD2 [encoding mitochondrial
glutamate dehydrogenase 2 (GDH2)], inhibiting GDH2 activity by
SIRT4 overexpression, and supplementing cells with glutamate or
glutamine alleviated ammonia-induced inhibition of mitochondrial
respiration. Metabolomic tracking of 13C-glutamine showed that
hyperammonemia can inhibit anaplerosis of tricarboxylic acid (TCA)
cycle intermediates. Contrary to its classical anaplerotic role, we show
that, under hyperammonemia, GDH2 catalyzes the removal of
ammonia by reductive amination of α-ketoglutarate, which efficiently
and rapidly inhibits the TCA cycle. Overall, we propose a critical GDH2-
dependent mechanism in HE models that helps to remove ammonia,
but also impairs energy metabolism in mitochondria rapidly.
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INTRODUCTION
Hepatic encephalopathy (HE) is a severe neuropsychiatric disorder
caused by hyperammonemia due to acute or chronic liver
dysfunction, most commonly liver cirrhosis. Another major cause
of HE is portosystemic shunting, leading to the distribution of portal
blood without removal of toxins in the liver (Cash et al., 2010). It is
estimated that 50-70% of all patients suffering from liver cirrhosis
develop minimal HE or HE (Patidar and Bajaj, 2015). Given that
more than 600,000 people are estimated to suffer from liver cirrhosis
in the USA (Scaglione et al., 2015), this corresponds to∼300,000 to
420,000 people with HE in the USA alone. The symptoms can vary
from mild to severe, ranging from confusion to hepatic coma and
death (Ferenci et al., 2002). So far, the only curative treatment is
liver transplantation (Larsen et al., 1995). Treatment options to
reduce symptoms are manifold, but insufficient, and have often not
been subject to randomized control studies (Ferenci, 2017). A major
precipitation factor in HE is hyperammonemia resulting from
the impaired ability of the liver to eliminate ammonia via the urea
cycle (Ferenci, 2017). Ammonia passes the blood-brain barrier
(Lockwood et al., 1979, 1980), causing swelling and production of
reactive oxygen species (ROS)/reactive nitrogen species in
astrocytes (Görg et al., 2013; Norenberg et al., 2005). Increased
ROS levels lead to mitochondrial dysfunction, energy failure,
formation of the mitochondrial transition pore (Bai et al., 2001;
Stewart et al., 2000; Frank et al., 2012) or RNA oxidation (Görg
et al., 2008). Several studies demonstrated that hyperammonemia
primarily disturbs astrocyte function, resulting in subsequent
neurological dysfunction (Görg et al., 2018; Norenberg, 1987).
Astrocytes have an essential role in ensuring neuronal function,
such as by providing nutrients, recycling the neurotransmitter
glutamate (Sontheimer, 1995; Zalc, 1994) and detoxifying
ammonia in the brain, which is thought to occur primarily via
ammonia fixation by glutamine synthetase (Martinez-Hernandez
et al., 1977). However, the molecular mechanism of ammonia-
induced neurological impairment and the role of known ammonia
detoxification pathways are unclear.

An increase in mitochondrial fission was reported to occur in mice
with severe liver damage in the substantia nigra, but not in the
prefrontal cortex (Bai et al., 2018). In various HE rat models, it was
shown that the activity of respiratory chain complexes was decreased
in different brain regions (Boer et al., 2009; Dhanda et al., 2017).
Additionally, an impact on the TCA cycle under hyperammonemia
has been discussed, given that some TCA cycle enzymes, e.g.
pyruvate dehydrogenase and isocitrate dehydrogenase, were reported
to be inhibited by ammonia (Katunuma et al., 1966; Zwingmann
et al., 2003). The role of the TCA cycle in the pathogenesis of HE is
controversially discussed (reviewed in Rama Rao and Norenberg,
2012). Additionally, a recent analysis of the metabolome of
cerebrospinal fluid (CSF) of HE patients points towards alterations

Handling Editor: Monica J. Justice
Received 17 August 2020; Accepted 2 September 2020

1Institute for Biochemistry and Molecular Biology I, Medical Faculty, Heinrich Heine
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in metabolic pathways linked to energy metabolism (Weiss et al.,
2016). Overall, disturbances in mitochondrial morphology and
imbalances in various energy metabolism pathways have been
suggested as a consequence of hyperammonemia; however, their
possible contributions to the pathogenesis of HE are still unclear. In
most HE models, prolonged treatments with ammonia (such as 24 h
and beyond) have been used and are quite well studied (Görg et al.,
2015; Hazell and Norenberg, 1998; Oenarto et al., 2016). However,
the early events upon exposure to high ammonia concentrations are
unclear. Here, we focused on effects after short durations of ammonia
treatment and immediate outcomes thereof.
The mitochondrial network constantly undergoes fission and

fusion events, which are important to maintain mitochondrial quality
control (Nunnari et al., 1997; Schäfer and Reichert, 2009). It was
shown that different stress conditions, such as heat shock or increased
ROS, can trigger fission of mitochondria, leading to a fragmented
mitochondrial morphology (Frank et al., 2012; Duvezin-Caubet et al.,
2006). Polletta et al. (2015) have shown the appearance of small,
round mitochondria in MDA-MB-231 human breast cancer and
C2C12 mouse myoblast cells after treatment with NH4Cl, among
other stressors. Overall, it is not well understood whether and how
altered mitochondrial function and energy metabolism could
contribute to the pathogenesis of HE. Here, we decided to address
the early effect of hyperammonemia on mitochondrial function and
energy metabolism using cellular models of HE. We show that
ammonia impairs mitochondrial oxidative phosphorylation
(OXPHOS) very rapidly and provide several lines of evidence that
ammonia is primarily fixed by reductive amination of α-ketoglutarate
to generate glutamate, catalyzed by the mitochondrial glutamate
dehydrogenase 2 (GDH2). This provides a novel view on the early
steps of ammonia-induced toxicity and will likely help to better
understand the pathogenesis of HE in future studies.

RESULTS
Ammonia induces mitochondrial fragmentation in a rapid
and reversible manner
In order to test whether modulation of mitochondrial morphology
by ammonia represents an early event in ammonia-induced
effects in astrocytes, we transfected the human astrocytoma cell
line MOG-G-CCM with pEGFP-Mito, a GFP variant targeting the
mitochondrial matrix (Weber et al., 2013). Cells were treated with
5 mM NH4Cl for 1-72 h and changes in mitochondrial morphology
were quantified using confocal fluorescence microscopy. Similar
conditions are used in numerous established in vitro HE models
(Görg et al., 2015; Warskulat et al., 2002), and a similar ammonia
concentration (5.4 mM) was present in the brain of an in vivo rat
model (Swain et al., 1992). The appearance of cells showing
enhanced mild (intermediate) or severe (highly fragmented)
mitochondrial fragmentation (Fig. 1A) was evident after 6 h of
treatment, compared to controls or to earlier time points (Fig. 1B,C).
Mitochondrial fragmentation became more prominent after 24 h,
reaching a high steady-state level. Treatment with NH4Cl for 48 h
and 72 h did not further increase mitochondrial fragmentation
(Fig. 1C). To corroborate this in primary cells, we used an established
in vitro HE model, namely primary rat astrocytes treated with 5 mM
NH4Cl. In these astrocytes, mitochondrial morphology [visualized
by immunostaining against Tom20 (also known as Tomm20)] was
rapidly altered by NH4Cl (Fig. 1B). The change towards
mitochondrial fragmentation was even more rapid as it already
became evident after 1 h of ammonia treatment (Fig. 1D). Hence,
mitochondrial morphology is altered very rapidly by
hyperammonemia and primary rat astrocytes appear to react even

faster than human astrocytoma cells. Next, we asked whether
mitochondrial fragmentation is reversible upon removal of ammonia.
Indeed, we observed in primary rat astrocytes that mitochondrial
morphology, which was highly fragmented after 72 h treatment with
NH4Cl, recovered within 24 h to a highly tubular morphology when
the medium was exchanged to fresh medium lacking NH4Cl
(Fig. S2). We conclude that mitochondrial fragmentation is rapidly
induced by hyperammonemia within 1-6 h and is nearly fully
reversible within 24 h after the removal of ammonia.

Ammonia causes an immediate inhibition of mitochondrial
respiration in a pH-independent manner
Mitochondrial fragmentation is one of the early hallmarks indicating
mitochondrial dysfunction (Frank et al., 2012; Duvezin-Caubet et al.,
2006; Jheng et al., 2012). To investigate whether the change in
mitochondrial morphology comes hand in hand with mitochondrial
dysfunction, we determined the cellular oxygen consumption rate
(OCR) in human astrocytoma cells and in primary rat astrocytes after
treatment with 5 mM NH4Cl for variable time periods. We applied a
Mito Stress Test Kit using a Seahorse XFe96 Extracellular Flux
Analyzer to determine different parameters of mitochondrial
respiration, including spare respiratory capacity and maximal
respiration (see Fig. 2A and the ‘Cellular metabolism analysis’
section of theMaterials andMethods). These two parameters represent
themitochondrial respiration in a challenged state by uncoupling using
carbonyl-cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP).
In human astrocytoma cells, the spare respiratory capacity (Fig. 2B)
and the maximal respiration (Fig. S1A) were significantly reduced
after 1 h of ammonia treatment compared to non-treated controls.
There was a trend showing a similar effect for basal respiration but this
was not statistically significant (Fig. S1E). Prolonged ammonia
pretreatments up to 48 h likewise resulted in significant impairment of
mitochondrial respiration. It appeared that respiration is more affected
with short times of ammonia pretreatment compared to longer times
(Fig. 2B; Fig. S1A). To elaborate this further and to check how fast
ammonia can affect mitochondrial respiration, we measured the OCR
immediately after NH4Cl was added. Indeed, this was sufficient
to impair mitochondrial respiration as spare respiratory capacity
(Fig. 2C) and maximal respiration (Fig. S1B) in primary rat astrocytes
were significantly reduced. This reduction without pretreatment (0 h)
was even stronger when compared to 1 h, 4 h or 6 h ammonia
pretreatment, demonstrating that ammonia has an immediate strong
effect on mitochondrial respiration, which moderately decreases with
incubation time. We next tested whether this effect is dose dependent.
This is indeed the case as concentrations as low as 1 mMNH4Cl were
sufficient to induce a substantial drop in respiration, which increased
with higher concentrations (Fig. 2D; Fig. S1C). Ammonia is a potent
base, causing alkalization of extra- and intracellular compartments
even under buffering conditions. To analyze whether the observed
effect is simply a pH-mediated effect, we repeated the assay using
5 mM CH3NH3Cl, which cannot be metabolized but acts as a pH
mimetic to NH4Cl. This did not impair mitochondrial respiration to
any significant extent, independent of the duration of pretreatment,
except for maximal respiration after 48 h (Fig. 2E; Fig. S1D). This
excludes that the observed effect of ammonia results from changes in
the pH. We also did not observe any gross changes in the steady-state
levels of marker proteins required for OXPHOS that could explain the
observed effects (Fig. S9C,D). Moreover, we tested whether removal
of ammonia for 1 h is sufficient to restore mitochondrial respiration in
human astrocytoma cells that have been pretreated for 1-48 h. One
hour in medium without ammonia led to a full recovery of
mitochondrial respiration independent of the duration of pretreatment
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(Fig. S3). This is consistent with our data showing that mitochondrial
fragmentation is restored after removal of ammonia from the medium.

Ammonia impairs glycolysis in astrocytes in a rapid manner
We examined the influence of ammonia on glycolytic flux and
glycolytic capacity using a Glycolysis Stress Test with the Seahorse
XFe96 Analyzer. Here, the extracellular acidification rate (ECAR) is
measured under different conditions and used to estimate glycolysis
(see Fig. 3A and the ‘Cellular metabolism analysis’ section of the
Materials and Methods). Treatment of human astrocytoma cells with

ammonia led to a significant and rapid reduction in both glycolytic flux
(Fig. 3B) and glycolytic capacity (Fig. 3C) compared to controls. This
was largely independent of the duration of ammonia pretreatment.
Treatment with the pH mimetic CH3NH3Cl did not have any
detrimental effect on glycolysis, further corroborating the specific
role of ammonia, independent of its property to alter pH. Overall, we
conclude that ammonia results in a very rapid, pH-independent
impairment of two major bioenergetic metabolic pathways, namely
OXPHOS and glycolysis. The observation that both pathways are
inhibited by ammonia could be explained by an impairment at the level

Fig. 1. Mitochondrialmorphology is alteredbyammonia.Human astrocytoma cells were transfected with pEGFP-Mito to visualize mitochondria. In primary rat
astrocytes, visualization was achieved by immunostaining against Tom20. Cells were treated with 5 mM NH4Cl for respective durations. At least 20 pictures were
taken per sample, showing approximately three to five cells each. Mitochondria were categorized as tubular, intermediate and fragmented morphological
phenotype. (A) Representative images of morphological phenotype characterization in human astrocytoma cells. (B) Changes in morphology of mitochondria
after treatment with 5 mM NH4Cl in primary rat astrocytes (top row) and human astrocytoma (bottom row). (C,D) Time course of changes in mitochondrial
morphology in human astrocytoma (n=3-6) (C) and primary rat astrocytes (n=3) (D). Data are presented as mean±s.e.m. Statistics: one-way ANOVA with
Dunnett’s post test (all treatments versus control) for tubular morphology. *P<0.05, **P<0.01, ***P<0.001.
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of the TCA cycle. The latter would not only impair formation of
NADH/FADH2 used during OXPHOS but also lead to an
accumulation of acetyl-CoA and pyruvate. Without a rapid
metabolic shift to convert pyruvate to lactate by lactate
dehydrogenase, this would inhibit the glycolytic flux via product
inhibition. In addition, NAD+ is neither regenerated by the latter
reaction nor the TCA cycle in sufficient amounts, also explaining
reduced glycolysis. Nonetheless, the possibility exists that glycolysis is
directly inhibited by ammonia, which we cannot exclude at this stage.

Targeted metabolomics analysis suggests alteration of the
TCA cycle
Ammonia leads to a rapid and drastic change in energy metabolism.
To check whether metabolites linked to energy metabolism,

including amino acids and TCA cycle intermediates, are altered
by ammonia, we treated human astrocytoma cells with 5 mM
NH4Cl for 1-48 h and subjected them to a targeted metabolomics
analysis (Fig. 4A,B; Fig. S4, Tables S1 and S2). We observed a
significant increase in the level of isocitric and/or citric acid,
which are indistinguishable by the gas chromatography–mass
spectrometry (GC-MS) system used here, after 48 h of ammonia
treatment (Fig. S4). Moreover, the branched-chain amino acids
(BCAAs) isoleucine/leucine/valine were significantly increased
after 24 h. Other essential amino acids –methionine, phenylalanine,
threonine and tryptophan – were increased after 24 h and/or 48 h,
respectively. The non-essential amino acids – alanine, aspartate,
cysteine, proline, serine and tyrosine – were increased after 24 h
and/or 48 h, whereas glycine showed a significant increase only
after 4 h of treatment. We noted a slight improvement in
mitochondrial respiration coinciding with the increase in
numerous amino acids at late time points (Fig. 2B; Fig. S1A),
which could point to a delayed role of these amino acids in a
compensatory response. To test the fate of ammonia further, we
traced the incorporation of NH4+ in human astrocytoma cells using
isotopically labeled 15NH4Cl under the same conditions as before.
Using liquid chromatography–mass spectrometry (LC-MS) analysis
we found the strongest enrichment of 15N-isotopologues for
glutamate, followed by aspartate, proline and BCAAs (Fig. 5A-E;
Fig. S5, Tables S3 and S4). Of note, a strong enrichment occurred
after 1 h, emphasizing a rapid effect of hyperammonemia.
Interestingly, the synthesis of glutamate and its downstream
metabolites aspartate and proline, as well as the BCAAs, are
catalyzed by the enzyme glutamate dehydrogenase (GDH), or
downstream reactions, e.g. transaminase reactions, to form BCAAs
(Fig. 5F). Overall, these results indicate that mitochondrial
glutamate dehydrogenase 2 (GDH2, encoded by GLUD2), which
catalyzes the reductive amination of α-ketoglutarate and ammonia to
glutamate, could be involved in the initial fixation of ammonia in
mitochondria.

Ammonia-induced impairment of mitochondrial respiration
depends on GDH2
To test this hypothesis, GDH2 was downregulated in human
astrocytoma cells by targeting GLUD2 gene expression using
small interfering RNA (siRNA). Knockdowns were validated via
western blotting (Fig. 6A; Fig. S6A), quantitative PCR (Fig. S6B)
and determination of specific GDH activity (Fig. S10B). Cells
depleted for GDH2 and corresponding controls were subjected to
analysis of OCR using the Mito Stress Test. Depletion of GDH2
prevented the reduction of mitochondrial respiration upon treatment
for 1 h with ammonia (Fig. 6B), suggesting that GDH2 is specifically
required for the observed rapid ammonia-induced impairment of
mitochondrial respiration. To investigate this further, GDH2 was
overexpressed and subjected to OCRmeasurements. Overexpression
of GDH2was confirmed viawestern blotting (Fig. 6A; Fig. S6C) and
determination of specific GDH activity (Fig. S10C). An additional
band of higher molecular weight (Fig. 6A) can be attributed to a
fraction of non-imported GDH2 precursor protein due to the
overexpression. Treatment of GDH2-overexpressing cells with
5 mM NH4Cl for 1 h exacerbated the decrease in mitochondrial
respiration observed before (Fig. 6C). To corroborate this, and to
exclude off-target effects of theGLUD2 siRNA used earlier, we also
overexpressed GDH2 in the presence of the GLUD2 siRNA. It
should be noted that the sequence ofGLUD2 encoded on the plasmid
is resistant to the used siRNA. Indeed, overexpression of GDH2 from
a plasmid restored the sensitivity of human astrocytoma cells

Fig. 2. Mitochondrial respiration is immediately impaired by ammonia in
a pH-independent manner. Oxygen consumption rate (OCR) of human
astrocytoma cells and primary rat astrocytes was analyzed in a Seahorse
XFe96 Extracellular Flux Analyzer with a Mito Stress Test Kit after
treatment with ammonia at the indicated molarity for the indicated duration.
(A) Scheme of Seahorse Mito Stress Test with injections. MR, maximal
respiration; SRC, spare respiratory capacity. (B) SRC of human astrocytoma
cells after 5 mM NH4Cl treatment for 1-48 h (n=5-7). (C) Relative SRC of
primary rat astrocytes after 5 mM NH4Cl treatment for 1-6 h and live (0 h)
(n=3-4). (D) Relative SRC of human astrocytoma cells after live treatment with
1, 2, 5 and 10 mM NH4Cl (n=3). (E) Relative SRC of human astrocytoma cells
after 5 mM CH3NH3Cl (pH-mimetic) treatment for 1-48 h (n=3). Individual
biological replicates normalized to control (100%) (C-E). Data are presented as
mean±s.e.m. Statistics: one-way ANOVA with Dunnett’s post test
(all treatments versus control). *P<0.05, **P<0.01, ***P<0.001.
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depleted for endogenous GDH2 to ammonia, excluding off-target
effects of the GLUD2 siRNA, and further supported that GDH2 is
specifically required for ammonia to impair mitochondrial respiration
(Fig. 6D). Moreover, in accordance with the GDH2 knockdown
results presented earlier (Fig. 6B), the transfection with GLUD2
siRNA in the presence of empty vector (ev) again prevented NH4Cl-
induced impairment of respiration (Fig. 6D), thus confirming our
knockdown results. Intrigued by these results, pointing to a critical
role of GDH2, and by the metabolomics data showing a long-term
increase in numerous amino acids, we reasoned that, in particular,
glutamate levels might be altered in a rapid manner by ammonia.
Astrocytoma cells indeed showed a gross increase in glutamate levels
immediately after exposure to ammonia (Fig. 6G). This was not due to
altered protein levels of GDH2 or its regulator SIRT4 (Fig. S9A,B),
nor due to altered specific GDH activity induced by the addition of
ammonia (Fig. S10A). Taken together, these results provide strong
evidence that GDH2 is a critical factor in the rapid impairment of
mitochondrial respiration caused by hyperammonemia.

Inhibition of GDH-dependent reductive amination of
α-ketoglutarate by supplementation with glutamate or
glutamine, or by SIRT4 overexpression, improves
mitochondrial respiration under hyperammonemia
To further test the role of GDH in ammonia-induced toxicity of
mitochondrial respiration, we aimed to test whether the detrimental
effects of ammonia can be reduced using different amino acids.
Pretreatment with 10 mM glutamine or glutamate directly before
treatment with 5 mM NH4Cl for 1 h both led to reduction of the
ammonia-mediated decrease in OCR (Fig. 6H,I). This is consistent
with the rapid ability to produce α-ketoglutarate directly from
glutamate or indirectly by producing glutamate from glutamine by
mitochondrial glutaminase. The rapid incorporation of ammonia-
derived nitrogen in glutamate (Fig. 5A-F), the increase in total
glutamate levels upon ammonia treatment (Fig. 6G) and our siRNA

experiments (Fig. 6A-D) strongly suggest a crucial role of GDH2 in
mediating glutamate- and glutamine-dependent restoration of
mitochondrial respiration. To corroborate this further, we applied
a metabolic tracing experiment using 13C-glutamine, allowing us to
study glutamine-dependent anaplerosis of TCA intermediates, or
glutaminolysis, under norm- and hyperammonemic conditions.
Human astrocytoma cells were treated with a medium containing
2 mM or 10 mM fully 13C-isotope-labeled glutamine with or
without 5 mM NH4Cl for 40 min. After ammonia treatment at
normal (2 mM) glutamine concentrations, the total levels of
α-ketoglutarate, fumarate and malate were significantly decreased,
confirming an ammonia-induced depletion of TCA cycle
intermediates within 40 min (Fig. S11, Table S5). This depletion
was significantly inhibited by high concentrations (10 mM) of
glutamine (Fig. S11), explaining why glutamine can restore
mitochondrial respiration (Fig. 6I). The anaplerotic incorporation
of 13C derived from glutamine into TCA cycle intermediates such as
α-ketoglutarate (M+5), malate (M+4) and fumarate (M+4) was
significantly inhibited by hyperammonemia only when glutamine
concentration were normal, but not when glutamine concentrations
were high in the medium (Fig. S11). This confirms that, under
hyperammonemia, promoting glutaminolysis is a possible strategy
to overcome mitochondrial toxicity of ammonia.

GDH is known to be inhibited by ADP ribosylation catalyzed by
the mitochondrial sirtuin SIRT4 (Haigis et al., 2006). We employed
HeLa-SIRT4-eGFP cells, a stable cell line overexpressing SIRT4,
and the corresponding control cells (HeLa-eGFP) to test whether
inhibition of mitochondrial GDH by SIRT4 can also restore
mitochondrial respiration and/or mitochondrial morphology
upon hyperammonemia. First, we confirmed that SIRT4-GFP
overexpression (Fig. S7) caused a significant reduction in specific
GDH activity compared to control cells expressing only GFP
(Fig. 6E). Mitochondrial morphology and response to ammonia
were not affected by expression of SIRT4-GFP (Fig. S8). Also, the

Fig. 3. Ammonia impairs glycolytic function.
Extracellular acidification rate (ECAR) was
measured in human astrocytoma cells as a
proxy for glycolysis using a Glycolysis Stress
Test Kit and Seahorse XFe96 Extracellular
Flux Analyzer. (A) Scheme of the Seahorse
Glycolysis Stress Test with respective injections
indicated. GC, glycolytic capacity; 2-DG,
2-deoxyglucose. (B,C) Glycolysis (B) and
glycolytic capacity (C) of human astrocytoma
cells after treatment with 5 mM NH4Cl for 1-48 h
and live (0 h) (n=3); treatment with 5 mM pH-
mimetic CH3NH3Cl for 1 h and 4 h (n=2). Data
are presented as mean±s.e.m. Statistics: one-
way ANOVA with Dunnett’s post test (all
treatments versus control). *P<0.05, **P<0.01,
***P<0.001.
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spare respiratory capacities of untreated HeLa-SIRT4-eGFP and
HeLa-eGFP cells were not affected. The fact that mitochondrial
morphology was not restored by SIRT4 overexpression supports the
view that ammonia exerts additional, detrimental effects that are
independent of GDH. In line with this, ammonia results in a
reduction in the mitochondrial membrane potential and in increased
ROS formation, two parameters known to cause mitochondrial
fragmentation (Görg et al., 2013; Duvezin-Caubet et al., 2006; Lu
et al., 2019; Legros et al., 2002). However, after 1 h ammonia
treatment, respiration dropped significantly in HeLa-eGFP cells but
not in cells overexpressing SIRT4 (Fig. 6F), demonstrating that
SIRT4 overexpression efficiently prevented ammonia-induced
detrimental effects on mitochondrial respiration.
Overall, several lines of evidence indicate an essential role of

mitochondrial GDH2 in the rapid impairment of mitochondrial

respiration under hyperammonemia. Mechanistically, we propose
that GDH2 is required for ammonia-induced depletion of
α-ketoglutarate by reductive amination to glutamate, and that
promoting anaplerosis of the TCA cycle via glutaminolysis can
overcome the detrimental effects of ammonia on mitochondrial
respiration (Fig. 7A,B).

DISCUSSION
HE is a common complication occurring upon severe liver
dysfunction. Although it is largely accepted that hyperammonemia-
induced impairment of astrocytes plays a major role in mediating
neurological disturbances (Görg et al., 2018; Norenberg, 1987), the
underlying molecular mechanisms are unknown and numerous
models have been proposed (Cash et al., 2010; Cordoba, 2014; Ott
and Vilstrup, 2014). One particular aspect that is controversially

Fig. 4. Ammonia alters energy and amino
acid metabolism. Mass spectrometry for
steady-state metabolites was performed in
human astrocytoma cells on a GC-QTOF.
Treatment was with 5 mM NH4Cl for 1-48 h.
(A) Heat map showing the relative abundance
of amino acids, glucose and (iso)citric acid
compared to control (100%) over time.
(B) Selected metabolites as indicated from A
with additional details. Data are presented as
mean±s.d. (n=4-6). Statistics: one-way
ANOVA with Tukey’s post test (all samples
versus all samples). *P<0.05, **P<0.01,
***P<0.001.
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discussed is the role of altered brain energy metabolism caused
by hyperammonemia. Alterations in the CSF metabolome of HE
patients (Weiss et al., 2016), differences in respiratory chain enzyme
activities in rat HE models (Boer et al., 2009; Dhanda et al., 2017),
and variable results on altered levels/activities of TCA cycle
metabolites and enzymes have been reported (Rama Rao and

Norenberg, 2012). We noticed that the large majority of studies
investigating acute or chronic in vitro and in vivo HE models address
the toxic effects of hyperammonemia after 1 day, a few days or even
weeks (Görg et al., 2015; Hazell and Norenberg, 1998; Oenarto et al.,
2016). Little is known about the immediate effect of ammonia on
brain energy metabolism. Here, we provide several lines of evidence

Fig. 5. Ammonia is incorporated into GDH-
dependent metabolites. Mass spectrometry
for ammonia flux was performed in human
astrocytoma cells on an LC-QTOF. Treatment was
with 15NH4Cl for 1-48 h. (A) Amino acids found to
be enriched in 15N-isotopologue abundance,
representative after 4 h treatment. Values are
corrected for natural abundance of heavy isotopes.
(B-E) Isotopologue abundance of 15N in glutamate
(B), aspartate (C), proline (D) and leucine (E) over
time. (F) Pathway of 15N-ammonia recycling and
utilization via glutamate dehydrogenase (GDH)
and secondary reactions. Red arrows indicate the
path of nitrogen. Data are presented as mean±s.d.
(n=3). BCAA, branched-chain amino acid.
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Fig. 6. See next page for legend.
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that high ammonia levels lead to a rapid metabolic reprogramming of
astrocytes, in particular via GDH-dependent impairment of the TCA
cycle, raising the possibility that this represents an early event in the
pathogenesis of HE.
The following arguments strongly support this view: (1) our data

show that ammonia introduces rapid mitochondrial fragmentation in
two cell types, human astrocytoma cells and primary rat astrocytes;
(2) in primary cells, the effect was more rapidly observed, which
could be attributed to metabolic differences in tumor cells (Hsu and
Sabatini, 2008); (3) hyperammonemia resulted in an instantaneous
impairment of mitochondrial respiration in both cell types; (4) the
effect was not mediated by possible changes in pH as a pH mimetic
did not impair respiration; (5) glycolysis was markedly hampered
during hyperammonemia as a consequence of TCA cycle inhibition;
(6) metabolomic analyses revealed a delayed increase of several
amino acids, including those that can directly or indirectly engage in
anaplerotic reactions feeding the TCA cycle; (7) glucose levels were
increased, consistent with the observation that glycolysis is
inhibited rapidly by ammonia; (8) isotope labeling of ammonia
and metabolic 15N tracing showed that ammonia is rapidly fixed in
glutamate (and metabolites derived from glutamate), which
prompted us to investigate the role of the GDH that catalyzes the
reductive amination of α-ketoglutarate and ammonia to glutamate;
(9) ammonia-induced inhibition of mitochondrial respiration is
strongly dependent on the mitochondrial GDH2, suggesting that
removal of ammonia may occur via GDH2; (10) GDH2 inhibition
by overexpression of the mitochondrial sirtuin SIRT4 has the same
effect as GDH2 knockdown; (11) GDH2 overexpression resulted in
a sensitization of astrocytes to ammonia; (12) glutamate levels
increased instantaneously after administration of ammonia and a

decrease in TCA intermediates was observed 40 min after ammonia
addition; (13) glutamate/glutamine addition rescued respiratory
effects, suggesting that promoting anaplerosis of the TCA cycle via
GDH2 can reduce ammonia-induced toxicity; and (14) this was
confirmed by 13C-metabolic tracing of glutamine under norm- and
hyperammonemia, showing that promoting glutaminolysis under
hyperammonemia was able to restore TCA cycle intermediates.
Taken together, we have multiple lines of evidence that a critical
entry point of excessive ammonia is the reductive amination of
α-ketoglutarate by GDH2, causing impairment of the TCA cycle
and thus of respiration as well as glycolysis. GDH2 is known to play
an important part specifically in astrocytes, yet its role under
hyperammonemia is not well understood. It was reported thatGLUD2
expression in astrocytes increases the capacity for uptake and
oxidative metabolism of glutamate, particularly during increased
workload and aglycemia, implying that GDH2 is an important
mediator allowing the replenishment of the TCA cycle by glutamate
(Nissen et al., 2018). This is in line with our data showing that
glutamate can indeed ameliorate the effects of hyperammonemia.
A recent study showed that metabolic differences between transgenic
mice carrying the human gene GLUD2 and control mice during
postnatal brain development center on metabolic pathways
surrounding the TCA cycle (Li et al., 2016). These results support
the importance of the GDH2-dependent modulation of energy
metabolism in the brain.

In contrast to the prevailing view for norm conditions, our data
show that, under hyperammonemic conditions, the net conversion
of α-ketoglutarate occurs primarily towards glutamate and not vice
versa. To our knowledge, this direction of the GDH reaction has not
been considered to be relevant for the pathogenesis of HE so far.
This does not contradict the role of GDH as an important enzyme for
anaplerosis, which is undisputed under normal conditions.
An ammonia-detoxifying role of GDH has been shown in the
liver (Williamson et al., 1967) and was proposed based on a
mathematical model employed to investigate the mechanism of
ammonia detoxification (Ghallab et al., 2016). Consistent with this,
injection of GDH and α-ketoglutarate with cofactors into mice
reduced ammonia blood levels to normal levels within 15 min
(Ghallab et al., 2016). Additionally, a rapid decrease in
α-ketoglutarate concentration in rat liver was reported after
injection of NH4Cl solution (Williamson et al., 1967). To our
knowledge, the role of GDH-dependent ammonia detoxification in
tissues other than the liver has not been addressed so far. Thus, our
data now show that GDH2 in human astrocytes, on one hand, helps
to remove the ammonia load, but, on the other hand, impairs the
TCA cycle. GDH2-mediated removal of ammonia is not only
beneficial, as commonly expected, but also detrimental to
astrocytes. As a result of impairing the TCA cycle, we can well
explain why glycolysis, as well as OXPHOS, is rapidly inhibited in
hyperammonemia. We see a clear concentration dependency of
ammonia-induced effects on respiration. This is in accordance with
most patient data showing a correlation between blood ammonia
levels and severity of disease (Ong et al., 2003).

It is interesting to note that humans and apes (hominoids), but not
other mammals, have two genes encoding GDH1 and GDH2,
namely GLUD1 and GLUD2, respectively. GDH1 is found in all
mammals in the cytosol and mitochondria and is widely expressed in
all tissues. GLUD2 encodes a mitochondrial form of GDH that is
expressed solely in the testes, epithelial kidney cells and astrocytes of
hominoids. It is proposed that GLUD2 appeared in evolution after
retroposition of the GLUD1 gene, probably in an ape ancestor less
than 23 million years ago (Burki and Kaessmann, 2004). The mature

Fig. 6. Knockdown of GLUD2 and anaplerotic supplementation reverses,
whereas overexpression exacerbates, the detrimental effect of NH4Cl on
mitochondrial respiration. (A) Representative western blot analysis of
human astrocytoma cell lysates from GLUD2 overexpression (48 h) and
knockdown (48 h) versus mock samples (transfection reagent only). α-HSP60
was used as a loading control. (B) Oxygen consumption rate (OCR),
represented as relative spare respiratory capacity, in human astrocytoma cells
was analyzed on a Seahorse XFe96 Extracellular Flux Analyzer with a Mito
Stress Test Kit. GLUD2 knockdown via siRNA transfection for 48 h±5 mM
NH4Cl treatment for 1 h. Individual biological replicates normalized to control
(100%). Statistics: one-sample t-test. (C) Spare respiratory capacity of human
astrocytoma cells. Treatment with 5 mMNH4Cl for 1 h.GLUD2 overexpression
(OE) for 48 h (n=5). (D) Relative spare respiratory capacity of human
astrocytoma cells. Treatment with 5 mM NH4Cl for 1 h. Knockdown of GLUD2
for 48 h when indicated (siRNA), overexpression of GLUD2 plasmid (OE) or
empty vector (ev) for 48 h when indicated. Individual biological replicates
normalized to control (100%, not shown) (n=5). (E) GDH activity wasmeasured
in HeLa-eGFP cells and HeLa-SIRT4-eGFP cells. GDH activity was
determined by a commercial assay detecting NADH production. Values were
individually normalized to control and corrected for protein content using
Bradford assays. Data are presented as mean±s.e.m. (n=3). Statistics: one-
sample t-test. (F) Relative spare respiratory capacity (%) measured with a
Seahorse Analyzer using aMito Stress Test Kit. HeLa-eGFPandHeLa-SIRT4-
eGFP cells treated with 5 mM NH4Cl for 1 h and respective controls. Individual
biological replicates normalized to HeLa-eGFP cells (100%) (n=3).
(G) Targeted metabolomics quantification of glutamate in human astrocytoma
cells immediately after treatment with 5 mM NH4Cl (0 h). Measurement was
performed on a GC-QTOF (n=3). (H,I) Human astrocytoma cells were subject
to Mito Stress Kit measurement on Seahorse XFe96 Extracellular Flux
Analyzer. Treatment with (+) or without (−) 10 mM respective compound [H,
glutamate (n=4-5); I, glutamine (n=5)] with (+) or without (−) 5 mM NH4Cl for
1 h. Relative spare respiratory capacity is represented by OCR. Individual
biological replicates normalized to control (100%). Data are presented as
mean±s.e.m. Statistics: one-tailed Student’s t-test comparing two groups.
*P<0.05, **P<0.01, ***P<0.001; ns, not significant.

9

RESEARCH ARTICLE Disease Models & Mechanisms (2020) 13, dmm047134. doi:10.1242/dmm.047134

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s



forms of human GDH1 and GDH2 are highly homologous, with a
sequence similarity of ∼97%. Under physiological conditions, the
GDH reaction mainly catalyzes the oxidative deamination to form α-
ketoglutarate (Adeva et al., 2012). GDH is regulated by SIRT4, a
mitochondrial enzyme that uses NAD+ to ADP-ribosylate GDH and
that inhibits GDH activity (Haigis et al., 2006). Here, we show that
overexpression of SIRT4 can phenocopy the effect of GDH2
knockdown, corroborating our model.
One strong argument allowing us to conclude that ammonia is

utilized in the GDH reaction towards glutamate was obtained from
15N label incorporation mainly in glutamate, aspartate and proline,
as well as to a lower extent in leucine, isoleucine, valine, alanine and
histidine after administration of 15NH4Cl. Glutamate, aspartate,
proline and the BCAAs are directly associated with GDH
downstream reactions or acquire the 15N label through secondary
reactions. It is interesting to note that breast cancer cells have also
been shown to fix ammonia via the GDH reaction; Spinelli et al.
(2017) reported that, in breast cancer cell lines, ammonia is
primarily assimilated through reductive amination catalyzed by
GDH, and the high accumulation of labeled nitrogen in glutamate,
proline, aspartate and alanine, among others, is strongly reminiscent
of our data in astrocytes.
Other studies support the critical role of the TCA cycle in HE.

Weiss et al. (2016) examined metabolomics to highlight the
dysfunctions of metabolic pathways in CSF samples of HE patients.
This revealed an accumulation of acetylated compounds, which also

points towards a defect in the TCA cycle. Additionally, the
increased metabolites are involved in ammonia, amino acid and
energy metabolism; for example, glutamate, glutamine, methionine,
phenylalanine and others (Weiss et al., 2016), many of which we
also found elevated. Patient data show an association between
arterial hyperammonemia and increase in glutamine concentration
in the brain (Tofteng et al., 2006), which could result from GDH
activity towards glutamate and, subsequently, glutamine. It was
further shown that, under normal conditions, GDH is important to
sustain the catalytic activity of the TCA cycle in mouse astrocytes by
mediating the net formation of TCA intermediates, and that reduced
GDH expression induces the usage of alternative substrates such as
BCAAs (Nissen et al., 2015).

In contrast, we show that, at high ammonia levels, with increased
time the concentration of amino acids such as BCAAs increases.
Why is the effect of ammonia on mitochondrial respiration most
prevalent at short time points but becomes less pronounced with
time? We attribute this to a compensatory mechanism that involves
the induction of anaplerotic reactions other than the one catalyzed
by GDH. Such a mechanism could be enhanced proteolysis by
autophagy or proteasomal degradation of proteins. A recent study
reported that autophagic flux is altered in astrocytes in various HE
models (Lu et al., 2019). Autophagy was also found to be induced in
the substantia nigra of mice with liver damage and subsequent
hyperammonemia (Bai et al., 2018). In our study, when ammonia
was washed out for only 1 h, the detrimental effect on mitochondrial

Fig. 7. Proposed mechanism of the influence
of ammonia on mitochondrial metabolism.
(A) TCA cycle and anaplerotic reactions including the
role of ammonia. Amino acids and TCA cycle
intermediates increased in steady-state metabolites
are depicted in bold. (B) Proposedmechanism on the
role of GDH in ammonia-induced toxicity. α-KG,
α-ketoglutarate; AAT, aspartate aminotransferase;
ALT, alanine aminotransferase; AOAT, acetyl
ornithine aminotransferase; AS, asparaginase;
BCAT, branched-chain amino acid transferase;
CDSH, cysteine desulfhydrase; CS, citrate synthase;
GABA-T, GABA-transaminase; GAD, glutamate
decarboxylase; GDH, glutamate dehydrogenase;
GLS, glutaminase; GS, glutamine synthetase;
HGDH, hydroxyglutarate dehydrogenase; IDH,
isocitrate dehydrogenase; KGDH, α-ketoglutarate
dehydrogenase; MDH, malate dehydrogenase;
OAA, oxaloacetate; OXPHOS, oxidative
phosphorylation; PAH, phenylalanine hydroxylase;
SDH, succinate dehydrogenase; SSADH, succinate
semialdehyde dehydrogenase; STK, succinate
thiokinase; TTA, tyrosine transaminase.
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respiration had not only gone, but mitochondrial respiration had
reached levels above control levels, in particular after longer
pretreatments with ammonia. This could be due to the fact that
accumulated amino acids can rapidly engage in anaplerotic
reactions and drive the TCA cycle as soon as ammonia is
removed. Further, the detrimental effects of ammonia are rapidly
reversible, which was also seen in mitochondrial morphology.
The importance of GDH for mitochondrial respiration is also

known from in vivo studies. In Cns–Glud1−/− mice (GDH1
knockout in synaptosomes), the basal respiration in brain
mitochondria in the presence of glutamate and malate was
significantly reduced (Hohnholt et al., 2017). In GDH1 knockout
neurons without stimulation of respiration (e.g. by FCCP treatment),
there is no effect of GDH1 knockout on respiration, whereas upon
stimulation by FCCP, the cells do not respond with an increase in
respiration (Hohnholt et al., 2017). This is in line with our results
showing that hyperammonemia does not grossly affect basal
mitochondrial respiration but rather only affects it when
respiratory activity is induced.
Our in vitro findings have identified two novel factors, GDH2 and

SIRT4, and demonstrate a crucial role of the TCA cycle in the
pathogenesis of HE. This may help to develop new treatment
options in HE, e.g. supplementation of certain amino acids
promoting anaplerosis, such as glutamate or glutamine. Targeting
sirtuins, in particular SIRT1-3 and SIRT5, is already being studied
intensively in cancer research. SIRT4 is regulated by miR15a/b
(Lang et al., 2016), but a specific compound inhibiting SIRT4
activity is not known so far. Targeting SIRT4 could present another
promising future therapeutic target for treating patients suffering
from HE. Further studies, especially on the potential role of SIRT4
and GDH regulation, are needed for the development of improved
treatment strategies for HE symptoms.

MATERIALS AND METHODS
Cell lines
Human astrocytoma cells (MOG-G-CCM) from European Collection of
Authenticated Cell Cultures (ECACC; Public Health England, Salisbury,
UK) were established from an anaplastic astrocytoma of human adult brain.
Cells were grown in Dulbecco’s modified eagle medium (DMEM) with 1 g/l
glucose (Sigma-Aldrich, Taufkirchen, Germany), with 10% fetal calf serum
(PAN-Biotech, Aidenbach, Germany), 2 mM GlutaMax (Thermo Fisher
Scientific, Carlsbad, CA, USA), 2 mM sodium pyruvate (Thermo Fisher
Scientific) and penicillin/streptomycin (Merck Millipore, Burlington, MA,
USA) at 37°C and 5% humidified CO2. Primary rat astrocytes were
prepared from the cerebral hemispheres of newborn Wistar rats and grown
under the same conditions. The care and use of experimental animals
complied with all relevant local animal welfare laws, guidelines and policies.
SIRT4-eGFP-overexpressing HeLa cells and respective eGFP control cells
were established as described here and in the Supplementary Materials and
Methods and grown under the same conditions in the presence of 2 µg/ml
puromycin (Thermo Fisher Scientific).

Cellular metabolism analysis
A Mito Stress Test Kit and a Glycolysis Stress Test Kit (Agilent
Technologies, Santa Clara, CA, USA) were applied according to the
manufacturer’s instructions using a Seahorse XFe96 Extracellular Flux
Analyzer (Agilent Technologies). FCCP concentration and cell density were
titrated/determined for each cell type prior to the experiments. Treatment
with NH4Cl (VWR, Radnor, PA, USA) or CH3NH3Cl (Merck Millipore) at
the given molarity was performed for 1, 4, 6, 24 and 48 h, or immediately
prior to analysis (0 h). After measurement, cell numbers were quantified by
absorption spectrometry (excitation, 361 nm; emission, 486 nm) using
Hoechst 33342 (Thermo Fisher Scientific) staining using a plate reader
(Tecan Infinite 200 PRO, Switzerland) and normalized to cell number. Basal

respiration is defined as the respiration before the first injection by the
Seahorse system.

Maximal respiration was defined as the OCR after FCCP injection
(maximal OCR) – the OCR after blocking mitochondrial respiration (non-
mitochondrial OCR). Spare respiratory capacity was defined as the maximal
OCR – basal respiration. Spare respiratory capacity (%) was defined as
maximal respiration/basal respiration×100. Maximal respiration and spare
respiratory capacity are challenged states of respiration. Glycolysis was the
ECAR: the maximum rate measurement before oligomycin injection – the
last rate of measurement before glucose injection. Glycolytic capacity was
the maximum rate measurement after injection of oligomycin – the last rate
measurement before glucose injection.

Plasmids and transfection of cell lines
Tovisualizemitochondria, the construct pEGFP-Mito (Clontech Laboratories,
Mountain View, CA, USA) was used. Transfection was performed using
Effectene Transfection Reagent (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions 24 h before imaging. Knockdown of GDH2 using
siRNAs (#NM_012084: 5′-CUAACCUCUUCACGUGUAA-3′ and 5′-
UUACACGUGAAGAGGUUAG-3′, Sigma-Aldrich) and transfection of
GLUD2 plasmid/empty vector controls were performed using Lipofectamine
RNAiMAX (Thermo Fisher Scientific) for 48 h in Seahorse plates, according
to the manufacturer’s instructions using the reverse transfection protocol.
Human GLUD2 was cloned into pcDNA3.1(+) (clone ID OHu18663,
obtained from GenScript USA, Piscataway, NJ, USA). Control vector was
pcDNA3.1(+) (Invitrogen, Thermo Fisher Scientific). The DNA sequence in
the GLUD2 overexpression plasmid was on purpose not targeted by the
siRNA by introducing suitable silent mutations.

Microscopy
Human astrocytoma cells were seeded in 3 cm glass bottom dishes (MatTek
Corporation, Ashland, MA, USA), transfected with pEGFP-Mito and treated
with 5 mMNH4Cl for 1, 4, 6, 24, 48 or 72 h. For Fig. S8,HeLa-(SIRT4)-eGFP
cells were seeded in the same dishes described above and treated with 5 mM
NH4Cl for 24 h or 48 h. Imaging was performed with a Zeiss Axiovert
Observer D1 microscope with a 63×/1.4 NA oil objective (Filter: excitation,
450-490 nm; emission, 500-550 nm) (Zeiss, Oberkochen, Germany) and
AxioVision Software. Twenty images per dish were taken and cells were
categorized and quantitatively scored according to the degree of fragmentation;
(tubular, intermediate, fragmented: cells with >90%, 90-10%, <10% of total
mitochondrial signal with tubular morphology, respectively; Fig. 1A). For
reversibility of the mitochondrial phenotype, primary rat astrocytes transfected
with pEGFP-Mito were grown in the presence of 5 mM NH4Cl for 72 h and
analyzed for mitochondrial fragmentation. Medium was exchanged and cells
were analyzed for mitochondrial morphology 24 h, 48 h and 72 h after the
removal of NH4Cl. To determine mitochondrial morphology changes in
primary rat astrocytes, mitochondria were visualized by immunostaining
against Tom20 (primary antibody: sc-11415, Santa Cruz Biotechnology,
Dallas, TX, USA; secondary antibody: Alexa Fluor 488, #A27034, Thermo
Fisher Scientific). To determine SIRT4 localization in HeLa-(SIRT4)-eGFP
cells, the nucleus was stained with DAPI (Sigma-Aldrich), and for
mitochondrial visualization immunostaining was performed against Tom20
(primary antibody: see above; secondary antibody: Alexa Fluor 546 #A11035,
Invitrogen, Thermo Fisher Scientific). Analysis was performed as described
above. Images were taken using a Spinning Disk Confocal microscope
(PerkinElmer, Waltham, MA, USA) using the 405 nm, 488 nm and 561 nm
lasers, 60×/1.4 NAoil objective andVolocity software. Images were processed
with Fiji (Schindelin et al., 2012).

Metabolite analysis
Cells were grown in 175-cm2 flasks (Greiner Bio-One, Kremsmünster,
Austria). For metabolite screening and 15N-metabolic tracing, cells were
treated with 5 mMNH4Cl for 48, 24, 6, 4, 2 or 1 h or harvested immediately
after treatment (0 h). For 13C-metabolic tracing, cells were treated with
medium containing 2 mM or 10 mM [U-13C]-glutamine (#605166,
Millipore Sigma, Taufkirchen, Germany) and 5 mM NH4Cl or water as
control for 40 min. Cells were washed with PBS, trypsinized and
resuspended in DMEM for cell counting. For metabolite screening and
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15N-metabolic tracing, 1×106 cells were pelleted, and for 13C-metabolic
tracing, 3×106 cells were pelleted. Pellets were washed twice with ice-cold
PBS and resuspended in a pre-cooled (−20°C) 1:2.5:1 mixture of H2O:
methanol:chloroform (both VWR, Radnor, PA, USA), mixed at 4°C for
10 min, and centrifuged at 9300 g for 5 min at 4°C. The supernatant was
subject to metabolite profiling. Polar metabolites were analyzed by gas
chromatography coupled to a time-of-flight (TOF) mass spectrometer (GC-
QTOF) (7200 GC-QTOF, Agilent Technologies) as published (Fiehn and
Kind, 2007). For relative quantification, peak areas of the compounds were
normalized to the internal standard ribitol (Sigma-Aldrich) added to the
extraction buffer. To follow accumulation of 15N label, cells were treated
with 15NH4Cl as described above. Metabolites were analyzed by liquid
chromatography coupled to a TOF mass spectrometer (LC-QTOF) (1290
UHPLC 6530 QTOF, Agilent Technologies) according to Gu et al. (2007).
Relative 15N label enrichment was calculated after accounting for natural
isotopic distribution. Peak integration and analysis were performed using the
Agilent Mass Hunter Workstation B07 (Agilent Technologies). Further
details are provided in Tables S1-S3. For ion chromatography-mass
spectrometry (IC-MS) analysis, a combination of a Dionex ICS-6000
HPIC and a Thermo Fisher Scientific Q Exactive Plus mass spectrometer
was used following the method described by Schwaiger et al. (2017) with
slight modifications. In brief, the dried sample was reconstituted in 100 µl
deionized water, of which 5 µl was injected via a Dionex AS-AP
autosampler. For the anion exchange chromatography, a Dionex IonPac
AS11-HC column (2 mm×250 mm, 4 μm particle size, Thermo Fisher
Scientific) equipped with a Dionex IonPac AG11-HC guard column
(2 mm×50 mm, 4 μm, Thermo Fisher Scientific) was used, and the mobile
phase was generated using an eluent generator with a potassium hydroxide
cartridge. The mass spectrometer operated in negative mode with a
combination of full mass scan and a data-dependent Top5 MS2 (ddMS2)
experiment with a resolution of 140,000 and 17,500, respectively. Data
analysis was conducted using a Compound Discoverer (version 3.1, Thermo
Fisher Scientific). For data analysis, the standard workflow for stable
isotope labeling from the Compound Discoverer was chosen and the default
settings were used: 5 ppmmass tolerance, 30% intensity tolerance and 0.1%
intensity threshold for isotope pattern matching. As an additional level of
validation, an in-house database for retention times and MS2 spectra was
created using mzVault (Thermo Fisher Scientific) and implemented in the
annotation workflow.

GDH activity kit
To determine changes in the activity of GDH under various conditions, a
colorimetric Glutamate Dehydrogenase (GDH) Activity Assay Kit
(MAK099, Sigma-Aldrich) was employed according to the manufacturer’s
instructions. In brief, cells were treated with the respective condition [5 mM
NH4Cl for 1 h and 24 h;GLUD2 knockdown and overexpression as described
above; HeLa-(SIRT4)-eGFP cells untreated] and 1×106 cells per sample were
used for the assay. Cells were homogenized in ice-cold assay buffer and used
as described in the instructions. From colorimetric measurements, the amount
of NADHgenerated in nmol and the GDH activity inmU/ml were determined
using a standard curve. Bradford measurement was performed for all samples
and results were corrected for protein concentration to obtain specific enzyme
activities.

Statistics
Statistics were performed using GraphPad Prism 7.04 for Windows
(GraphPad Software, La Jolla, CA, USA). For multiple comparisons, one-
way ANOVAwith Dunnett’s, Tukey’s or Sidak’s post hoc test or paired one-
way ANOVA with Geisser–Greenhouse correction and Sidak’s multiple
comparison post hoc test was performed. To compare two groups, Student’s
t-test was applied. To compare one group to a normalized value, one-sample
t-test was used. Data are shown as mean±s.e.m. or s.d., as indicated in the
figure legends.
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and Häussinger, D. (2008). Ammonia induces RNA oxidation in cultured
astrocytes and brain in vivo. Hepatology 48, 567-579. doi:10.1002/hep.22345
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Görg, B., Karababa, A. and Häussinger, D. (2018). Hepatic encephalopathy and
astrocyte senescence. J. Clin. Exp. Hepatol. 8, 294-300. doi:10.1016/j.jceh.2018.
05.003

Gu, L., Jones, A. D. and Last, R. L. (2007). LC-MS/MS assay for protein amino
acids andmetabolically related compounds for large-scale screening of metabolic
phenotypes. Anal. Chem. 79, 8067-8075. doi:10.1021/ac070938b

Haigis, M. C., Mostoslavsky, R., Haigis, K. M., Fahie, K., Christodoulou, D. C.,
Murphy Andrew, J., Valenzuela, D. M., Yancopoulos, G. D., Karow, M.,
Blander, G. et al. (2006). SIRT4 inhibits glutamate dehydrogenase and opposes
the effects of calorie restriction in pancreatic β cells. Cell 126, 941-954. doi:10.
1016/j.cell.2006.06.057

Hazell, A. S. and Norenberg, M. D. (1998). Ammonia and manganese increase
arginine uptake in cultured astrocytes. Neurochem. Res. 23, 869-873. doi:10.
1023/A:1022411012512

Hohnholt, M. C., Andersen, V. H., Andersen, J. V., Christensen, S. K., Karaca,
M., Maechler, P. and Waagepetersen, H. S. (2017). Glutamate dehydrogenase
is essential to sustain neuronal oxidative energy metabolism during stimulation.
J. Cereb. Blood Flow Metab. 38, 1754-1768. doi:10.1177/0271678X17714680

Hsu, P. P. and Sabatini, D. M. (2008). Cancer cell metabolism: warburg and
beyond. Cell 134, 703-707. doi:10.1016/j.cell.2008.08.021

Jheng, H.-F., Tsai, P.-J., Guo, S.-M., Kuo, L.-H., Chang, C.-S., Su, I.-J., Chang,
C.-R. and Tsai, Y.-S. (2012). Mitochondrial fission contributes to mitochondrial
dysfunction and insulin resistance in skeletal muscle.Mol. Cell. Biol. 32, 309-319.
doi:10.1128/MCB.05603-11

Katunuma, N., Okada, M. and Nishii, Y. (1966). Regulation of the urea cycle and
TCA-cycle by ammonia. Adv. Enzyme Regul. 4, 317-336. doi:10.1016/0065-
2571(66)90025-2

Lang, A., Grether-Beck, S., Singh, M., Kuck, F., Jakob, S., Kefalas, A., Altinoluk-
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