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Ammonia is a potent neurotoxin that is detoxified mainly by the
urea cycle in the liver. Hyperammonemia is a common complication
of a wide variety of both inherited and acquired liver diseases. If not
treated early and thoroughly, it results in encephalopathy and death.
Here, we found that hepatic autophagy is critically involved in
systemic ammonia homeostasis by providing key urea-cycle inter-
mediates and ATP. Hepatic autophagy is triggered in vivo by
hyperammonemia through an a-ketoglutarate-dependent inhibition
of the mammalian target of rapamycin complex 1, and deficiency of
autophagy impairs ammonia detoxification. In contrast, autophagy
enhancement by means of hepatic gene transfer of the master reg-
ulator of autophagy transcription factor EB or treatments with the
autophagy enhancers rapamycin and Tat-Beclin-1 increased ureagen-
esis and protected against hyperammonemia in a variety of acute
and chronic hyperammonemia animal models, including acute liver
failure and ornithine transcarbamylase deficiency, the most frequent
urea-cycle disorder. In conclusion, hepatic autophagy is an important
mechanism for ammonia detoxification because of its support of
urea synthesis, and its enhancement has potential for therapy of
both primary and secondary causes of hyperammonemia.

autophagy | mTORC1 | ornithine transcarbamylase deficiency |
hyperammonemia | ureagenesis

Hepatic ureagenesis and glutamine synthesis are the main
pathways for waste nitrogen removal in mammals (1, 2).
Ammonia crosses the blood-brain barrier and is neurotoxic at
high concentration. If left untreated, hyperammonemia can cause
irreversible neuronal damage, coma, elevation of intracranial
pressure with brain-stem herniation, and death (3). Systemic am-
monia is increased in patients with inherited or acquired impair-
ments of ammonia detoxification, such as urea-cycle disorders,
organic acidemias, or acute and chronic liver diseases. Current
treatments for hyperammonemia are often inadequate (4, 5).

It was previously found that autophagy is induced by ammonia
in cultured cancer cells (6, 7). Autophagy is a highly conserved
recycling process that degrades cytoplasmic components and
organelles in the lysosome (8). It is important in cell homeo-
stasis, and it plays a crucial role in response to a variety of stress
conditions, such as nutrient or growth factor limitation, oxidative
stress, and accumulation of damaged organelles (9). Among
several functions, autophagy monitors and regulates cellular
metabolism in the liver (10). Autophagic degradation generates
amino acids, free fatty acids, and carbohydrates that can be
recycled for synthesis of new cellular components or further
oxidized to generate ATP. Autophagy also regulates the cellular
energetic balance through the fine-tuned modulation of the
number and quality of hepatic mitochondria (11). The mam-
malian target of rapamycin complex 1 (mTORCI) is a master
regulator of cell growth and metabolism and a major signaling
pathway regulating autophagy. mTORCI is a negative regulator
of cell catabolism and its inhibition potently induces autophagy
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(12). Increased autophagy was previously found in the skeletal
muscle of mice with hyperammonemia and may contribute to
sarcopenia in cirrhosis (13). Nevertheless, the role of ammonia-
induced autophagy in liver has not been evaluated so far. In this
study, we investigated the role of hepatic autophagy in ammonia
detoxification.

Results

Acute Hyperammonemia Activates Hepatic Autophagy. To interro-
gate the relevance of liver autophagy during hyperammonemia,
we used an established in vivo mouse model of acute hyper-
ammonemia (14) in which acute and transient elevations of blood
and hepatic ammonia and urea and increased blood glutamine are
induced by i.p. injections of 10 mmol/kg of ammonium chloride in
C57BL/6 wild-type (WT) mice (SI Appendix, Fig. S1 A-E). Livers
harvested at 0.5 and 2.0 h postammonia challenge showed an in-
creased conversion of LC3I to the autophagosome-associated
lipidated form LC3II and reduced levels of two main autophagy
substrates (p62/SQSTM1 and NBR1) (Fig. 1 4 and B). In GFP-
LC3 transgenic mice (15), i.p. injections of ammonium chloride
increased hepatic GFP-LC3 puncta (Fig. 1C). By electron mi-
croscopy (EM), compared with saline-injected controls, livers
of WT mice injected with ammonium chloride showed an in-
creased number of autophagolysosomes (AP/AL) that was sim-
ilar to control mice injected with Tat-Beclin-1, an autophagy
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Fig. 1. Acute hyperammonemia activates autophagy in liver. (A and B)
Western blots and densitometric quantifications of NBR1, p62, and LC3 of WT
mice with acute hyperammonemia (n = 3/group). (C) Representative images of
GFP-LC3 puncta (autophagosomes) in livers harvested 0.5 h after the injection
of either sodium chloride (Control) or ammonium chloride (NH4Cl) (Magnifi-
cations: 63x.) Insets show higher magnification of selected areas. (D) Repre-
sentative EM images of livers of mice injected with vehicle (Control), NH,Cl, or
Tat-Beclin-1 (TB-1) and harvested 2.0 h postinjection (Pi). White arrows indicate
lysosomes and black arrows indicate AP/AL. (Scale bars, 500 nm.) (E) Quanti-
fication of AP/AL. (F) Inhibition of autophagosome and lysosome fusion by
colchicine (0.4 mg/kg i.p. for 3 d) further increased the levels of LC3Il and
prevented p62 consumption induced by hyperammonemia at 2.0 h after NH,Cl
challenge. (G) Densitometric quantifications for LC3Il (n = 3/group). p-Actin
and GAPDH were used as loading controls. *P < 0.05; **P < 0.01.

inducer peptide (16) (Fig. 1 D and E). The ammonia challenge
was not associated with changes in lysosomal morphology (Fig.
1D) and size by EM (lysosomal diameter in controls: 362.5 +
16.5 nm vs. mice receiving ammonium chloride: 386.4 + 27.1 nm;
P = 0.47, unpaired ¢ test). Lysosomal function was also un-
affected by hyperammonemia as shown by unchanged hepatic
activity of cathepsin B in contrast to livers of control mice in-
jected with the lysosomal inhibitor chloroquine that reduced
cathepsin B activity and increased LC3II levels (SI Appendix, Fig.
S1 F and G). Increased autophagy flux during hyperammonemia
was confirmed in mice treated with colchicine, an inhibitor of
microtubule-mediated delivery of autophagosome to lysosome
(17) that further increased LC3II and prevented p62 consump-
tion induced by hyperammonemia (Fig. 1 F and G). Taken to-
gether, these results support the activation of hepatic autophagy
flux by hyperammonemia in vivo.

Hyperammonemia Induces Hepatic Autophagy Through a-Ketoglutarate-
Dependent Inhibition of mTORC1. mTORC1 negatively regulates
autophagy by reducing the unc-51-like kinase 1 (ULK1) autophagy
initiation complex activity through ULK1 phosphorylation at serine
757 (18). mTORCI activation was reduced in livers of mice with
hyperammonemia, as shown by decreased phosphorylation of
P70S6K, ribosomal protein S6, and ULKI1 (Fig. 2.4 and B). Active
mTORCI is located on the lysosome surface (12, 19), and consis-
tent with its inhibition, the amount of mTOR in lysosomal fractions
from livers of mice with hyperammonemia was reduced compared
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with controls (Fig. 2 C and D). Notably, phosphorylation of other
kinases regulating autophagy, including AMP-dependent protein
kinase (AMPK), extracellular signal-regulated kinase (ERK), and
protein kinase B/AKT were unaffected in livers of mice with
hyperammonemia (Fig. 2 A and B and SI Appendix, Fig. S2).
mTORCI activity is regulated by various signals including growth
factors, cellular stresses, and energy and nutrient levels (12, 19).
Activation of mMTORCI1 and thus autophagy inhibition was found to
correlate directly to intracellular concentrations of a-ketoglutarate
(a-KG) (20). Consistent with a-KG amination and consequent
consumption during hyperammonemia (21-23), hepatic levels of
a-KG were reduced during acute hyperammonemia (Fig. 2F).
Moreover, in vivo supplementation of the cell-permeable o-KG
analog dimethyl-a-ketoglutarate (DMKG) (24) rescued a-KG lev-
els and mTORCI1 activity (Fig. 2 E-G). Restoring a-KG levels also
prevented ammonia-induced LC3 lipidation (Fig. 2 H and I) and
p62 consumption (SI Appendix, Fig. S3), supporting the o-KG-
dependent inhibition of hepatic mTORCI activity during hyper-
ammonemia. Next, we investigated autophagy in livers from WT
mice with chronic hyperammonemia induced by a standard diet
supplemented with ammonium acetate (20% wt/wt) for 14 wk (25)
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Fig. 2. Acute hyperammonemia induces hepatic autophagy through
mTORC1 inhibition as a consequence of reduced hepatic alpha-ketogluta-
rate. (A and B) Western blot analyses and densitometric quantifications
of phospho (P)-P70S6K, total (T)-P70S6K, P-S6, T-S6, P-ULK1, P-AMPK, and
T-AMPK in livers from control and ammonia-treated mice harvested at 0.5 h
Pi (n > 3/group). (C) Representative Western blots for mTOR, LAMP1, and
Tubulin in the membrane (lysosomes) and cytosol fractions purified from
livers of control and NH,Cl-treated mice at 0.5 h Pi. Samples were run on the
same gel but were noncontiguous (S/ Appendix, Fig. $15). (D) Quantification
of the mTOR/LAMP1 ratio (n = 3/group). (E) The a-KG in livers harvested
0.5 h after the injections of saline (control) or NH4Cl in mice treated with
DMKG (500 mg/kg i.p. for 3 d and 1 h before the ammonia i.p. injections) or
vehicle. (Fand G) Western blot analyses and densitometric quantifications of
P-P7056K and T-P70S6K in livers from DMKG-treated (n = 6) and vehicle-
treated mice (n = 4) harvested at 0.5 h post NH4Cl injection. A control sample
of liver from a mouse treated with vehicle but not with NH4Cl is also shown.
(H and /) Representative Western blotting and densitometric quantifications
of LC3 in livers of mice treated with vehicle, NH,Cl, or DMKG plus NH,CI.
Control: n = 4; NH4Cl: n = 4; DMKG + NH,4Cl: n = 6. GAPDH or p-actin were
used as loading controls. *P < 0.05; **P < 0.01. ns, not significant.
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that increased serum urea whereas serum glutamine was unaffected
(SI Appendix, Fig. S4 A and B). Livers of mice with chronic
hyperammonemia showed increased hepatic autophagy, as in-
dicated by reduced substrates (NBR1 and p62) and increased LC31I
levels (Fig. 3 A and B). Moreover, chronic hyperammonemia was
associated with reduced activation of mTORCI as shown by de-
creased phosphorylation of S6 and ULK1 and reduced intrahepatic
levels of a-KG without effects on AMPK signaling, similar to the
acute hyperammonemia (Fig. 3 C and D and SI Appendix, Fig. S4 C,
D, and E). mTOR also regulates autophagy by phosphorylation
affecting nuclear translocation of the transcription factor EB
(TFEB), a master regulator of autophagy and lysosomal function
(26, 27). Notably, despite reduced mTORC1 activity, both the nu-
clear localization of TFEB and the expression of its target genes
were not increased in livers of mice with acute or chronic hyper-
ammonemia (SI Appendix, Fig. S5). Taken together, these data
support in vivo hepatic activation of autophagy by both acute and
chronic hyperammonemia through mTORC1 inhibition as a con-
sequence of intrahepatic a-KG depletion.

Hepatic Autophagy Is Important for Ammonia Detoxification. To
investigate the role of autophagy in ammonia detoxification, we
measured blood ammonia levels during acute hyperammonemia
in mice with defective autophagy. We knocked-down Arg7 in
hepatocytes of mice carrying the Atg7 floxed allele (Ag7"™) (28)
by iv. injections of a helper-dependent adenoviral (HDAJ)
vector expressing Cre under the control of a liver-specific ex-
pression cassette (HDAd-Cre) (29). In these mice, an ~50%
knockdown of hepatic Afg7 impairing autophagy as shown by in-
creased p62 and LC3II (Fig. 4 A and B) resulted in higher levels of
serum ammonia after ammonium chloride challenge compared
with control Azg7™" mice injected with a HDAJ vector encoding
the unrelated, nontoxic, nonimmunogenic alpha-fetoprotein re-
porter gene under the control of the same liver-specific expression
cassette (HDAd-AFP) (29) (Fig. 4C). Consistently, in vivo hepatic
loss- or gain-of-function of TFEB resulted in defective or en-
hanced ammonia detoxification, respectively. Higher levels of
ammonia were indeed detected postammonium chloride chal-
lenge in mice with hepatic deletion of TFEB (30) compared with
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Fig. 3. Chronic hyperammonemia activates hepatic autophagy through
mTORC1 inhibition. (A and B) Western blots and densitometric quantifica-
tions of NBR1, p62, and LC3 in livers of WT mice fed for 14 wk with a diet
containing ammonium acetate (HA diet) or with a standard diet (SD diet)
(n = 3/group). (C and D) Western blot analyses and densitometric quantifi-
cations of phospho (P)-S6, total (T)-S6, P-ULK1, P-AMPK, and T-AMPK in livers
of WT that received either SD diet or HA diet for 14 wk resulting in chronic
hyperammonemia (n > 3/group). GAPDH or B-actin were used as loading
controls. *P < 0.05; **P < 0.01. ns, not significant.
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Fig. 4. Hepatic autophagy is important for ammonia detoxification. (A and
B) Representative bands and densitometric quantifications of Western
blotting of ATG7, p62, and LC3 of livers harvested at 1.0 h post-NH,Cl in-
jection from Atg7™" mice injected with HDAd-Cre or with a control vector
(HDAd-AFP) 4 wk before the ammonia challenge (n > 3/group). GAPDH was
used as loading control. (C) Serum ammonia at baseline, 15 min and 0.5 h
after i.p. injections of NH,Cl in Atg7™™ mice injected with HDAd-Cre (n = 5)
or HDAd-AFP vector (n = 4). (D) Serum ammonia in WT (Control, n = 12) and
TFEB liver-specific knockout mice (TFEB LiKO, n = 13) at baseline, 0.5 and
1.0 h after i.p. injections of NH,Cl. (E) Serum ammonia in WT mice injected
with HDAd-TFEB or HDAd-AFP vector (n = 5/group) at baseline, 0.5 and 1.0 h
after i.p. injections of NH,4Cl. (F and G) Urea and glutamine in livers har-
vested at 2.0 h post-NH,Cl injection in WT mice injected with HDAd-AFP or
HDAd-TFEB (n = 5/group). Control untreated WT mice are included (n = 3).
*P < 0.05; **P < 0.01. ns, not significant.

WT controls (Fig. 4D). Conversely, hepatic gene transfer of the
human TFEB in WT mice mediated by HDAd vectors (HDAd-
TFEB) (31) (SI Appendix, Fig. S64) resulted in increased auto-
phagy in livers as shown by reduced hepatic p62 and increased
LC3II (SI Appendix, Fig. S6 B and C), reduced blood ammonia,
and increased hepatic urea content compared with control mice
injected with the HDAd-AFP vector (Fig. 4 E and F), whereas
liver glutamine was not increased (Fig. 4G). The reduced blood
ammonia levels were not dependent on increased expression of
the urea-cycle enzymes that were unchanged in HDAd-TFEB-
injected mice compared with controls (SI Appendix, Fig. S7).
Taken together, these results suggest that hepatic autophagy
during hyperammonemia cooperates with the urea cycle for effi-
cient ammonia detoxification.

Hepatic Autophagy Increases Ureagenesis by Providing Key Urea-Cycle
Intermediates. To demonstrate that autophagy activation was as-
sociated with increased ureagenesis, we administered °N-labeled
ammonium chloride to WT mice treated with Tat-Beclin-1
or vehicle and analyzed blood by "N-NMR. Administration of
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Tat-Beclin-1 (20 mg/kg i.p.) 2 h before the ammonium chloride
challenge increased autophagy in livers, as shown by reduced he-
patic p62 and increased LC3II (SI Appendix, Fig. S8), and resulted
in increased ureagenesis and improved ammonia clearance, as
shown by markedly increased blood levels of N-labeled urea
(Fig. 54) and reduced concentration of blood ammonia (Fig. 5B),
respectively. Moreover, high-resolution "H-NMR spectroscopy
showed that the whole-liver metabolome of mice with hyper-
ammonemia was well separated from controls, but it was shifted
toward the nonhyperammonemia controls in mice injected with
Tat-Beclin-1 (Fig. 5C and SI Appendix, Fig. S9). Interestingly, by
metabolite set enrichment analysis, pathways altered between
hyperammonemic livers and controls and between hyperammo-
nemic livers of mice treated with Tat-Beclin-1 or vehicle were
largely overlapping (SI Appendix, Fig. S10). Taken together, these
findings suggest that autophagy stimulation rescued the metabolic
changes induced by hyperammonemia at least partially. Next, we
evaluated the levels of intermediate substrates and metabolites
essential for the functioning of the urea cycle. Higher levels of
ATP, aspartate, acetyl-coA, and glutamate were detected in livers
after the ammonia challenge in WT mice injected with Tat-Beclin-
1 compared with vehicle-treated controls, whereas acetyl-coA and
glutamate also were increased by Tat-Beclin-1 at baseline (Fig. 5
D-G). The urea cycle requires induction by N-acetylglutamate
(NAG), the allosteric activator of carbamoylphosphate synthetase
1 (CPS1) that catalyzes the first step of the cycle (32). In addition
to NAG, which is synthesized from acetyl-coA and glutamate,
ureagenesis also requires ATP and aspartate to fuel the urea cycle.
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Fig. 5. Hepatic autophagy increases ureagenesis by providing key urea-cycle
intermediates. (A) Serum levels of '°N-labeled urea after i.p. injection of
T5NH,4Cl in vehicle and Tat-Beclin-1 (20 mg/kg i.p. 2 h before ">NH,Cl admin-
istration) treated WT mice (n > 4/group). (B) Serum ammonia at 30 min after
i.p. injection of ">NH,Cl in vehicle (n = 6) and Tat-Beclin-1 (n = 9) treated mice.
(C) Orthogonal Projection to Latent Structure-Discriminant Analysis (OPLS-DA)
score plot. A complex, nonoverfitted three predictive components model with
R? = 98.2% (goodness of fit) and Q? = 82.7% (power in prediction) with P =
0.0038 was obtained (n = 5). See also S/ Appendix, Figs. S9 and S10. (D-G) ATP,
aspartate, acetyl-coA, and glutamate contents in livers from control mice, mice
with acute hyperammonemia, Tat-Beclin-1-treated mice without hyperammo-
nemia, and Tat-Beclin-1-treated mice with acute hyperammonemia (n >
3/group). *P < 0.05; **P < 0.01. ns, not significant.
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During hyperammonemia, increased levels of NAG precursors,
ATP, and aspartate induced by autophagy can activate and fuel
the urea cycle, thus providing a potential mechanism underlying
the improved ammonia detoxification in livers with autophagy
enhancement.

Enhancement of Hepatic Autophagy Protects Against Acute and
Chronic Hyperammonemia. Next, we investigated the efficacy of
autophagy inducers, namely rapamycin and Tat-Beclin-1 for ther-
apy of acute hyperammonemia. Rapamycin (2 mg/kg i.p. for 3 d)
resulted in increased hepatic autophagy (SI Appendix, Fig. S11) and
protection against acute hyperammonemia in WT mice compared
with control mice injected with vehicle (Fig. 64). Similar results
were obtained with Tat-Beclin-1 (Fig. 64). For both treatments
hepatic urea was increased whereas the liver amount of glutamine
was unaffected (S Appendix, Fig. S12). Ammonia is converted to
urea by the healthy liver but during liver failure, normal ammonia
detoxification capacity is impaired and circulating ammonia in-
creases resulting in hepatic encephalopathy and brain dysfunction
(33). Mice with mild hepatic failure induced by i.p. administration
of thioacetamide develop hyperammonemia (34). Thus, we in-
vestigated whether activators of autophagy are effective in pro-
tection against hyperammonemia induced by acute liver failure.
Mice that received rapamycin or Tat-Beclin-1 showed a significant
decrease of blood ammonia levels during acute liver failure in-
duced by thioacetamide (Fig. 6 B and C). Induction of hepatic
autophagy was confirmed by LC3 Western blotting for both
treatments (SI Appendix, Fig. S13 A and B). Moreover, serum
levels of alanine aminotransferase (ALT), a marker of liver injury,
were similar among control vehicle- and drug-treated groups (S/
Appendix, Fig. S13C), suggesting that the effects of rapamycin and
Tat-Beclin-1 on reducing blood ammonia were not dependent on
decreased liver damage.

Finally, we investigated whether autophagy enhancement
protects against chronic hyperammonemia using rapamycin, a
drug already used for long-term treatments in humans (35) and
thus, with higher potential for clinical translation. WT mice fed
an ammonia-enriched diet showed increased blood ammonia,
but rapamycin reduced blood ammonia to levels that were sim-
ilar to control mice fed with a standard diet (Fig. 6D). Moreover,
rapamycin increased '*N-labeled urea enrichment and normal-
ized orotic acid concentration in whole blood/dried spots (36)
of sparse fur, abnormal skin and hair (spf*") mice, a model of
constitutive hyperammonemia due to marked reduction (about
5% of normal activity) of the ornithine transcarbamylase (OTC)
activity (37) (Fig. 6 E and F). As expected, rapamycin-injected
spf*™" mice showed decreased phosphorylation of ribosomal protein
S6 (SI Appendix, Fig. S14 A and B). Of note, rescue of spf™”
biochemical correction was not dependent on increased OTC
activity that was unaffected by rapamycin treatment (S Appendix,
Fig. S14C). Together, these results suggest that pharmacological
enhancement of autophagy is effective for therapy of acute and
chronic hyperammonemia occurring in both acquired and genetic
disorders.

Discussion

Hyperammonemia is a consequence of defects in the metabolism
of waste nitrogen from breakdown of proteins and other nitrogen-
containing molecules such as nucleic acids. Survival in patients with
hyperammonemia closely correlates with the levels of blood am-
monia and improves by treatments lowering ammonia (38). Our
study suggests the concept that autophagy potentiates ureagenesis
under both acute and chronic hyperammonemia. Importantly, this
study provides pharmacologic approaches for therapy of a common
debilitating and life-threatening complication of a wide range of
liver diseases.

The previously published studies in cell models showed that
ammonia has a dual effect on autophagy: activation at low
concentrations and inhibition at higher concentrations (6, 7, 39,
40). Moreover, the mechanism by which ammonia induces
autophagy remains controversial. It was initially reported that
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Fig. 6. Enhancement of hepatic autophagy protects against acute and
chronic hyperammonemia. (A) Serum ammonia at baseline, 0.5 and 1.0 h
after i.p. injection of NH,Cl in WT mice (n > 5/group) treated with vehicle
(control), rapamycin (2 mg/kg i.p. for 3 d), or Tat-Beclin-1 (20 mg/kg i.p. for
2 h). (B and C) Pharmacological enhancement of autophagy by rapamycin
(Rap) (2 mg/kg for 3 d i.p., n > 9) or Tat-Beclin-1 (TB-1) (15 mg/kg for 3 d i.p.,
n > 4) protects against acute hyperammonemia during thioacetamide-
induced liver failure. TAA, thioacetamide (250 mg/kg i.p. 24 h before sacrifice).
(D) Serum ammonia levels in WT mice fed with a standard diet or with a
standard diet supplemented with ammonium acetate (20% wt/wt). Rapamycin
(2 mg/kg every 48 h, i.p.) or vehicle was started at 10 wk and continued up to
14 wk in mice fed with the diet supplemented with ammonium acetate (n > 8/
group). (E) Isotopic enrichment of '>N-labeled urea measured in whole blood/
dried blood spots, 30 min after i.p. injection of ">NH,Cl tracer (4 mmol/kg)
in spf*" mice treated with rapamycin (10 mg/kg/d i.p.) at baseline, 3 d and 7 d
compared with vehicle-treated mice (n > 4/group). (F) Orotic acid was de-
termined in whole blood/dried blood spots in spf®" mice at day 0 (baseline)
and day 7 of rapamycin or vehicle treatment (n > 4/group). In D: *statistically
significant vs. standard diet, *statistically significant vs. high-ammonia diet.
*#p < 0.05; ***Pp < 0.01. ns, not significant.

ammonia-induced autophagy was independent of mTORCI1 (6, 7).
However, subsequent studies found ammonia-induced changes in
the mTORC1 pathway including both inhibition and activation
(41-43). This likely reflects context and dose-dependent interac-
tions between ammonia and mTORCI. In this study, we found
that liver autophagy is triggered by hyperammonemia through
inhibition of mTORCI1. These data are in line with previous
studies that associated hyperammonemia with increased auto-
phagy (13) and inhibition of mTORCTI signaling in skeletal muscle
(44, 45). Hepatic AMPK signaling has been linked to ureagenesis
during conditions of increased amino acid flux (46). However,
AMPK activation in livers was unaffected by elevated ammonia,
thus reflecting differential pathway activation in response to am-
monia or amino acids.

mTORCI1 activity is regulated by several metabolic signals, in-
cluding the tricarboxylic acid cycle intermediate a-KG (20, 24).
Activation of mTORCI directly correlates with intracellular con-
centrations of a-KG, which promote translocation of mTORCI to
the lysosome surface and its activation (20). Here, we show that
hepatic mMTORCI inhibition during hyperammonemia is depen-
dent on a-KG levels. Reduced hepatic levels of o-KG during
acute ammonia overload are consistent with its function as ni-
trogen scavenger and as a source of aspartate and NAG (21-23).
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Supplementations in vivo with an a-KG analog that rescued
mTORCI activity and prevented ammonia-induced autophagy
provide robust evidence for an a-KG-dependent modulation of
hepatic mTORCI1 activity during hyperammonemia. Hence, our
data are consistent with previous studies showing a direct cor-
relation between a-KG levels and mTORCT1 activity (20, 24, 47—
49). The activity of the oxygen sensors EGLN/prolyl hydroxylases
that require oxygen and o-KG for hydroxylation of target pro-
teins has been proposed to explain a-KG—dependent activation
of mTORC1 (48). Further studies are required to establish
whether EGLNs/prolyl hydroxylases are involved in activation of
autophagy during hyperammonemia.

During hyperammonemia to keep pace with the rapid in-
corporation of ammonia into mitochondrial CPS1, hepatic pro-
teolysis is induced to provide aspartate to form argininosuccinate
that fuels the urea cycle and promotes ammonia clearance (50).
In line with this, previous studies showed that delivery of urea-
cycle intermediates prevented ammonia toxicity after an acute
nitrogen load in both WT and spf*”" mice (51, 52). In this study,
we found that ammonia detoxification capacity in mice with
suppressed autophagy was impaired, suggesting that the liver
requires a functional autophagic pathway for efficient ammonia
detoxification. Moreover, autophagy enhancement by hepatic
gene transfer of TFEB or administration of small molecules
(rapamycin or Tat-Beclin-1) increased ureagenesis and protected
against hyperammonemia in a variety of models of acute and
chronic liver diseases, including the spf*" mouse. Studies with a
stable isotope to evaluate metabolic flux and liver metabolomic
analyses suggested that during hyperammonemia autophagy
potentiates ureagenesis by furnishing the urea cycle with key in-
termediate metabolites (aspartate and NAG precursors) and by
preventing ammonia-induced depletion of ATP. In addition to
periportal ureagenesis, ammonia is efficiently cleared in peri-
venous hepatocytes by glutamine synthetase (53, 54). Moreover,
disposal of glutamine-bound ammonia to urea was recently found
to depend on the rate of glutamine synthesis (54). Although we
did not detect an increase in glutamine levels, we cannot rule out a
contribution of hepatic glutamine synthesis during the autophagy-
induced improvement in ammonia detoxification.

Available therapeutic options to treat hyperammonemia are of-
ten unsatisfactory because of limited efficacy, side effects, and ele-
vated costs. Therefore, the development of novel therapies for
hyperammonemia is highly needed (55). Here, we have found that
pharmacological enhancement of autophagy may be an effective
therapeutic strategy for acute and chronic hyperammonemia of
acquired and genetic disorders. In our proof-of-principle experi-
ments, we focused on rapamycin, a drug already used for long-term
treatments in humans (35, 56). However, several Food and Drug
Administration-approved drugs are known inducers of autophagy
and might be investigated for hyperammonemia therapy. Never-
theless, target specificity and potential undesired side effects have to
be taken into account for the choice of the optimal autophagy en-
hancer for hyperammonemia therapy (56). In addition, combina-
torial treatments based on drugs enhancing ammonia excretion,
urea synthesis, and hepatic autophagy could cooperate for more
efficient ammonia detoxification. In conclusion, our data show that
hepatic autophagy is an important mechanism for ammonia de-
toxification and that its enhancement can be exploited therapeu-
tically for both acute and chronic hyperammonemia occurring in
acquired hepatic diseases and inherited disorders of the urea cycle.

Materials and Methods

Mouse Procedures. Mouse procedures were performed in accordance with
regulations of the Animal Care and Use Committee of Cardarelli Hospital in
Naples and were authorized by the Italian Ministry of Health, and the Vet-
erinary Office of the State of Zurich and Swiss law on animal protection, the
Swiss Federal Act on Animal Protection (1978), and the Swiss Animal Pro-
tection Ordinance (1981). Male 6-wk-old C57BL/6 (Charles River Laboratories),
transgenic GFP-LC3 (15), Atg7 floxed allele (Atg7f”ﬁ) (28), TFEB liver-specific
knockout (TFEB LiKO) (30), and Otc-sparse fur, abnormal skin and hair (spf‘”h)
(36) mice were used and were randomly assigned to treatment groups.
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Investigators were not blinded to allocation during experiments and out-
come assessment. See S/ Appendix, SI Material and Methods for detailed
descriptions of mouse and methodological procedures.

Statistical Analyses. Data are expressed as means + SEM. A two-tailed
paired Student'’s t test was performed when comparing the same group
of mice at two different time points. A two-tailed unpaired Student'’s
t test was performed when comparing two groups of mice. One-way
ANOVA and Tukey's post hoc tests were performed when comparing
more than two groups relative to a single factor. Two-way ANOVA and
Tukey’s post hoc tests were performed when comparing more than two
groups relative to two factors. NMR data statistical analyses are detailed
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