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Hepatic injury and regeneration
meet asparagine

It has been nearly 100 years since the
pioneering work of Higgins and Ander-
son demonstrated the liver’s remarkable
capacity for regeneration following par-
tial hepatectomy (1), launching intense
investigation into the cell-autonomous
and noncell-autonomous factors required
to respond to injury and return to homeo-
stasis. Liver injury is commonly modeled
through surgery (e.g., partial hepatectomy
[PH] or bile duct ligation) and chemically,
via administration of acute or chronic hep-
atotoxic compounds (e.g., dimethylnitrosa-
mine, carbon tetrachloride, and acetamin-
ophen) (2-4). Such models of liver injury
exhibit an early initiation phase character-
ized by cytokine response, which is con-
cordant with the entry of quiescent (GO)
hepatocytes into the cell cycle and their
subsequent progression through it. Chem-
ically induced injury models, specifically,
begin with a period of hepatocyte apoptosis
and tissue damage prior to hepatocyte pro-

Acute hepatic injury is observed in response to various stressors, including
trauma, ingestion of hepatic toxins, and hepatitis. Investigations to date
have focused on extrinsic and intrinsic signals required for hepatocytes

to proliferate and regenerate the liver in response to injury, though there
is a more limited understanding of induced stress responses promoting
hepatocyte survival upon acute injury. In this issue of the JCI, Sun and
colleagues detail a mechanism by which local activation of the nuclear
receptor liver receptor homolog-1 (LRH-1; NR5A?2) directly induces de novo
asparagine synthesis and expression of asparagine synthetase (ASNS) in
response to injury and show that this response restrains hepatic damage.
This work opens up several avenues for inquiry, including the potential for
asparagine supplementation to ameliorate acute hepatic injury.

liferation, thus allowing for a more transla-
tional model of acute hepatic injury. Mod-
els of liver injury have made great strides in
identifying signals, such as growth factors,
cyto- and chemokines, and hormones,
required for normal hepatocyte prolifera-
tion and hepatic regeneration, and defining
complete mitogens required for regenera-
tion and numerous auxiliary mitogens that
modify the time course of regeneration (5).
In contrast, only a limited body of litera-
ture has investigated factors that prevent
hepatocyte cell death prior to hepatocyte
proliferation, providing limited insight into
physiologically relevant stress respons-
es and potential therapeutic avenues for
acute liver injury management (6-9). In
this issue of the JCI, Sun, et al. advance our
understanding of such prosurvival signals
in response to hepatocyte injury, delineat-
ing a mechanism by which hepatocyte acti-
vation of the nuclear receptor liver receptor
homolog-1 (LRH-1) rewires metabolic net-
works to drive asparagine synthesis from
glutamine, a process that limits the extent
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of hepatocellular death and liver injury
without affecting proliferation (10).

Sun and colleagues dissected asparag-
ine’s hepatoprotective roles following the
curious observation that the highly zonat-
ed processes of glutamine metabolism in
the liver were further compartmentalized
at the cellular level. Hepatocytes exhib-
iting the transcriptional machinery nec-
essary to synthesize glutamine (termed
GLUL-enzyme positive, or GLUL*) also
expressed asparagine synthetase (ASNS),
but lacked glutaminase, glutamine’s pri-
mary catabolic enzyme in the cell. Sun et
al. demonstrated that ASNS, the enzyme
required to synthesize asparagine from
glutamine and aspartate, was maximally
induced upon sublethal dosing of carbon
tetrachloride (CCl,) or acetaminophen 24
hours after administration. The observa-
tion that genetic ablation of hepatic ASNS
enhanced liver damage in both models
confirmed that this response was adap-
tive. Intriguingly, ASNS was not induced
through classical cellular stress response
pathways (e.g., ATF4) but rather through
the activity of LRH-1. Hepatic LRH-1-
knockout mice exhibited low ASNS expres-
sion and increased damage in response
to chemically induced hepatic injury.
Conversely, two mouse models of LRH-1
gain-of-function — the activating LRH-1
K289R point mutation and knockout of
hepatic small heterodimer protein (SHP),
a negative regulator of LRH-1 — exhibited
upregulated ASNS expression and showed
substantial protection from hepatic injury.
ChIP and cotransfection assays confirmed
that LRH-1 bound directly to the ASNS
promoter and increased transcriptional
activity. Since genetic ablation of hepatic
ASNS alone could not indicate the rela-
tive impact of either depletion of substrate
or generation of product, Sun et al. con-
firmed, via amino acid profiling and eval-
uating the consequences of i.v. injection,
that the ASNS product asparagine, but not
glutamate or valine, was indeed the pro-
tective metabolite (10).
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Sun and colleagues focused their
experimental work on acute hepatotox-
ic injury models in mice, but also raised
the prospect of broader translation by
identifying increased ASNS expression in
human cohorts of pharmaceutical, envi-
ronmental, and viral hepatic injury that
suggest induction of asparagine as a poten-
tial common hepatoprotective response to
hepatic stressors (10). Collectively, these
results build on several emerging areas of
metabolic biology worth highlighting.

Metabolic signaling

After decades of being thought of as pas-
sive substrates in cellular anabolism,
catabolism, and whole-body nitrogen and
carbon handling, amino acids are emerg-
ing as potent regulators of cell function
and fate that require fine-tuned sensing
machinery. The now-classic example is
leucine, sensed by the serine-threonine-
protein kinase GCN2 and signaling
through mTORCI via alleviation of ses-
trin-mediated inhibition. Further roles
for essential and nonessential amino acid
signaling and determination of cell fate
continue to emerge, particularly in the
field of cancer metabolism. Prior to the
investigation by Sun et al., little was known
about cellular signaling roles of the nones-
sential amino acid asparagine, apart from
early observations that asparagine inhibits
autophagic protein breakdown via lyso-
somal delivery (11). The results by Sun et
al. raise provocative questions about how
asparagine exerts its hepatoprotective
effects (10). Asparagine’s effects may be
direct, through autophagy-related or cur-
rently unrecognized prosurvival effects, or
they may be indirect. Indeed, in the field
of cancer metabolism, asparagine has
been recognized as a proproliferative fac-
tor secondary to its role as an amino acid
exchange factor, whereby intracellular
asparagine export results in serine/thre-
onine uptake, mTORC1 activation, and
coordinated protein and nucleotide syn-
thesis (12). The results by Sun, et al. (10)
warrant a renewed interest in asparagine
and the mechanisms by which it induces a
prosurvival hepatocyte program.

Revisiting nuclear receptors in

hepatic injury and regeneration
The role of LRH-1 in promoting ASNS
expression in the hepatocyte builds on

existing research highlighting the impor-
tance of nuclear receptors in coordinat-
ing responses to liver injury. For example,
both hepatic farnesoid X receptor (FXR)
and the constitutive androstane recep-
tor (CAR) expression have been shown to
affect liver regeneration following injury,
linking both metabolic signals — i.e., bile
acids — and xenobiotic metabolism to
injury and repair (13, 14). PPAR a-induced
autophagy has also been shown to be pro-
tective in acute liver failure models (15,
16). LRH-1 has received little investigation
in the context of nonmetabolic disease-
related liver stresses, with a single investi-
gation revealing that hepatic LRH-1 knock-
out mice exhibit increased ER stress and
liver fat accumulation 48 hours after PH
(17). The findings in Sun, et al. suggest that
LRH-1 has a unique role in promoting an
early hepatocyte prosurvival response —
rather than hepatocyte proliferation, per se
— highlighting a time-course dependency
of different nuclear receptorsin the hepatic
injury and regeneration cycle. While some
work has previously indicated LRH-1 regu-
lates one-carbon metabolism-related ami-
no acids (18, 19), the data from Sun et al.
raise important questions about LRH-1’s
role in sensing cellular stress, as well as
the upstream factors required to mobilize
LRH-1to the ASNSlocus. The role of LRH-1
in responding to hepatic injury readily
brings to mind its role in the enterocyte,
where LRH-1 has well-accepted functions
in responding to inflammatory stimuli,
inducing an antiinflammatory program to
resolve inflammation and limit cell dam-
age (20, 21). How injury and other homeo-
static stressors, such as feeding (22),
induce LRH-1 remains an open question;
LRH-1 activity is regulated by ligand-bind-
ing, posttranslational modifications, and
protein-protein interactions (22, 23), all or
some of which may exhibit relevant chang-
es in response to stress signals. Future
work is needed to both define these rele-
vant signals and determine whether LRH-1
ligands may play a therapeutic role in acute
hepatic injury (24, 25).

Nutritional and metabolic
support during injury

Unlike ASNS’s product asparagine, its
substrate glutamine has been intensively
studied in both cellular and clinical con-
texts. Interest in glutamine stems from
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early observations by Bergstrom and col-
leagues (26) that free glutamine is reduced
in skeletal muscle following surgery. The
work spawned decades of investigation
into intra- and inter-organ amino acid
fluxes during injury and illness (27, 28) and
research on the uniquely protective roles
of glutamine in various processes, includ-
ing immune cell proliferation and func-
tion, cell swelling-related inhibition of pro-
teolysis, activation of anabolic processes,
expression of the stress sensor Hsp70, and
synthesis of glutathione (via glutamate)
(29). The work by Sun and colleagues
suggests that glutamine’s metabolic fate
of asparagine synthesis may provide an
additional mechanism by which gluta-
mine administration, outside the context
of hyperammonemia, could be considered
hepatoprotective. Whether glutamine can
substitute for asparagine in inducing this
hepatoprotective program is critical to
explore further, as asparagine is absent
from most parenteral amino acid solu-
tions, and stable dipeptide formulations
of glutamine are readily available. Regard-
less, the results of Sun, et al. highlight the
need for the clinical nutrition community
to consider the therapeutic potential and
possible conditional essentiality of aspar-
agine in the context of various acute hepat-
ic stressors. As coexpression of ASNS and
LRH-1 exist in other tissues at risk of injury
— e.g., pancreas — further investigation is
needed to determine whether asparagine
has broader relevance beyond the hepato-
cyte as well.

Conclusion

Collectively, the results by Sun and col-
leagues identify an endogenous hepato-
protective program relying on de novo
asparagine synthesis induced by LRH-1
in the hepatocyte to promote cell survival
in response to injury (10). These results
prompt several questions about the mech-
anisms by which asparagine promotes cell
survival; whether hepatocytes sense cel-
lular asparagine; the signals that induce
LRH-1 activity upon injury; and the poten-
tial clinical implications of providing this
nonessential amino acid.

Address correspondence to: David D. Moore,
Department of Nutritional Sciences & Toxi-
cology, University of California Berkeley,
UCB, Berkeley, California, USA. Phone:

J Clin Invest. 2023;133(7):e168805 https://doi.org/10.1172/)C1168805


https://doi.org/10.1172/JCI168805

The Journal of Clinical Investigation COMMENTARY

10. Sun Y, et al. Asparagine protects pericentral al function in mouse hepatocytes. Hepatology.

510.664.5288; Email: daviddmoore@

berkeley.edu hepatocytes during acute liver injury. J Clin 20205;71(3):1055-1069.
Invest. 2023;133(7):¢163508. 20. Coste A, et al. LRH-1-mediated glucocorticoid
1. Higgins G, et al. Experimental pathology of the 11. Hoyvik H, et al. Inhibition of autophagic- synthesis in enterocytes protects against inflam-

liver, 1: Restoration of the liver of the white rat
following partial surgical removal. Arch Pathol.
1931;(12):186-202.

2. Fausto N, et al. Liver regeneration. Hepatology.
2006;43(2 suppl 1):S45-S53.

3. Fausto N, et al. Liver regeneration. ] Hepatol.
2012;57(3):692-694.

4. Taniguchi M, et al. Molecular process in acute
liver injury and regeneration induced by carbon
tetrachloride. Life Sci. 2004;75(13):1539-1549.

5. Michalopoulos GK. Liver Regeneration. In:
Irwin M, et al., eds. The Liver: Biology and Patho-
biology. 6th Edition. John Wiley & Sons, Inc;
2020:566-584.

6. Yoneyama H, et al. Neutralization of CXCL10
accelerates liver regeneration in carbon tet-
rachlorideinduced acute liver injury. Med Mol
Morphol. 2007;40(4):191-197.

7. Huang HL, et al. Hepatoprotective effects
of baicalein against CCl4-induced acute
liver injury in mice. World ] Gastroenterol.
2012;18(45):6605-6613.

8. Dai C, et al. Chloroquine ameliorates carbon
tetrachloride induced acute liver injury in mice
via the concomitant inhibition of inflammation
and induction of apoptosis. Cell Death Dis.
2018;9(12):1164.

9. Zhang DG, et al. Obeticholic acid protects
against carbon tetrachlorideinduced acute liver
injury and inflammation. Toxicol Appl Pharma-
col. 2017;314:39-47.

J Clin Invest. 2023;133(7):e168805 https://doi.org/10.1172/)C1168805

lysosomal delivery and autophagic lactolysis by
asparagine. ] Cell Biol. 1991;113(6):1305-1312.

. Krall AS, et al. Asparagine promotes cancer

cell proliferation through use as an amino acid
exchange factor. Nat Commun. 2016;7:11457.

. Baskin-Bey ES, et al. Constitutive androstane

receptor (CAR) ligand, TCPOBOP, attenuates
Fas-induced murine liver injury by altering Bcl-2
proteins. Hepatology. 2006;44(1):252-262.

. Huang W, et al. Nuclear receptor-dependent bile

acid signaling is required for normal liver regen-
eration. Science. 2006;312(5771):233-236.

. Ren F, et al. Inhibition of glycogen synthase

kinase 3p promotes autophagy to protect mice
from acute liver failure mediated by peroxisome
proliferator-activated receptor a. Cell Death Dis.
2016;7(3):€2151.

. Jiao M, et al. Peroxisome proliferator-activated

receptor a activation attenuates the inflammato-
ry response to protect the liver from acute failure
by promoting the autophagy pathway. Cell Death
Dis. 2014;5(8):e1397.

. Mamrosh JL, et al. Nuclear receptor LRH-1/

NR5A2 is required and targetable for liver
endoplasmic reticulum stress resolution. Elife.
2014;3:e01694.

. Wagner M, et al. Liver receptor homolog-1is a

critical determinant of methyl-pool metabolism.
Hepatology. 2016;63(1):95-106.

. Choi S, et al. Methyl-sensing nuclear receptor

liver receptor homolog-1 regulates mitochondri-

matory bowel disease. Proc Natl Acad Sci US A.
2007;104(32):13098-13103.

. Bayrer JR, et al. LRH-1 mitigates intestinal

inflammatory disease by maintaining epithelial
homeostasis and cell survival. Nat Commun.
2018;9(1):4055.

22. WeiY, et al. MRG15 orchestrates rhythmic epig-

enomic remodelling and controls hepatic lipid
metabolism. Nat Metab. 2020;2(5):447-460.

23. Stein S, Schoonjans K. Molecular basis for the

regulation of the nuclear receptor LRH-1. Curr
Opin Cell Biol. 2015;33:26-34.

24. Lee JM, et al. Antidiabetic actions of a phospha-

tidylcholine ligand for nuclear receptor LRH-1.
Nature. 2011;474(7352):506-510.

25. Cato ML, et al. Differential modulation of

nuclear receptor Irh-1 through targeting buried
and surface regions of the binding pocket. ] Med
Chem. 2022;65(9):6888-6902.

26. Vinnars E, et al. Influence of the postoper-

ative state on the intracellular free amino
acids in human muscle tissue. Ann Surg.
1975;182(6):665-671.

27. Brosnan JT. Interorgan amino acid transport

and its regulation. ] Nutr. 2003;133(6 suppl
1):20685-2072S.

28. Wolfe RR. The 2017 Sir David P Cuthbertson lec-

ture. Amino acids and muscle protein metabolism
in critical care. Clin Nutr. 2018;37(4):1093-1100.

29. Roth E. Nonnutritive effects of glutamine. ] Nutr.

2008;138(10):20255-20318S.



https://doi.org/10.1172/JCI168805
https://doi.org/10.1002/hep.30884
https://doi.org/10.1002/hep.30884
https://doi.org/10.1073/pnas.0702440104
https://doi.org/10.1073/pnas.0702440104
https://doi.org/10.1073/pnas.0702440104
https://doi.org/10.1073/pnas.0702440104
https://doi.org/10.1038/s41467-018-06137-w
https://doi.org/10.1038/s41467-018-06137-w
https://doi.org/10.1038/s41467-018-06137-w
https://doi.org/10.1038/s41467-018-06137-w
https://doi.org/10.1038/s42255-020-0203-z
https://doi.org/10.1038/s42255-020-0203-z
https://doi.org/10.1038/s42255-020-0203-z
https://doi.org/10.1016/j.ceb.2014.10.007
https://doi.org/10.1016/j.ceb.2014.10.007
https://doi.org/10.1016/j.ceb.2014.10.007
https://doi.org/10.1038/nature10111
https://doi.org/10.1038/nature10111
https://doi.org/10.1038/nature10111
https://doi.org/10.1021/acs.jmedchem.2c00235
https://doi.org/10.1021/acs.jmedchem.2c00235
https://doi.org/10.1021/acs.jmedchem.2c00235
https://doi.org/10.1021/acs.jmedchem.2c00235
https://doi.org/10.1097/00000658-197512000-00001
https://doi.org/10.1097/00000658-197512000-00001
https://doi.org/10.1097/00000658-197512000-00001
https://doi.org/10.1097/00000658-197512000-00001
https://doi.org/10.1093/jn/133.6.2068S
https://doi.org/10.1093/jn/133.6.2068S
https://doi.org/10.1093/jn/133.6.2068S
https://doi.org/10.1016/j.clnu.2017.12.010
https://doi.org/10.1016/j.clnu.2017.12.010
https://doi.org/10.1016/j.clnu.2017.12.010
https://doi.org/10.1093/jn/138.10.2025S
https://doi.org/10.1093/jn/138.10.2025S
https://doi.org/10.1083/jcb.113.6.1305
https://doi.org/10.1083/jcb.113.6.1305
https://doi.org/10.1083/jcb.113.6.1305
https://doi.org/10.1038/ncomms11457
https://doi.org/10.1038/ncomms11457
https://doi.org/10.1038/ncomms11457
https://doi.org/10.1002/hep.21236
https://doi.org/10.1002/hep.21236
https://doi.org/10.1002/hep.21236
https://doi.org/10.1002/hep.21236
https://doi.org/10.1126/science.1121435
https://doi.org/10.1126/science.1121435
https://doi.org/10.1126/science.1121435
https://doi.org/10.1038/cddis.2016.56
https://doi.org/10.1038/cddis.2016.56
https://doi.org/10.1038/cddis.2016.56
https://doi.org/10.1038/cddis.2016.56
https://doi.org/10.1038/cddis.2016.56
https://doi.org/10.1038/cddis.2014.361
https://doi.org/10.1038/cddis.2014.361
https://doi.org/10.1038/cddis.2014.361
https://doi.org/10.1038/cddis.2014.361
https://doi.org/10.1038/cddis.2014.361
https://doi.org/10.7554/eLife.01694
https://doi.org/10.7554/eLife.01694
https://doi.org/10.7554/eLife.01694
https://doi.org/10.7554/eLife.01694
https://doi.org/10.1002/hep.28124
https://doi.org/10.1002/hep.28124
https://doi.org/10.1002/hep.28124
https://doi.org/10.1002/hep.30884
https://doi.org/10.1002/hep.30884
https://doi.org/10.1016/j.jhep.2012.04.016
https://doi.org/10.1016/j.jhep.2012.04.016
https://doi.org/10.1016/j.lfs.2004.02.030
https://doi.org/10.1016/j.lfs.2004.02.030
https://doi.org/10.1016/j.lfs.2004.02.030
https://doi.org/10.1007/s00795-007-0371-x
https://doi.org/10.1007/s00795-007-0371-x
https://doi.org/10.1007/s00795-007-0371-x
https://doi.org/10.1007/s00795-007-0371-x
https://doi.org/10.3748/wjg.v18.i45.6605
https://doi.org/10.3748/wjg.v18.i45.6605
https://doi.org/10.3748/wjg.v18.i45.6605
https://doi.org/10.3748/wjg.v18.i45.6605
https://doi.org/10.1038/s41419-018-1136-2
https://doi.org/10.1038/s41419-018-1136-2
https://doi.org/10.1038/s41419-018-1136-2
https://doi.org/10.1038/s41419-018-1136-2
https://doi.org/10.1038/s41419-018-1136-2
https://doi.org/10.1016/j.taap.2016.11.006
https://doi.org/10.1016/j.taap.2016.11.006
https://doi.org/10.1016/j.taap.2016.11.006
https://doi.org/10.1016/j.taap.2016.11.006

