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Suckling “F/A2” mice, which overexpress arginase-I in their
enterocytes, develop a syndrome (hypoargininemia, reduced
hair and muscle growth, impaired B-cell maturation) that
resembles IGF1 deficiency. The syndrome may result from an
impaired function of the GH-IGF1 axis, activation of the stress-
kinase GCN2, and/or blocking of the mTORC1-signaling path-
way. Arginine deficiency inhibited GH secretion and decreased
liver Igfl mRNA and plasma IGF1 concentration, but did not
change muscle IGF1 concentration. GH supplementation
induced Igfl mRNA synthesis, but did not restore growth, ruling
out direct involvement of the GH-IGF1 axis. In C2C12 muscle
cells, arginine withdrawal activated GCN2 signaling, without
impacting mTORCI1 signaling. In F/A2 mice, the reduction of
plasma and tissue arginine concentrations to ~25% of wild-type
values activated GCN2 signaling, but mTORC1-mediated sig-
naling remained unaffected. Gcn2-deficient F/A2 mice suffered
from hypoglycemia and died shortly after birth. Because com-
mon targets of all stress kinases (eI[F2a phosphorylation, Chop
mRNA expression) were not increased in these mice, the effects
of arginine deficiency were solely mediated by GCN2.

Arginine is a substrate for the synthesis of proteins, creatine,
agmatine, ornithine, and nitric oxide (1). In addition, it func-
tions as a secretagogue for hormones, such as growth hormone
(GH) and insulin (2—4). Under normal conditions, endogenous
arginine synthesis in adult mammals suffices to sustain daily
requirements (5), but a dietary source of arginine may become
necessary when demand increases under anabolic or catabolic
conditions (5). For this reason, arginine is considered a condi-
tionally essential amino acid.

Arginine deficiency represents a significant metabolic prob-
lem in premature infants (6), but its cause remains unknown. In
rapidly growing suckling rodents, endogenous arginine biosyn-
thesis is crucial to compensate for the insufficient supply of
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arginine via the milk (7). The intestine rather than the kidney is
primarily responsible for endogenous arginine synthesis in
suckling piglets (8, 9). In suckling rodents, the enterocytes of
the small intestine also express all enzymes necessary to synthe-
size arginine (10-13), while arginase is not expressed, thus
allowing efficient de novo arginine biosynthesis. To examine
the function of intestinal arginine synthesis, a transgenic mouse
model that overexpresses arginase-I in the enterocytes of the
small intestine was produced (14-17). During the suckling
period, these “F/A2”* mice suffer from a selective deficiency of
circulating arginine (which declines to ~25% of controls),
reduced growth of hair and skeletal muscle, and inhibition of
B-cell maturation (14). The phenotype can be rescued with
arginine supplementation (14), but could not be ascribed to a
deficiency of arginine metabolites, such as creatine or poly-
amines, or to arginine-dependent ADP-ribosylation of proteins
(14-17). Furthermore, the features of the “arginine-deficiency
syndrome” are not seen in mice that are deficient in all three
nitric-oxide synthases (18). This leaves two functions of argi-
nine as likely candidates to account for the highly characteristic
phenotype of arginine deficiency in suckling mice, viz. its role as
a building block in protein synthesis and as a secretagogue of
hormones.

Amino acids, including arginine, control translation by two
well-established mechanisms. Whenever the intracellular con-
centration of free arginine decreases below ~20 uMm, the charg-
ing process of its corresponding tRNA slows down and the con-
centration of uncharged tRNA increases (19). Uncharged
tRNAs activate the ubiquitously expressed “general control

“The abbreviations used are: F/A2, mice overexpressing arginase-I under
control of the Fabp; promoter; ATF4, activating transcription factor 4 (Atf4);
Atrogin1, muscle atrophy F-box E3 ubiquitin-protein ligase or F-box-only
protein 32 (Fbxo32); CAT-1, cationic amino-acid transporter-1 or Solute
carrier 7A1 (Slc7A1); CHOP, C/EBP-homologous protein or growth arrest
and DNA damage-inducible protein 135 or DNA-damage inducible tran-
script 3 (Ddit3); 4EBP1, eukaryotic translation initiation factor (elF)4E-bind-
ing protein-1 (Eif4ebp1); GADD34, growth arrest and DNA damage-induc-
ible protein 34 or protein phosphatase-1 regulatory subunit 15A
(Ppp1r15a); GCN2, general control non-derepressible 2 kinase or eukary-
otic translation initiation factor 2« kinase 4 (Eif2ak4); IGF1, insulin-like
growth factor 1 (Igf1); CKM, muscle-specific creatine kinase (Ckm);
mTORC1, mammalian target of rapamycin complex-1; MURF1, muscle-
specific RING finger-1 or E3 ubiquitin-protein ligase (Trim63); MyHC1, myo-
sin heavy chain-I or heavy polypeptide 7 (Myh7); MyHC2B, myosin heavy
chain-llb or heavy polypeptide 4 (Myh4); ND, neonatal day; S6K1, p70 ribo-
somal protein S6 kinase-1 or polypeptide 5 (Rps6ka5).
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non-derepressible2” (GCN2) stress kinase, which then phos-
phorylates the a-subunit of the eukaryotic initiation factor 2
(elF2a) and thereby initiates the “integrated stress response”
(20-22). This response blocks cap-dependent protein synthe-
sis, facilitates the translation of specific mRNAs, such as A4
and Cat-1, from internal ribosome entry sites, and increases
expression of specific transcription factors such as ATF2,
ATF4, and CHOP (23), which, in turn, induce the transcription
of genes necessary for amino acid synthesis and transport. The
other mechanism senses, instead, increases in amino acid con-
centration, probably via the Rag GTPase complex (24), and
results in the activation of the mTORCI kinase. mTORCI, in
turn, regulates cap-dependent translation through the phos-
phorylation of 4EBP1 and S6K1 (25, 26). The essential amino
acid leucine is the prototypic regulator of both branches of
amino acid-dependent translational regulation (22, 27). How-
ever, for a non-essential amino acid, arginine has an unexpect-
edly strong effect on mTORC1-dependent signaling (28) and
quantitatively rivals leucine in vitro (29, 30). The F/A2 pheno-
type could, therefore, be mediated by activation of GCN2 sig-
naling and/or inhibition of mTORC1-mediated signaling.

The more remarkable phenotypic features of F/A2 mice,
namely impaired muscle and hair growth and impaired B-cell
maturation, are all also affected by insulin-like growth factor-1
(IGF1) signaling (31-35). Like amino acids, growth factor sig-
nals, including those arising from IGF1, stimulate protein syn-
thesis via the mTORC1 pathway (36). The production of IGF1,
in turn, is largely dependent on growth-hormone (GH) signal-
ing (37). Arginine, finally, is also a potent growth-hormone
secretagogue (38). Arginine deficiency could, therefore, also
cause insufficient signaling via the mTORCI1 pathway due to an
inactive somatotropic axis.

In the present study, we used a combination of in vivo and in
vitro approaches to test the hypotheses that arginine deficiency
activates GCN2 signaling or blocks mTORC1 signaling, or
both. Our findings demonstrate that arginine deficiency in the
neonatal and suckling period activates the GCN2 stress-kinase
pathway, without affecting the mTORC1 pathway.

EXPERIMENTAL PROCEDURES

Transgenic Mouse Lines and Animal Husbandry—Trans-
genic mice that overexpress arginase-I in their small-intestinal
enterocytes (F/A2 line (14)) were bred hemizygously. Gen2 ™/~
mice (39) originated from the colony of D. Ron (New York, NY).
Control animals were littermates of the experimental animals.
Animal studies were reviewed and approved by the committee
for animal care and use of Maastricht University.

GH Administration—Litters were limited to 5 animals on
neonatal day 1 (ND1) and weighed daily. Starting on ND3, 3
mg/kg body weight of human recombinant growth hormone
(hrGH; Humatrope, Lilly, Indianapolis, IN) was administered
subcutaneously in 25 ul of vehicle twice daily (40). Control
animals were injected with vehicle alone.

Blood and Tissue Collection—Animals were sacrificed by
decapitation. Blood was collected into heparin-containing
tubes and centrifuged at 2,000 X g for 5 min at 4 °C. IGF-1
protein concentrations were measured in plasma, whereas
amino acids were measured in deproteinized plasma. 80 ul of
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plasma was added to 6.4 mg of lyophilized sulfosalicylic acid,
vortexed, and stored at —20 °C. For amino acid measurements,
the tissues were homogenized with silica mini-beads in 0.33 M
sulfosalicylic acid. Tissues were collected at NDO, ND10, ND17,
and ND21. Amino acid concentrations were determined by
HPLC (41). Tissues for protein and mRNA analysis were iso-
lated, snap frozen in liquid nitrogen and stored at —80 °C. For
histological analysis, tissues were fixed in 4% buffered formalin
and embedded in paraffin.

IGF-1 Assay—Mouse IGF-1 concentration in plasma and mus-
cle was measured by the m/r IGF-1 E25 enzyme immunoassay,
as detailed by the manufacturer (Mediagnost, Reutlingen, Ger-
many). This assay eliminates IGFBP interference with the
IGF-1 measurement.

RNA Extraction and Quantitative PCR—Total RNA was ex-
tracted with Trizol (Sigma). 1 ug of total RNA was reverse tran-
scribed with the iScript cDNA synthesis kit (Bio-Rad). Primer
sequences (supplemental Table S1) were optimized for an
annealing temperature of 60 °C, except for the IgfI primers that
were annealed at 70 °C. cDNA samples for mRNA determina-
tion were diluted 60-fold before use and those for 18 S rRNA
200-fold. Primary fluorescent data were exported and analyzed
with the Lin-Reg Analysis program (42). If reverse transcriptase
was omitted, no product formed. mRNA concentrations were
expressed relative to 18 S rRNA content. Between session vari-
ations in replicate experiments were corrected using factor cor-
rection (43).

Western Blots, Immunostaining, and Immunofluorescence—
For Western blot assays, 100 ug of protein were loaded per lane.
Antibody (supplemental Table S2) binding was visualized using
the Super Signal West Femto Maximum Sensitivity Substrate
(Pierce). For detection of the phosphorylated and unphospho-
rylated forms of elF2a, the Odyssey Infrared Imaging system
(Li-cor Bioscience, UK) was used.

For immunostaining, 5-um sections of tissues were pre-
pared. After deparaffinization, sections were preincubated with
Teng-T (10 mm Tris (pH 7.6), 5mM EDTA, 150 mm NaCl, 0.25%
gelatin, 0.05% Tween-20)/10% normal goat serum (NGS) for 30
min, followed by an overnight incubation with the primary
antibody diluted in Teng-T/10% NGS. Slides were then washed
with PBS and incubated with Teng-T/10% NGS for 15 min,
followed by 90 min incubation with the secondary antibody
(supplemental Table S2) in Teng-T/10% NGS. After washing,
the slides were incubated with alkaline phosphatase substrate
(NBT/BCIP tablets; Roche) at 37 °C. Digital images of the sec-
tions were analyzed with the Leica Quantimet 500 Image Anal-
ysis System, v3.2 (44).

Statistical Analysis—The significant difference for one vari-
able between two distinct groups was analyzed using an
unpaired Student’s ¢ test. For more complex analyses of signif-
icance for variables with different controls, each gene was ana-
lyzed using Gaussian linear regression, including 18 S as house-
keeping gene. When appropriate, additional explanatory
variables such as tissue type, strain, and time were included in
the model. Finally, interactions among the included variables
were considered. The inference criterion used for comparing
the models is their ability to predict the observed data, i.e. mod-
els are compared directly through their minimized minus log-
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FIGURE 1. Role of growth hormone in the phenotype of F/A2 mice. Panels
A and B: Detection of GH in pituitary somatotropes of ND21 mice. A, sections
of pituitary glands of ND21 WT, hemizygous F/A2 mice (He), and homozygous
F/A2 mice (Ho) were stained for the presence of GH. Bar: 5 um. B, optical
density (OD) in GH-positive cells (n = 3 mice per genotype) increases from
wild-type via hemizygous to homozygous F/A2 mice. Panels C and D, effect of
GH treatment on weight gain in suckling F/A2 mice. C, change in body weight
of F/A2 mice and their wild-type littermates during treatment with GH (twice
daily 3 mg rhGH/kg body weight subcutaneously) between ND3 and ND21
(n = 6 mice per genotype). Note that F/A2 mice show a ~3-fold lower growth
rate compared with wild-type mice. D, quantification of IgfT mRNA in liver
(left) and muscle (right) of vehicle and GH-injected ND17 mice. n = 3 mice per
genotype. ¥, p < 0.01.

0
FIA2 WT

likelihood. When the numbers of parameters in models differ,
they are penalized by adding the number of estimated parame-
ters, a form of the Akaike information criterion (45). If the most
likely model contains the treatment effect, the fold change rep-
resenting the ratio between the variable of the treated group
and the same variable for the control is computed, as well as its
95% confidence interval.

RESULTS

The GH/IGF1 Axis Is Functional but Repressed in F/A2 Mice—
The phenotype of F/A2 mice is compatible with a deficiency of
GH and/or IGF1. We, therefore, investigated the GH content in
the pituitary gland by quantitative immunohistochemistry (Fig.
1A). The somatotropes of 3-week-old hemi- and homozygous
F/A2 mice contained 1.4- and 2.2-fold more GH, respectively,
than those of their wild-type counterparts (Fig. 1B), indicating
an inverse correlation with the severity of the F/A2 phenotype
(14, 16).

We then used the rat pituitary cell line GH3, which produces
GH (46, 47), to assess the direct effects of arginine on GH pro-
duction and secretion. GH content in the GH3 cells was
assessed by quantitative immunohistochemistry (supplemental
Fig. S1, A and B) and ELISA (supplemental Fig. S1C). Both
assays showed that, after 24 h of culture, the cellular GH con-
tent was inversely correlated with extracellular arginine con-
centration and decreased from ~50 to ~25 pg of GH per cell at
0and 200 uM arginine in the medium, respectively (supplemen-
tal Fig. S1C; significant at =50 uM arginine). This decrease in
cellular GH content was accounted for by a 1.5-fold increase in
concentration of GH in the medium (significant at =25 um
arginine). Because the total GH content of the cells and the
medium combined did not vary with arginine concentration in
the medium, these findings reveal a pronounced concentra-
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FIGURE 2. Plasma and tissue IGF1 protein concentrations in F/A2 mice.
Panel A, differences in plasma, muscle and liver IGF1 protein concentration in
ND1 F/A27/7/Gen2*/* (wild-type), F/A2'9~/Gen2™/* (F/A2 transgenic),
F/A27/7IGen2 ™/~ (Gen2-KO), and F/A2'9~/Gen2 ™/~ (F/A2/Gecn2-KO double
mutant) mice (n = 6 per genotype). The plasma IGF1 concentration in F/A2'9/~/
Gcn2 ™/~ tended to be lower thanin F/A2 ™/~ /Gcn2 /™ mice (p = 0.055). Panel
B, changes in plasma and muscle IGF1 protein concentration during the
first 5 postnatal weeks in wild-type (black diamonds) and F/A2 mice (white
squares); (n = 3 per genotype except at ND1). ¥, p < 0.05; #, p < 0.01. The
age-dependent changes in muscle IGF1 content were highly significant
(p < 0.01).

tion-dependent effect of arginine on GH secretion. The
dependence of GH secretion on the ambient concentration of
arginine after 72 h of culture was similar to that observed after
24 h (not shown). These data show that, below a concentration
of 50 uMm ambient arginine, GH secretion is reduced, with a
half-maximal effect at ~20 um arginine.

As early as 3 days after birth (ND3), F/A2 mice can be distin-
guished from their wild-type littermates by a lower body weight
(14). To assess whether the typically hypomorphic tissues of
F/A2 mice (muscle, hair, and B-cells (15)) respond to GH sup-
plementation, mice were subcutaneously injected twice daily
with 3 mg/kg recombinant human (rh)GH from ND3 onwards.
This dose of rhGH mediates growth in liver IGF-1-deficient
mice (40). Fig. 1C shows that the growth rate of homozygous
F/A2 mice was ~50% of that of wild-type mice and that treat-
ment with rhGH had no effect on the growth rate of either
wild-type or F/A2 mice.

GH action is mediated by GH receptors (GHR) and results in
the synthesis and secretion of IGF1 in target tissues. Gir mRNA
concentrations in the livers of ND1, ND10, and ND21 mice
increased with age, but were not different in wild-type and F/A2
mice (supplemental Fig. S2). To assess the functionality of these
GHRs and their downstream signaling pathway, Igf7 mRNA
concentrations were quantified in liver and muscle of GH-
treated and control mice (Fig. 1D). In both tissues, IgfIl mRNA
concentrations in F/A2 mice were only 10-15% of those in
wild-type mice. Although the rhGH injections increased Igfl
mRNA concentration in liver and muscle of both F/A2 and
wild-type mice considerably (~8- and ~2.5-fold, respectively;
p < 0.01), Igfl mRNA levels in the liver and muscle of treated
F/A2 mice increased to only ~65 and ~25%, respectively, of
that in untreated wild-type mice. We then measured plasma
and tissue IGF1 concentrations to assess whether F/A2 mice
suffer from a low production of IGF1 (Fig. 2). In wild-type and
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F/A2 ND1 mice, no differences in plasma, muscle, or liver IGF1
protein were detected (Fig. 24). However, plasma IGF1 levels
increased ~7-fold faster in wild-type than F/A2 mice during
the first 5 postnatal weeks (Fig. 2B, left panel; p < 0.001)).
Plasma IGF1 levels reflect hepatic IGF1 production, but liver
IGF1 does not affect growth until 6 weeks postnatally (48, 49).
We, therefore, measured IGF1 levels in an affected tissue (calf
muscle) of the same mice (Fig. 2B, right panel). Muscular IGF1
concentration decreased gradually between 1 and 3 weeks after
birth, without difference between F/A2 and wild-type mice.
After weaning, the IGF1 concentration in muscle increased
again, with a ~1 week delay in F/A2 relative to wild-type mice.
Although the age-dependent changes in muscle IGF1 content
were significant (p < 0.01), they did not differ between F/A2
and wild-type mice. Because IGF1 in skeletal muscle affects
growth only after the 3rd postnatal week (32), that is, coincident
with the resumption of growth in F/A2 mice (14), we further
concluded that, although the GH-IGF-1 axis did not function
properly in F/A2 mice, its disturbed function could not account
for the marked hypotrophy seen in these animals.

Arginine Is Essential for Muscle Development—F/A2 skeletal
muscles have an immature appearance (14). We, therefore,
investigated if arginine directly affects muscle development in
differentiating C2C12 myoblasts that were cultured in the pres-
ence of different concentrations of arginine. Supplemental Fig.
S3A shows representative pictures after 4 days of myogenic dif-
ferentiation in the presence (200 um) or absence of arginine.
Both the myogenic index (the fraction of nuclei residing in cells
with three or more nuclei and considered an early differentia-
tion parameter; supplemental Fig. S3B) and the cellular concen-
tration of the late differentiation marker creatine kinase-M
(supplemental Fig. S3C) increased with increasing arginine
concentration to plateau at 25-50 uM arginine. Myogenic dif-
ferentiation is, therefore, clearly dependent on arginine avail-
ability, with a half-maximal effect at 10—20 um arginine in the
medium.

Arginine Deficiency Induces the Integrated Stress Response in
Vitro—Amino acid deficiency can activate the GCN2 stress
kinase pathway (50). An early step is the phosphorylation of
translation factor elF2«a (51). As anticipated, arginine depriva-
tion of C2C12 cells at 80% confluence induced phosphorylation
of elF2a on serine 51 within 30 min. The protein remained
phosphorylated for at least 2 h (supplemental Fig. S4A). Fur-
thermore, arginine depletion induced the accumulation of the
transcription factors ATF4 and CHOP, which are well-estab-
lished downstream mRNA targets of the GCN2 stress-kinase
pathway (23, 52), in a concentration-dependent way in both
C2C12 and GH3 cells (supplemental Fig. S4B). In both cell
types, Chop mRNA concentration increased more gradually
with declining arginine concentration in the medium than A¢f4
mRNA, indicating that Chop mRNA accumulation was more
sensitive to arginine removal than that of A#f4 mRNA. The
adaptive response of Atf4 and Chop mRNA expression in pri-
mary cultures of mouse B-lymphocytes, another hypomorphic
tissue in F/A2 mice, to arginine deprivation was similar to that
of C2C12 and GH3 cells (not shown). Supplemental Fig. S4C,
finally, shows that ATF4 protein accumulates at arginine con-
centrations below 25 uMm (see Ref. 52). These findings reveal
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that the integrated stress response becomes induced at arginine
concentrations in the medium below 50 um, with an EC,,, of
~12.5 uM.

Arginine Deficiency Does Not Affect Signaling through the
mTORCI Pathway—Amino acid deficiency can regulate pro-
tein synthesis by up-regulating signaling via the GCN2 pathway
and by down-regulating signaling via the mTORCI pathway.
We, therefore, compared the effects of 0, 12.5, and 200 um
arginine in the culture medium on the degree of phosphoryla-
tion of the translation factors elF2a as target of GCN2 kinase
and 4EBP1, and S6K1 as targets of mMTORCI kinase in the same
cell extracts (supplemental Fig. S5, column “Ctrl”). As expected,
arginine deficiency caused a significant >2-fold increase in
elF2a phosphorylation, but did not significantly affect either
S6K1- or 4EBP1 phosphorylation (»p = 0.13 and 1.0, respec-
tively). Furthermore, arginine deficiency increased the mRNA
concentrations of Atf4, ATF4 target Chop, and CHOP target
Gadd34, which dephosphorylates elF4a-P. In addition, the
expression of the ATF4 target Cat-1 was induced. Collectively,
these data show that the ambient arginine concentration affects
the activity or expression of all investigated parameters except
the mTORC]1 targets S6K1 and 4EBP1.

The elF2aP-specific phosphatase inhibitor salubrinal was
used to assess to what extent arginine deficiency induced max-
imal elF2« phosphorylation and whether the degree of elF2a
phosphorylation affected the stress-kinase esponse only quan-
titatively or also qualitatively (supplemental Fig. S5, column
“Sal”). At the concentration used (50 um), salubrinal increased
elF2a phosphorylation ~3-fold over basal levels (p < 0.001)
and abolished the dependence of e[F2« phosphorylation and its
downstream targets on arginine concentration. Furthermore,
salubrinal decreased overall S6K1 phosphorylation levels
~3-fold (p < 0.001) and increased the mRNAs of A¢f4 (~3-fold;
p < 0.001), Chop (~20-fold; p < 0.001), Gadd34 (~6-fold; p <
0.001), and Cat-1 (~3-fold; p < 0.001), that is, the ~3-fold
increase in eIF2a phosphorylation had quantitatively a dispro-
portional effect on its downstream targets. These data reveal
that the effects of a graded phosphorylation of elF2« due to
arginine deficiency differ both qualitatively and quantitatively
from the effects of a maximal phosphorylation due to salubrinal
treatment.

Constitutive Gen2 knockdown in C2C12 muscle cells by
integration of a viral vector carrying Gcen2-specific shRNA
reduced Gen2 mRNA expression to ~25% of control values
(not shown). It strongly inhibited myotube formation, suggest-
ing that GCN2 activation is involved in myocyte differentiation.
This level of knockdown did, however, not affect the arginine-
dependent stress-kinase response (supplemental Fig. S5, col-
umn “Gcen2-kd”). Similarly, treatment with the muscle growth
factor IGF1 did not mediate, at the concentration used (0.13
nM), a change in effects on the arginine-dependent phosphoryl-
ation of elF2a, S6K1, or 4EBP1 (p < 0.05, p = 0.18, and p =
0.66, respectively) or their downstream targets.

Collectively, these data show that arginine deficiency
induced a graded and comparatively mild increase in elF2«
phosphorylation and ATF4-dependent gene expression, but
did not affect phosphorylation of S6K1 or 4EBP1. However,
when elF2a became hyperphosphorylated after treatment with
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FIGURE 3. The stress-kinase pathway is activated in neonatal F/A2 mice.
Panel A, concentration of arginine, Chop mRNA, and Atf4 mRNA and ATF4
protein in skeletal muscle (M), small intestine (/), and liver (L) of ND1 F/A2 and
wild-type mice. mRNA concentrations were corrected for 18 S rRNA content,
while equal protein loading was checked by pre-staining Western blots with
Ponceau-S. n = 8-12 mice per genotype for arginine and mRNA concentra-
tion, and n = 3 for ATF4 protein. Panel B, concentration of arginine, and Chop
and Atf4 mRNA concentration in muscle, small intestine, and liver of ND21
F/A2 and wild-type mice.n = 8-12 mice per genotype. *, p < 0.05; #,p < 0.01.

the phosphatase inhibitor salubrinal, this specificity was lost.
Gcen2 knockdown blocked myotube differentiation, without
totally eliminating the dependence of elF2a phosphorylation
on ambient arginine concentrations. The muscle growth factor
IGF1, finally, increased the effect of arginine deficiency.

The Stress Kinase Pathway Is Activated in F/A2 Mice—On
neonatal day 1, the tissue concentration of arginine in skeletal
muscle was only 20% (p < 0.01) and that in intestine and liver
~50% (p < 0.01 and <0.05, respectively) in F/A2 compared
with wild-type mice (Fig. 34, top subpanel). The low concen-
tration of arginine in liver can be ascribed to the high concen-
tration of the urea cycle enzyme arginase-1 in the liver. The low
tissue arginine concentration induced Chop mRNA expression
>8-fold in all tissues investigated (p < 0.001; Fig. 3A, middle
subpanel), but Atf4 mRNA expression in skeletal muscle only
(~3-fold; p < 0.05; Fig. 3A, bottom subpanel). These findings in
vivo reveal that the tissue arginine concentration had decreased
most in muscle and that Chop mRNA concentration was a more
sensitive parameter to monitor the stress-kinase response to
amino acid deprivation than Azf4 mRNA.

Because phosphorylation of elF2« facilitates translation of
Atf4 mRNA (53), we also determined ATF4 protein concentra-
tion in ND1 mice (Fig. 3A, bottom subpanel). Western blot
analysis of muscles of F/A2 mice showed the expected 38-kDa
band (bold arrow in supplemental Fig. S6) and a much weaker
band at ~50kDa (small arrow), whereas these bands were
absent in muscle of wild-type mice. The ~50kDa band may
correspond to an ubiquitinated form of ATF4 (54). ATF4 pro-
tein was 3—4-fold higher in muscle, small intestine, and liver of
F/A2 than of wild-type animals (Fig. 3A, bottom subpanel; p <
0.01, <0.02, and <0.01, respectively). The data in Fig. 34 dem-
onstrate that Chop mRNA and ATF4 protein are equally sensi-
tive parameters to assess the response to arginine deficiency in
muscle, intestine, and liver.
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TABLE 1

Distribution of genotypes and plasma glucose concentrations in the
offspring of crosses of hemizygous F/A2 (F/A2'9~) mice and heterozy-
gous Gen2 (Gen2t/™) mice

Panel A: six different genotypes could be identified by PCR (F/A2%¢~ and F/A2%¢*
mice could not be distinguished; F/A2~/~ mice denote wild-type animals). A total of
60 mice (dead and alive) were analyzed. Four newborn mice disappeared from the
nests in the first two days and could not be analyzed. Panel B: blood was collected
from mice at ND1.

Day 0 Day 2
Genotype (A) Expected Alive Alive Dead
F/A277 /Gen2™* 4 0
F/A2™"~/Gen2t/~ 8 10 10
F/A2™"~/Gen2™/~ 4 6 5 1
F/A2%¢/Gen2t/* 11 10 10
F/A2%"/Gen2™/~ 22 23 23
F/A2%"/Gen2 ™/~ 11 7 0 7
F/A277/Gen2™” 4 4
Total 60 48 12
Plasma glucose
Genotype (B) mM N
F/A2™"~/Gen2+"™ 3.3+02 23
F/A27" /Gen2™ '~ 28+03 7
F/A2%"/Gen2t 32%*02 25
F/A2%7/Gen2™"~ 2.7 +0.2 15

On neonatal day 21, the concentration of arginine in wild-
type muscle was similar to that on ND1, but in the intestine and
liver, it had decreased to ~15 and ~30% of that on ND1 (p <
0.01). This pronounced decline can be ascribed to the cessation
of intestinal arginine biosynthesis just prior to weaning (10) and
the continued maturation of the function of the urea cycle in
the liver (55). The arginine concentration in F/A2 muscle had
increased 2-fold relative to that on ND1 (p < 0.05) and was no
longer different from that in controls (Fig. 3B, top subpanel).
However, the concentration of arginine in F/A2 intestine and
liver remained depressed (p < 0.05). Tissue Chop and Atf4
mRNA concentration had increased ~20-fold and ~10-fold,
respectively, relative to ND1 (Fig. 3B, middle and bottom sub-
panels). Chop mRNA concentrations were still significantly ele-
vated in F/A2 tissues (p < 0.01; Fig. 3B, middle subpanel, but
Atf4 mRNA concentrations in F/A2 mice were no longer differ-
ent from those in control mice (Fig. 3B, bottom subpanel).
Together, these in vivo data show that the stress-kinase
response pathway is strongly activated in neonatal F/A2 mice.
This activation persists throughout the suckling period,
although its severity appears to decline, in agreement with the
disappearance of the phenotype after weaning.

GCN2 Mediates the Activation of the Stress Response in Argi-
nine-deficient Neonatal Mice—In addition to GCN2, three
other stress kinases can phosphorylate e[F2a. To demonstrate
that GCN2 is the only stress kinase that becomes activated in
neonatal F/A2 mice, we crossed F/A2/~ mice with Gen2 ™~
mice. Table 14 lists the genotypes of the offspring and shows
that the respective genotypes were born at the expected Men-
delian frequency. This Table also shows that all F/A2 mice that
were deficient for Gen2 (F/A2¢7/Gen2~”~) died within 48 h
after birth (p < 0.001). The plasma arginine concentration in
F/A2 neonates was only 25—40% of that in control neonates,
irrespective of whether Gcn2 was or was not expressed (p <
0.01; Fig. 4A). Gen2-deficient F/A2 neonates did drink, but their
plasma glucose concentration on ND1 was significantly lower
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1: FIA27-IGen2+*
(wild type)

2: F/IA219/Gen2+*
(FIA2)

3: FIA27IGen27-
(Gcen2-KO)

4: FIA2'9-/Gen27-
(F/A2/Gcn2-KO)

FIGURE 4. GCN2 is responsible for the induction of the integrated stress
response in neonatal F/A2 mice. Panel A, arginine concentration in trunk
blood of ND1 mice. Panel B, Chop mRNA expression in muscle, small intestine,
and liver of the same mice as shown in panel A. Panel C, Ser51-elF2«, Ser65-
4EBP1, and Thr389-S6K1 phosphorylation in skeletal muscle of ND1 mice.n =
8-12 mice per genotype. *, p < 0.05; #, p < 0.01.

than that in wild-type controls (p < 0.01), with Gen2-deficient
and F/A2 neonates taking intermediate positions (Table 1B).

To establish whether Gcn2 deficiency prevented the activa-
tion of the stress response, we determined Chop mRNA con-
centrations in muscle, small intestine and liver of neonatal wild-
type mice (F/A2~" /Gcn2"’™"), F/A2 mice (F/A2%7/ Gen2t/™")
and F/A2 mice that were also Gcn2-deficient (F/A29¢7/
Gcn2~/7) (Fig. 4B). As expected, Chop mRNA concentrations
were low in muscle, liver and gut of wild-type (F/A2""/
Gcn2"") mice and elevated in the same organs of F/A2
(E/A2"¢7/Gen2™™) mice (p < 0.01, <0.01, and <0.05, respec-
tively). However, the elevation of Chop mRNA concentration
was not found in muscle, liver, and gut of the F/A2 neonates
that were, in addition, deficient for Gen2 (F/A2¢?/ Gen2™/7).
Similarly, the degree of phosphorylation of e[F2« in muscle was
increased in F/A2 mice (p < 0.01), but not in F/A2 mice that
were also deficient in Gen2 (Fig. 4C, left subpanel, and supple-
mental Fig. S6). These findings demonstrate that GCN2 activa-
tion is necessary for postnatal survival in F/A2 mice and that the
phosphorylation of elF2« and the induction of Chop expression
in these mice are solely dependent on GCN2 activation. Gen2-
deficient neonates further had a significantly higher plasma
IGF1 level than wild-type or F/A2 mice (Fig. 24, left subpanel).
F/A2 neonates had a lower plasma IGF1 level than wild-type or
Gcn2-deficient neonates, but the difference was significant for
only the latter.

mTORCI-mediated Translational Control Is Not Affected in
Arginine-deficient Neonatal Mice—The degree of phosphoryl-
ation of S6K1 and 4EBP1 in neonatal skeletal muscle was not
significantly different in any of the four genotypes (Fig. 4C and
supplemental Fig. S6; p = 0.36 and 0.71, respectively). These
findings indicate that the reduction in circulating arginine con-
centration in F/A2 mice does not affect signaling through the
mTORCI1 signaling pathway. Ckm, Myhcl, and Myhc2B mRNA
concentrations were not affected either by arginine or Gen2
deficiency in neonates (supplemental Fig. S7).
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DISCUSSION

Suckling F/A2 mice, which express arginase I from the
Fabpl-promoter exclusively in the enterocytes of the small
intestine (14), suffer from a severe reduction in plasma arginine
levels (~70 um versus ~230 um), reduced hair and muscle
growth, and a specific block in B-cell development (14—17). In
this study, we show that the deficiency of arginine causes an
impaired function of the endocrine GH/IGF1 axis of these
mice, but that the compromised function of the somatotropic
axis does not account for the observed growth deficiency.
Instead, activation of the GCN2-dependent stress response was
found to be responsible for the hampered growth and even to be
necessary for postnatal survival. Arginine deficiency does not
suppress growth factor (nTORC1)-dependent signaling.

The Somatotropic Axis Is Not Responsible for the Runting Phe-
notype of F/A2 Mice—The gradual accumulation of GH in the
pituitary gland from wild-type mice via hemizygous to homozy-
gous F/A2 mice suggests that decreasing circulating concentra-
tions of arginine progressively suppresses GH synthesis or
secretion. Using GH3 cells, we could demonstrate that arginine
deficiency blocks GH secretion rather than synthesis. Our find-
ings, therefore, complement the recent finding that chronic
arginine supplementation stimulates GH secretion (56) and
imply that a broad dose-response relation exists between circu-
lating arginine and GH secretion. The severely reduced plasma
IGF1 concentration in suckling and weanling F/A2 mice also
underscores the presence of a GH deficiency in F/A2 suckling
mice, as IGF1 production is dependent upon GH stimulation
(38, 57) and >75% of plasma IGF1 is produced by the liver (48,
49). In vivo, the effects of arginine deficiency on growth in suck-
ling mice become apparent when the circulating arginine con-
centration falls below ~80 um (14), which compares well with
our present finding in vitro that arginine concentrations below
50 uMm inhibit GH secretion (neonatal plasma arginine concen-
trations are ~1.6-fold higher than those after weaning (14, 16)).
However, neonatal F/A2 mice are not growth-retarded, even
though their plasma arginine concentration is low, whereas
Igf1-deficient mice are (58, 59). Furthermore, GH supplemen-
tation could not restore growth in suckling F/A2 mice. In addi-
tion, IGF1 concentration in skeletal muscle, one of the most
severely affected tissues, was similar in F/A2 and wild-type
mice. These findings demonstrate that the activity of the soma-
totropic axis is impaired in arginine-deficient suckling mice,
but not directly responsible for the runted phenotype observed
in these mice.

Arginine Deficiency Selectively Induces the Integrated Stress
Response in Vitro—Because skeletal muscle is a severely
affected tissue in F/A2 mice (14), we used the C2C12 muscle
cell line to investigate the mechanism underlying the observed
effects of arginine deficiency. Whereas arginine withdrawal
increased, as expected, e[F2« phosphorylation and the expres-
sion of its established downstream targets A¢f4, Chop, Gadd34,
and Cat-1 (39, 60, 61), it did not significantly affect the degree of
phosphorylation of S6K1 or 4EBP1, demonstrating that, in
vitro, a deficiency of arginine activates the stress kinase GCN2,
but does not block mTORCT signaling. The pronounced effect
of arginine deficiency on GCN2 activation contrasts with an
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earlier report that the depletion of all essential amino acids for
6 h does not activate the GCN2 pathway in C2C12 myotubes
(62). It is well possible that, as the authors themselves suggest
(62), the complete removal of all essential amino acids strongly
induces intracellular proteolysis in myotubes, whereas the
selective depletion of arginine does not, or to a much lesser
extent, as shown by the absence of an effect of arginine with-
drawal on the expression of the ubiquitin ligases Atroginl and
Murf-1.° These discrepant findings underscore, nevertheless,
that results obtained after complete removal of amino acids (e.g.
Ref. 62), sometimes followed by adding back a single amino acid
(30), often differ from results obtained after selectively remov-
ing a single amino acid from a complete mixture (29, 63) and
present study). We opted to selectively remove arginine,
because that intervention best mimicked the difference in
plasma amino acid concentration between wild-type and F/A2
mice (14, 16).

The restriction of the effects of arginine deficiency to acti-
vation of the GCN2 stress-kinase pathway appears to reflect
a limited increase in eIF2a phosphorylation, because maxi-
mizing the degree of phosphorylation of e[F2«a with salubri-
nal caused a severe suppression of S6K1 phosphorylation
and a disproportionate up-regulation of Atf4, Chop, Gadd34,
and Cat-1 expression. These data suggest that crosstalk of
the stress-kinase and the mTORC1 pathways only occurs
when elF2a phosphorylation reaches an unphysiologically
high level. Gen2 knockdown in C2C12 myoblasts almost
completely prevented myotube formation, but did not affect
the degree of phosphorylation of elF2«, S6K1, or 4EBP1.
Treatment with the growth factor IGF1 also did not affect
elF2a, S6K1, or 4EBP1 phosphorylation in response to argi-
nine withdrawal. Our findings in C2C12 cells, therefore, sup-
port the hypothesis that arginine deficiency selectively
affects the GCN2 stress-kinase pathway.

Arginine Deficiency Selectively Induces the Integrated Stress
Response in Vivo—Based on the degree of phosphorylation of
elF2a and the expression of Chop mRNA, the GCN2 signal-
ing pathway was activated in all F/A2 tissues tested on post-
natal day 1. Atf4 mRNA was only up-regulated in skeletal
muscle of 1-day-old F/A2 mice, but ATF4 protein concen-
tration was elevated in all tissues. These findings underline
the severity of the muscle phenotype in F/A2 mice and the
primarily translational regulation of ATF4 expression (52,
53). The concentration gradient of arginine between plasma
and muscle was similar in control and F/A2 mice (4 —5-fold),
but the absolute concentrations were 3—4-fold lower in F/A2
than in wild-type mice, in agreement with an arginine supply
rather than transport problem. F/A2 homozygotes resume
growth around weaning (14), in all likelihood due to the
increasing cellular arginine, IGF1, and IGF1R1 (64) concen-
trations in target tissues. In combination, these data, there-
fore, indicate that the GCN2 signaling pathway in muscle in
vivo becomes activated when intracellular arginine concen-
trations in muscle decrease below ~400 umol/kg. GCN2
activation in the neonatal intestine appears to have a similar

> S. E. Kohler, unpublished observations.
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FIGURE 5. Proposed mechanism underlying the arginine-deficient phe-
notype in mice. Arginine is the precursor for NO, polyamines, and creatine
synthesis, and regulates ADP-ribosylation, but these molecules do not medi-
ate the developmental impairment of F/A2 mice. The somatotropic (GH/IGF1)
axis does not function properly in arginine-deficient mice, but although GH
supplementation increases IgfT mRNA concentration to wild-type values, it
cannot restore growth. Arginine deficiency, finally, does not block mTORC1
phosphorylation-dependent signaling, but does activate the stress kinase
GCN2 in neonatal and suckling F/A2 mice. The sole activation of the GCN2-
mediated integrated stress response is apparently necessary and sufficient to
block growth in a highly distinctive way.

sensitivity to arginine, but despite much lower tissue argi-
nine concentrations, Chop mRNA and ATF4 protein con-
centrations in liver are similar to those in muscle and
intestine.

Neonatal F/A2 mice did not show a reduced degree of S6K1
or 4EBP1 phosphorylation, which demonstrates that the effects
of arginine deficiency are restricted to GCN2 activation both in
vitro and in vivo. In this respect, arginine deficiency differs from
leucine deficiency, which, at least in adult mice, causes both a
GCN2-dependent phosphorrylation of eIF2« and a hypophos-
phorylation of S6K1 and 4EBP1 (65).

GCN2 Is Necessary to Cope with and Survive Neonatal Argi-
nine Deficiency—The absence of an increase in e[F2a phospho-
rylation and Chop mRNA expression in neonates of crosses of
F/A2 and Gcn2-deficient mice confirmed our in vitro data that
GCN2 was necessary to mediate the response to arginine defi-
ciency. These data also highlighted the vital role of GCN2 acti-
vation for postnatal survival of arginine-deficient pups. When a
leucine-deficient diet was fed to pregnant Gen2*”~ dams, neo-
natal survival of their Gen2-deficient offspring was only ~40%
(22), but F/A2 neonates show a complete loss of vitality when
the concentration of arginine falls to ~30% of normal. We have
not yet identified the dysfunction that kills Gen2-deficient F/A2
pups, but, in all likelihood, the decline in plasma glucose con-
centration, possibly in conjunction with an increase in plasma
IGF1 concentration, is a contributing factor to their untimely
death. A similar correlation between stress-kinase signaling
and lethal hypoglycemia was also noted in pups carrying the
phosphorylation-resistant Ser51Ala mutation of elF2a (66),
but these latter pups died earlier (<18 h) and with lower blood
glucose concentrations (=1 mm) than Gcn2-deficient F/A2
neonates (<48 h and <3 mw, respectively). Apparently, GCN2-
independent phosphorylation of eIF2a is also necessary to sur-
vive neonatally.

Arginine Is a Signaling Molecule in Its Own Right—The dis-
cussion of arginine-dependent signaling in tissues often focuses
on arginine metabolites, such as NO, agmatine, polyamines,
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creatine, or on arginine-mediated modifications such as ADP-
ribosylation. This and earlier studies of the F/A2 mouse (14—
17) demonstrate that the arginine-deficient phenotype is not
mediated by a metabolite of arginine (Fig. 5). Instead, it is the
low circulating concentration of arginine itself, which sup-
presses the somatotropic axis and activates the GCN2-signaling
pathway without affecting mTORCI1-mediated signaling. We
would, therefore, like to propose that the striking phenotype of
suckling F/A2 mice is a paradigm for selective GCN2 activation
(Fig. 5).
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