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Abstract

Dietary restriction, or reduced food intake without malnutrition, increases life span, health span,
and acute stress resistance in model organisms from yeast to nonhuman primates. Although
dietary restriction is beneficial for human health, this treatment is not widely used in the clinic.
Here, we show that short-term, ad libitum feeding of diets lacking essential nutrients increased
resistance to surgical stress in a mouse model of ischemia reperfusion injury. Dietary
preconditioning by 6 to 14 days of total protein deprivation, or removal of the single essential
amino acid tryptophan, protected against renal and hepatic ischemic injury, resulting in reduced
inflammation and preserved organ function. Pharmacological treatment with halofuginone, which
activated the amino acid starvation response within 3 days by mimicking proline deprivation, was
also beneficial. Both dietary and pharmacological interventions required the amino acid sensor and
elF2a (eukaryotic translation initiation factor 2a) kinase Gen2 (general control nonderepressible
2), implicating the amino acid starvation response and translational control in stress protection.
Thus, short-term dietary or pharmacological interventions that modulate amino acid sensing can
confer stress resistance in models of surgical ischemia reperfusion injury.

INTRODUCTION

Ischemia reperfusion (IR) injury is an acute, multifactorial stress initiated by a temporary
stoppage of blood flow that results in tissue damage, up-regulation of proinflammatory
cytokines, chemokines, and cell surface adhesion molecules, and recruitment of innate
immune cells (1). IR injury is a major cause of mortality and morbidity from stroke and
heart attack. Numerous planned vascular procedures such as coronary artery bypass graft
and carotid endarterectomy carry a risk of perioperative stroke or myocardial infarction.
These ischemic events can be caused by atherosclerotic plaque rupture or microembolization
of plague material during the surgery (2). Although the incidence of stroke associated with
cardiovascular surgery (0.8 to 9.7% depending on the procedure) is higher than with
noncardiovascular surgery (0.08 to 0.7%) (3), perioperative mortality in patients suffering
ischemic stroke is high in both (22% and 18 to 26%, respectively) (4). In 2007, there were
about 7 million cardiovascular and 18 million noncardiovascular operations in the United
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States alone (5). Despite the considerable morbidity and mortality associated with these
large numbers, effective preventative strategies are currently lacking.

Dietary restriction (DR), defined as reduced food intake without
malnutrition,isbestknownforextending life span in model organisms from yeast to nonhuman
primates (6-8). DR also improves health span and increases resistance to multiple forms of
acute stress including paraquat toxicity (9)and IR injury(10-15) in experimental mammals.
The pleiotropic effects of DR on a broad range of molecular and physiological processes
likely underlies its ability to protect against multiple forms of acute stress, including stress
associated with IR injury, a multifactorial insult characterized by energy depletion, loss of
membrane potential, and cell death from ischemia, followed by sterile inflammation upon
reperfusion. Humans on DR show metabolic fitness responses similar to those seen in
laboratory mammals (16-18). Nonetheless, there are currently few, if any, clinical
applications of DR in part as a result of the perception that reduced total calorie intake is
required for benefit and the difficulties associated with long-term, self-imposed food
restriction.

The nutritional basis of DR benefits, including the relative role of reduced calories and
nutrients, is poorly characterized, particularly in mammals. In fruit flies, restriction of the
protein source (yeast or casein) extends life span more than an isocaloric restriction of
carbohydrate (sucrose) (19, 20). Addition of essential amino acids (EAAS) abrogates the
life-span benefits of DR, but addition of EAA lacking methionine (or to a lesser degree
tryptophan) does not (21, 22). Reduced insulin/insulin-like growth factor (IGF) signaling has
been implicated in the benefits of DR on life-span extension and stress resistance (21), but
the underlying genetic requirements for a beneficial response to DR remain poorly defined
(23). In rodents, methionine or tryptophan restriction extends life span without enforced DR
(24-26). Methionine restriction in mice results in a phenotype highly reminiscent of DR,
including delayed aging, reduced serum Igfl, and increased resistance to acetaminophen
toxicity (27). It is not known whether the benefits of methionine or tryptophan restriction are
shared by other EAAs, nor have the upstream sensors, which may be best suited to
pharmacological manipulation, been identified.

Amino acids are sensed in mammals by at least two distinct signal transduction pathways,
involving either mTOR (mammalian target of rapamycin) or GCN2 (general control
nonderepressible 2). The mTOR signal transduction pathway integrates nutrient, energy, and
growth factor availability to promote anabolic processes such as fatty acid synthesis and to
suppress catabolic processes such as autophagy. Although the molecular mechanism
underlying amino acid recognition by the mTOR pathway is not known, mTOR signaling is
strongly dependent onthepresenceofspecificaminoacids, primarily leucine but also argi-nine
and methionine (28-30). In contrast, intracellular amino acid depletion is sensed directly by
GCNZ2 kinase, which binds uncharged transfer RNAs (tRNAs) and can thus in theory detect
deficiencies in any EAA or NEAA (nonessential amino acid) (31). Uncharged tRNA-bound
GCN2 phosphorylates the eukaryotic translation initiation factor 2a (elF2a)(32, 33)and
inhibits 43S preinitiation complex formation, thereby repressing general translation
initiation. At the same time, specific mMRNAs with initiating codons downstream of
noncoding micro-open reading frames (ORFs), which are normally translated with low
efficiency, are derepressed when translation initiation is inefficient and the micro-ORFs
upstream of the full-length ORF are skipped (34). Transcription factors such as ATF4
(activating transcription factor 4) that drive the transcriptional response to amino acid
starvation contain such micro-ORFs and are translationally derepressed upon elF2a
phosphorylation (34, 35).
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GCNZ2 is one of a family of four elF2a kinases (32, 33) that are triggered by diverse stressors
including heme depletion [heme-regulated inhibitor kinase (HRI)], viral double-stranded
RNA (dsRNA) [protein kinase activated by dsRNA (PKR)], and endoplasmic reticulum
(ER) stress [PKR-like ER kinase (PERK)] and that activate a coordinated shift in translation
and transcription known as the integrated stress response (ISR) (36). Reduced elF2a activity
and increased ATF4 levels have been implicated in oxidative stress resistance in mammalian
tissue culture models (35, 37), suggesting that oxidative stress resistance may be a common
output of the ISR independent of which upstream elF2a kinase is activated. This could occur
in part through dimerization of ATF4 with NF-E2-related factor 2 (NRF2) to regulate
transcription of antioxidant response element (ARE)-containing genes such as heme
oxygenase-1(HO-1)(38-40). Cross talk between mTOR and GCN2 pathways has been
reported in both yeast and mammals (41, 42). Reduced mTOR signaling through
pharmacological or genetic means increaseslife spaninmodel mammalian organisms(43, 44).

Halofuginone (HF) is a halogenated derivative of febrifugine (45) originally described as an
antimalarial agent and still in wide use as an antiprotozoal agent in poultry and cattle. In
mammalian cells, HF has a number of effects including inhibition of interleukin-17 (1L-17)-
producing helper T cell (T{17) differentiation through activation of the amino acid
starvation response (AASR) (46). HF also inhibits collagen type | gene expression in
fibroblasts (47, 48) and reduces cellular proliferation (49). In animal models, HF is effective
against the inflammatory disorders experimental autoimmune encephalomyelitis (46)and
colitis (50), fibrosis in various organs (51, 52), angiogenesis (53), and tumor metastasis (54,
55). In humans, it is used against scleroderma and is in clinical trials against solid tumors
(56). However, the relevant targets of HF and which of its activities require activation of the
AASR remain unknown.

Short-term dietary interventions that we collectively refer to as “dietary preconditioning,”
including 2 weeks of 30% reduced daily food intake or up to 3 days of water-only fasting,
protect against renal and hepatic IR in rodent models (15). Here, we examined the
possibility that dietary protein/amino acid deficiency and pharmacological activation of the
nutrient deprivation sensor Gen2 can induce surgical stress resistance independent of
reduced calorie or food intake.

Rapid onset of protection against renal ischemic injury by isolated protein deficiency

To elucidate the contribution of isolated protein deficiency to dietary preconditioning, we
assigned the mice to one of three diets for 14 days: a complete diet, a protein-free diet, or a
complete diet but restricted (or pair-fed) to the amount of food eaten by the protein-free
group. Food intake corrected for body weight was not significantly different (Fig. 1A and
fig. S1A), although mice on the protein-free diet lost weight steadily (Fig. 1B) and had
reduced blood sugar (fig. S1B). Mice on a protein-free diet also tended to be more active
than those on a control diet, particularly during the dark phase (fig. S1C). We then applied
35 min of bilateral renal ischemia, using microvascular clamps to occlude blood flow in or
out of each kidney (ischemia) followed by clamp release and return of blood flow
(reperfusion). Kidney function was monitored by measuring waste products in the blood
(urea and creatinine) normally cleared by the kidneys. Serum urea was significantly reduced
in the protein-free group compared to the complete diet or pair-fed groups on both days 1
and 2 after reperfusion (Fig. 1C). On day 2, serum creati-nine was significantly lower in the
protein-free group than in the complete diet group (Fig. 1D). Postoperative weight loss was
reduced in the protein-free group compared to the complete diet or pair-fed groups (fig.
S1D). Similar results were obtained with a shorter preconditioning period of 6 days for total
food intake, weight loss, and blood glucose before surgery (Fig. 1, E and F, and fig. S1, E
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and F), and preservation of organ function (Fig. 1G) and weight change after renal IR (fig.
S1G). Protein deficiency also imparted a significant survival advantage over ad libitum or
pair-feeding of the control diet (Fig. 1H). Therefore, short-term, ad libitum feeding of a
protein-deficient diet protected against renal IR. Although mice on a protein-free diet ate
less food per mouse than those on a complete diet (fig. S1, A and E, bottom), food intake
was similar when corrected for their smaller body size (fig. S1, A and E, top), a
phenomenon common to both DR and methionine restriction (27) in rodents.

Protection against renal IR by isolated EAA deprivation

We next asked whether depletion of individual EAA could have effects similar to those of
total protein depletion by giving mice ad libitum access to diets deficient in methionine
(Met-), tryptophan (Trp-), or leucine (Leu-) for 6 days. Aversion toward each incomplete
diet was observed, the greatest being toward Met— (fig. S2, A and B). Despite variable food
intake, mice on all four incomplete diets had similar reductions in body weight and blood
glucose (fig. S2, C and D) relative to those on the complete diet, as well as improved urea
clearance, postoperative weight loss, and survival after 35 min of bilateral renal IR (fig. S2,
E to G). To isolate the effects of EAA deprivation from reduced food intake, which may
independently modulate resistance to ischemic injury (15), we tested the two least aversive
amino acid—deficient diets, Trp— and Leu—, in comparison to pair-fed controls. Mice on Trp-
and Leu- diets ate 18 and 25% less, respectively, than those on the complete diet (Fig. 2A)
and lost slightly but significantly more weight than the corresponding pair-fed groups (Trp—
97.2% initial weight versus 103.3% for corresponding pair-fed control, P < 0.001; Leu—
95.1% initial versus 102.0% for pair-fed, P < 0.0001; Fig. 2B). Mice were then subjected to
25 min of bilateral renal IR to better determine functional differences (rather than measuring
the differences in mortality associated with longer ischemia times). Although kidney
function was significantly improved in all groups relative to the ad libitum complete diet
group (Fig. 2, C and D), tryptophan deficiency protected kidney function relative to its pair-
fed control (serum urea significantly lower than pair-fed) more than did leucine deficiency
relative to its pair-fed control. Thus, a modest DR of 18 to 25% for 6 days alone protected
against IR, and additional benefits of deficiency of at least one EAA, tryptophan, could be
experimentally separated from those of reduced food intake alone.

To compare the protection afforded by total protein and single EAA (tryptophan) deficiency
to that afforded by a complete diet, we restricted each dietary group to 0.28 kcal per gram of
body weight per day on the basis of their initial weights (~35% DR). Under these conditions,
all food was consumed each day, thus normalizing calorie intake among groups independent
of changes in weight due to diet. Kidney function as measured by serum urea for 3 days
after 30 min of bilateral renal IR was significantly improved in both protein- and
tryptophan-free diet groups relative to the complete restricted diet, with no significant
difference between them (Fig. 2E). Thus, at 35% DR, single EAA (tryptophan) deficiency
was as effective as total protein deprivation in protecting kidney function from ischemic
stress, and both were significantly better than a complete diet.

Requirement for Gen2 in dietary preconditioning against renal and hepatic ischemia

Because GCN2-based amino acid sensing can in theory respond to deficiency of any amino
acid, whereas mTOR-based sensing detects primarily the presence of leucine, we tested the
genetic requirement for GenZ2in protection from ischemic injury by isolated tryptophan
deficiency. Wild-type males showed significant weight loss on the Trp- diet, whereas
GenZ™'~ males did not (Fig. 3A) despite eating less than Gen2/~ animals on the complete
diet (fig. S3A). Both groups had significantly reduced blood glucose compared to their own
pair-fed controls (fig. S3B). One day after 25 min of bilateral renal IR, Trp— wild-type mice
had significantly reduced serum creatinine (Fig. 3B) and urea (fig. S3C) relative to wild-type
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mice pair-fed a complete diet. On a complete diet, GcnZ™/~ mice had reduced serum urea
and creatinine, consistent with constitutive protection against renal IR relative to wild-type
mice. However, the benefit of the Trp— diet observed in wild-type animals was absent in
GenZ'~ mice (Fig. 3B). Damage marker kidney injury molecule 1 (Kim1) mRNA (Fig. 3C)
and acute tubular necrosis as assessed histologically for necrosis of tubular epithelial cells
and loss of PAS-stained brush border at the corticomedullary junction (Fig. 3D and fig.
S3D) 1 day after IR showed changes consistent with renal functional readouts (creatinine).

To test whether the benefits of a Trp— diet on ischemic injury were sexor organ-specific, we
used a model of liver ischemia in female wild-type and GenZ™/~ animals. Six days of
tryptophan deficiency resulted in significant weight loss in both wild-type and Gen2™/~
females (Fig. 3E), despite significant reduction in food intake only in wild type (fig. S3E).
Serum markers of liver damage [alanine transaminase (ALT), aspartate transaminase (AST),
and lactate dehydrogenase (LDH)] were significantly reduced in the wild-type Trp— group
compared to wild type after 45 min of ischemia and 3 hours of reperfusion (Fig. 3F and fig.
S3, F and G). However, ALT values in the Gen2™~ Trp— group were significantly higher
than controls. Inflammatory gene expression markers P-selectin and I1L-6 were reduced in
Trp— wild-type mice but not in Trp— GenZ™'~ mice(Fig.3G). Together, our data indicate that
the benefits of isolated tryptophan deficiency on ischemic injury required GenZ2 but were not
sex- or organ-specific.

Activation of the AASR in liver but not in kidney upon tryptophan deficiency

We hypothesized that activation of the ISR in both liver and kidney would lead to
transcriptional up-regulation of metabolic and oxidative stress-related genes thought to be
common to the ISR independent of which elF2a kinase triggers the response (35-37). After
6 days of tryptophan deficiency, liver expression of the metabolic stress gene asparagine
synthase (Asns) was significantly up-regulated. However, contrary to our hypothesis,
oxidative stress resistance-related genes NADPH (reduced form of nicotinamide adenine
dinucleotide phosphate) dehydrogenase quinone 1 (Ngol), glutathione synthetase (Gst1/2),
and catalase were significantly down-regulated; none of these changes was observed in
kidney (Fig. 4A). We next looked at the requirement for Gen2. In GenZ2™!~ livers, Asnswas
significantly differentially regulated upon tryptophan deficiency, whereas the ISR negative
feedback control transcription factor Chop (C/EBP homologous protein) and catalase were
not (Fig. 4B). No significant differences in expression of these genes were observed in the
kidney of either genotype as a function of diet. A limitation of this study is that changes in
protein levels could be different from those in MRNA levels. Nevertheless, at least as
measured by mRNA concentrations, the response to amino acid starvation was tissue-
specific and did not share up-regulation of oxidative stress resistance genes with other ISR
triggers such as ER stress.

Systemic changes upon tryptophan deficiency mediated by Gen2

We next looked for evidence of systemic GenZ-dependent factors that may underlie
protection from IR by tryptophan deficiency. Because protein/energy malnutrition can
inhibit innate immune function, in part through reduced numbers of leukocytes, we
measured the effects of isolated tryptophan deficiency on blood cell composition. In animals
fed a complete diet, there were no differences between wild-type and Gen2™/~ mice in any
circulating leukocyte compartment, although red blood cells (RBCs) and platelets were
slightly but significantly decreased (fig. S4A). However, upon tryptophan deficiency, wild-
type mice showed a significant reduction in circulating neutrophils that was dependent on
Gen2 (Fig.4C). Furthermore, the ratios of granulocytes in mice on a Trp— versus complete
diet were significantly increased in Gen2™/~ animals relative to wild type for all three
lineages (neutrophils, eosinophils, and basophils; fig. S4B). 1gfl is an important growth
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factor for myeloid lineages and can also prime immune and endothelial cells for activation
upon damage. In liver, the major source of growth hormone—dependent Igfl production,
growth hormone receptor (Ghr) and Igf1 mRNA levels were significantly reduced upon
tryptophan deficiency in wild-type but not Gen2~ mice (Fig. 4D). Serum Igfl protein
levels followed the same pattern (Fig. 4E). Together, our data show that tryptophan
deficiency elicited a systemic repression of granulocyte numbers in a Gen2-dependent
manner, possibly through a reduction in serum Igf1.

Preconditioning against renal IR with HF

On the basis of our finding that dietary amino acid starvation protected against IR, we next
tested a pharmacological compound, HF, that activates the AASR (46) as a potential dietary
preconditioning mimetic against renal IR. Daily injection of HF (0.2 mg/kg) to wild-type
mice for 3 to 6 days resulted in robust protection against renal IR as measured by
preservation of renal function (serum creatinine, Fig. 5A,; urea, fig. S5A) and reduced
damage (serum LDH release, fig. S5B). The transcriptional response to HF resembled
dietary tryptophan deficiency but was present in both liver and kidney (Fig. 5B). HF
treatment for 3 days also resulted in a significant reduction of circulating lymphocytes (Fig.
5C). These changes occurred in the absence of significant differences in the percent initial
body weight or blood glucose (fig. S5, C and D).

If HF mimics amino acid deprivation in vivo, which amino acids are involved and is Gen2
required? In T cells, the effects of HF on Ty17 cell differentiation in vitro are abrogated by
excess amino acids (46). We used cytotoxicity of HF in spontaneously immortalized mouse
embryonic fibroblasts (MEFs) as a biological endpoint. Individual amino acids were titrated
against varying doses of HF, and cell survival was measured by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]. Of 10 EAAs and 7 NEAAs tested,
only .-proline rescued HF cytotoxicity; the biologically inactive D enantiomer of proline had
no effect (Fig. 6A and fig. S6A). To confirm these findings with a different biological
endpoint, we tested the effects of proline on the ability of HF to increase elF2a
phosphorylation and derepress Atf4 translation in MEFs. elF2a phosphorylation and Atf4
stabilization by HF were dose-dependent, and both were abrogated by excess -proline (Fig.
6B). As a control, elF2a phosphorylation and Atf4 stabilization induced by tunicamycin, an
ER stress—inducing agent that promotes elF2a. phosphorylation by a different kinase, PERK,
were not affected by proline supplementation. We next asked whether the benefits of HF on
renal IR were dependent on GenZ2. Three days of HF preconditioning did not affect weight
loss in wild-type or GenZ™'~ mice (fig. S6B). One day after 25 min of bilateral renal IR,
renal function was significantly better in HF-pretreated wild-type mice but worse in HF-
pretreated GenZ™'~ mice (Fig. 6C). Histological evidence was consistent with functional
protection by HF in the wild-type but not Genz~ mice (Fig.6D). Thus, HF can function in
vivo as a dietary preconditioning mimetic.

DISCUSSION

Together, our data are consistent with the notion that ad libitum feeding of a nutritionally
complete diet before surgical ischemia is a risk factor for inflammatory injury in preclinical
models of IR injury. On the other hand, reduced intake of a complete diet, or ad libitum
feeding of a diet deficient in protein or EAAs for as little as 6 days, provided significant
protection. Pharmacological activation of the AASR with HF also provided protection. The
protective effects of tryptophan deficiency and HF pretreatment were both dependent on the
amino acid deprivation sensor Gen2, indicating a role for translational control in AASR-
induced stress resistance.
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DR can be beneficial in humans and experimental organisms as measured by a humber of
endpoints, including acute stress resistance and longevity. In humans, these benefits include
clinically relevant metabolic parameters such as blood pressure, glucose homeostasis, and
blood lipid profiles (16-18). Clinical applications of DR against acute stress are practically
nonexistent, perhaps because of the difficulty of self-imposed food restriction and an
assumption that DR benefits take a long time to accrue. Contrary to this notion, we and
others have shown rapid onset of benefits of dietary preconditioning, including DR and
fasting, in models of renal and hepatic ischemia (15, 57), and therapy with chemotherapeutic
agents (58). Here, we have shown that the benefits of reduced total food/calorie intake and
reduced protein/EAAS are separable. Thus, reduced food intake per se is not required for the
benefits of dietary preconditioning, obviating the difficulty of adherence to reduced food
intake. Nevertheless, our data also suggest that reduced nutrient intake combined with
reduced calorie intake may together be the most efficacious preconditioning regimen.

Our results are also consistent with a body of literature from lower, nonmammalian
organisms, indicating that nutrient restriction rather than calorie restriction per se is a key
variable in the benefits of DR (19, 21). Investigations of this issue in mammals have yielded
equivocal results (59-61), likely a result of the reliance on life span as an experimental
endpoint, which constraints the experimental diets to those compatible with long-term
survival. Here, we separated the effects of nutrient deprivation from calorie intake using
clinically relevant, acute stress endpoints (instead of longevity) and short-term interventions
compatible with incomplete diets. We conclude that nutrient restriction can contribute to DR
benefits in mammals as in flies, consistent with evolutionary conservation of the nutritional
basis of DR. Our data also support the idea that coordinately regulated reductions in food
intake and body size are common both to DR (imposed through reduced food availability)
and amino acid restriction (likely through initial aversion to food intake).

We also identified a role for GenZ2in mediating the beneficial effects of amino acid
starvation on stress resistance. Our data indicate that the response to dietary amino acid
starvation is tissue-specific and does not involve transcriptional up-regulation of ARE-
containing genes such as AVgol. Instead, we revealed a requirement for GenZ2in the systemic
response to dietary tryptophan deficiency, which included reduced serum Igfl and reduced
numbers of peripheral granulocytes. Reduced insulin/IGF-1 signaling is synonymous with
extended longevity and increased stress resistance (62, 63). In lower organisms, these effects
depend on activation of Foxo transcription factors and presumably increased expression of
Foxo target genes, such as those involved in oxidative stress resistance. Our data showed no
significant increase in expression of candidate antioxidant genes in the liver after tryptophan
deficiency. However, in mammals, 1gfl also plays a prominent role in regulation of the
immune system as a growth factor for myeloid lineages (64). Igfl can also contribute to
inflammation by enhancing expression of endothelial cell adhesion molecules (65), priming
granulocytes for activation (66), and suppressing granulocyte apoptosis (67). We observed
fewer circulating neutrophils after tryptophan deficiency and reduced expression of
proinflammatory and cell adhesion markers after ischemic insult. Thus, reduced Igfl caused
by tryptophan deficiency may have a greater effect on inflammatory capacity than on
oxidative stress resistance. Although there is precedent for Gen2-dependent
immunosuppression of the adaptive immune system [for example, in Ido-mediated T cell
anergy(68) and asparaginase-based immunosuppression (69)], direct effects on granulocytes
have not been previously reported. T cells are also implicated in ischemic injury, because
severe combined immunodeficient (SCID) or Rag’~ mice lacking functional B or T
lymphocytes are partially protected from damage (70). HF inhibits T cell-mediated
proinflammatory cytokine secretion by suppression of nuclear factor kB(NF-xB) activity
(71) and prevents in vitro differentiation of proinflammatory TH17 cells (46). IL-17 has been
implicated in renal IR injury, although neutrophils rather than T cells appear to be the major
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source (72). Future studies will be required to clarify in which tissues and cells GCN2
activation is required for adaptive stress resistance.

The observation that the lack of GenZon its own, in the absence of any dietary intervention,
led to protection against IR is paradoxical because activation of Gen2 by either tryptophan
deficiency or HF also led to protection. This could be a result of different roles of Gcn2
before and after acute stress. Although Gcn2 activation before stress resulted in potentially
beneficial systemic changes (reduced Igf1, reduced circulating leukocytes), the lack of Gen2
may be beneficial after stress for different reasons. In the case of renal damage by the ER
stress activator tunicamycin, the lack of the proapoptotic transcription factor Chop, a
downstream target of Atf4 activation, is protective (73). Thus, activation of Gcn2 after stress
may actually be detrimental if it increases apoptotic signaling and results in more cell death.
Another nonmutually exclusive possibility is that the lack of Gen2 results in compensatory
activation of aspects of Gen2 signal transduction through a different elF2a kinase, for
example, PERK. Recent studies indicate that Gen2 may function as a repressor of mTOR
(74). De-repression of mTOR in the absence of Gen2 could potentially increase protein
synthesis, increase ER stress, and activate the unfolded protein response, resulting in the
activation of PERK and stabilization of Atf4.

A useful strategy for harnessing the health benefits of DR could be pharmacological
activation of DR target pathways by DR mimetics, abrogating the need for dietary changes.
Known DR mimetics such as resveratrol and metformin are thought to work by activating
pathways that regulate the response to reduced energy, including the NAD-dependent
sirtuins and adenosine monophosphate (AMP)-activated protein kinase. Here, we identified
a pathway involved in dietary preconditioning, the AASR, through manipulation of diet and
then tested compounds already known to activate this response in the absence of dietary
intervention. Our data suggest that HF may act as a dietary preconditioning mimetic. In
addition to its ability to precondition against renal IR, we demonstrated the dependence of
its activity on Gen2and the ability of -proline, but not o-proline or any of 16 other amino
acids, to competitively inhibit its biological activity. Consistent with our finding, dietary -
proline can mitigate the skin-weakening effects of HF in chickens (75). Further studies will
be required to clarify the role of proline in the activation of AASR by HF.

Alternate day calorie restriction for 2 months is well tolerated and is highly effective in
reducing levels of oxidative stress and inflammation in human subjects (76, 77). Short-term,
preoperative dietary interventions are feasible and safe in patients participating in living
organ donation for transplantation (78). However, dietary recommendations are not a routine
component of medical management around the time of surgery (79), with the exception of
preoperative overnight fasting, which serves a different purpose (80). What is still required
is a demonstration that short-term dietary preconditioning can reduce surgical stress in
humans. For this test, vascular procedures with high risk of ischemic injury such as carotid
endarterectomy may be appropriate. In addition, we need to know what diet works best and
for how long to apply it before surgery. Our data indicate that isolated protein or amino acid
deficiency can modulate stress resistance independent of DR; however, the benefits of
energy and nutrient restriction may be additive or even synergistic. Finally, our studies were
performed in young, healthy rodents; it will be necessary to determine whether this approach
will work when needed most, such as in elderly or obese individuals. For example, in some
experimental models of ischemic preconditioning, cardioprotection is lost as a function of
age (81).

In conclusion, we report that dietary activation of an evolutionarily conserved response to
amino acid starvation protected mice against IR injury. This protection was mediated by the
Gcen2 kinase, implicating translational control in dietary preconditioning. We also showed
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that HF, a drug already in clinical trials as a chemotherapeutic agent, can act as a dietary
preconditioning mimetic against surgical stress in preclinical models. Modulation of the
AASR by brief dietary or pharmacological interventions may thus be a promising approach
for mitigation of surgical stress, including IR injury.

MATERIALS AND METHODS

Mice

Eight-week-old C57BL/6 and B6D2F1 mice were purchased from the Jackson Laboratory.
GcenZ2 knockout and control mice on a C57BL/6 background were bred at our facility.
Animals were kept under standard laboratory conditions and allowed free access to water
and food except as noted. All experiments were performed with the approval of the
appropriate institutional animal care and use committee.

Preconditioning regimens

IR models

Mice were given ad libitum access to isocaloric protein or single EAA-deficient diets
(Research Diets) or pair-fed a complete diet for 6 to 14 days before induction of ischemia or
tissue harvest. No morbidity or mortality was observed as a function of the diets alone. HF
hydrochloride (Santa Cruz Biotechnology) was solubilized in dimethyl sulfoxide and diluted
in phosphate-buffered saline (PBS).

Mice were anesthetized by isoflurane inhalation, and body temperature was maintained on a
water-circulating heat pad until recovery from anesthesia. Ischemia was induced after a
midline abdominal incision. For renal IR, the left renal pedicle was localized and the renal
artery and vein were occluded for 25 to 35 min with an atraumatic microvascular clamp
(Roboz). The procedure was repeated immediately on the right kidney. Liver IR was
performed by visualizing the liver hilus and clamping the portal vein, hepatic artery, and bile
duct to the median and left hepatic lobes for 45 min. In this model, 70% of the liver tissue
becomes ischemic, and blood outflow from the small intestine is preserved through the right
anterior and caudate liver lobes. After inspection for signs of ischemia (purple color in
kidney, pale color in liver), the incision was covered with PBS-soaked cotton and the animal
was placed under a heating pad and an aluminum foil blanket to maintain body temperature.
After release of the clamp, restoration of blood flow was inspected by return of the ischemic
organ to normal color. Animals were returned to clean cages and allowed ad libitum access
to a complete diet after surgery.

Blood measurements

Histology

Blood glucose determinations were performed on fresh blood with an Easy Check Diabetes
Meter Kit (Home Aide Diagnostics) according to the manufacturer's instructions. Complete
blood cell counts were analyzed with a Hemavet blood analyzer according to the
manufacturer's instructions. Serum urea and creatinine levels were measured with
QuantiChrom assay kits (BioAssay Systems) based on the improved Jung and Jaffe
methods, respectively. Serum ALT, AST, and LDH levels were determined by kinetic
analysis in a 96-well format with a BioTek microplate reader. Serum Igfl levels were
determined by enzyme-linked immunosorbent assay (ELISA) (R&D Systems).

Organs were harvested, fixed in formalin, and embedded in paraffin. Sections (3 pm) were
stained with periodic acid-Schiff (PAS) or hematoxylin and eosin (H&E).
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Quantitative real-time polymerase chain reaction

Total RNA was extracted from frozen tissue with RNA Bee (Qiagen), and hexamer-primed
complementary DNA (cDNA) was synthesized with Verso cDNA Kit (Thermo Scientific)
according to the manufacturer's instructions. Quantitative real-time polymerase chain
reaction (PCR) was performed with a MylQ (Bio-Rad) with SYBR Green. Relative
expression was calculated with the A A G method. Each sample was tested in duplicate at
least twice.

Immunoblotting

Statistics

Cells were lysed in a nonionic detergent buffer, cleared by centrifugation, resolved by SDS-
polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride membranes
for blotting with antibodies against Atf4 (Santa Cruz Biotechnology), phopho-elF2a, and
elF4E (Cell Signaling).

Data are expressed as the means + SEM. Statistical analyses were performed in GraphPad
Prism with an unpaired, two-tailed Student's ¢test, one-way analysis of variance (ANOVA),
or Kaplan-Meier survival analysis as indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Protection against renal IR by dietary protein deficiency in the absence of reduced calorie
intake.(A to H) Wild-type male B6D2F1 mice were given ad libitum (AL) access to
complete or protein (Prot)-free chow, or pair-fed (PF) to the protein-free chow group with
complete chow, for 14 days (A to D) or 6 days (E to H) before induction of renal IR injury.
(A and E) Body weight of mice expressed as percent initial body weight: (A) 7= 9 to 14 per
group; (E) n= 12 per group. (B and F) Daily food intake expressed as weight of food eaten
per total weight of animals in the cage: (B) n = 2cages per group; (F) 7= 3 to 5 cages per
group. (C and G) Serum urea on the indicated day before (day 0) or 1 or 2 days after renal
IR: (C) n=7to 9 per group; (G) n=7 to 8 per group. (D) Serum creatinine on day 2 after
renal IR (=310 4 per group). (H) Kaplan-Meier survival curves of the indicated groups
over 7 days after renal IR (7= 7 to 8 per group). Survival in the protein-free group was
significantly improved over both complete diet groups (log-rank test: 2= 0.0022 versus AL;
P=0.0001 versus PF). Error bars indicate SEM. Asterisks indicate the significance of the
difference between the indicated groups within a given day after IR according to a one-way
ANOVA followed by Tukey's multiple comparison test comparing all pairs of values. *P <
0.05; **P < 0.01; ***P < 0.001.
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Fig. 2.

Protection against renal IR by isolated EAA deprivation. (A) Total food intake over 6-day
preoperative period expressed as weight of food eaten per total weight of animals in the cage
(n =2 cages per group). (B) Body weights of mice fed complete, Trp— or Leu— chow ad
libitum (AL) or pair-fed (PF) to Trp— or Leu— animals with complete chow over the 6-day
preoperative period (1= 8 per group) expressed as percent initial weight. (C and D) Kidney
function as measured by serum urea (C) and creatinine (D) 1 day after 25 min of renal IR.
(E) Effect of isocaloric protein- (Prot—) and tryptophan-deficient diets on kidney function, as
measured by serum urea. Mice were preconditioned for 1 week on the indicated diet
restricted daily to 0.28 kcal per gram of initial weight (~35% DR) before and up to 3 days
after 30 min of renal ischemia (r7=5 per group). Inset: Area under the curve (AUC)
analysis. Error bars indicate SEM. Asterisks indicate the significance of the difference
between the indicated group and the complete diet group according to a one-way ANOVA
followed by Dunnett's multiple comparison test, or between the Trp- or Leu- groups and
their respective pair-fed controls as indicated with Bonferroni'smultiple comparison test. *P
<0.05; **P < 0.01; ***P < 0.001.
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Fig. 3.

Requirement for GenZin tryptophan deficiency-mediated protection against renal and
hepatic IR. (A to D) GenZ-mediated protection by tryptophan deficiency against renal IR.
(A) Body weights of male mice (n7= 12per group) fed the indicated diet for 6 days expressed
as percent initial weight. (B) Renal function as indicated by serum creatinine 1 day after
renal IR (n7=10 per group) or mock ischemia (r7= 2 per group). (C) Kidney damage as
indicated by mRNA abundance of kidney damage marker Kim1 mRNA as detected by
guantitative PCR (gPCR) in kidney samples harvested 1 day after renal IR (7= 9 to 10 per
group) or mock ischemia (7= 2 per group) and expressed relative to the wild-type (WT)
complete IR group. (D) Representative images of PAS-stained kidney sections 1 day after
reperfusion showing the corticomedullary junction, where most tubular damage occurs. (E
to G) GenZ-mediated protection by tryptophan deficiency against hepatic IR. (E) Body
weights of female mice (n7= 12 to 13 per group)fed the indicated diet for 6 days expressed as
percent initial weight. (F) Serum ALT before (0 hours) or 3 hours after 45 min of hepatic
ischemia (=5 to 10 per group) or mock IR (7= 2 to 3 per group). (G) mRNA abundance
of proinflammatory markers P-selectin (Psel) and I1L-6 as detected by gPCR in liver samples
harvested 3 hours after hepatic ischemia (/7= 4 to 5 per group) expressed relative to the WT
mock-treated group. Error bars indicate SEM. Asterisks indicate the significance of the
difference between the indicated groups by Student's t test for effect of diet within the same
genotype. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4.

Organ-specific and systemic activation of the AASR by tryptophan deficiency. (A) Gene
expression as determined by gPCR on material prepared from liver (top) and kidney
(bottom) from wild-type (WT) male B6D2F1 mice preconditioned for 6 days with ad libitum
access to tryptophan-deficient (Trp-) chow or pair-fed on complete chow (7= 4 to 5 per
group). Gene expression is presented relative to complete diet treatment group (dashed line).
(B) Gene expression in liver (top) and kidney (bottom) from WT or Gen2/~C57BL/6 male
mice (n7=41to 5 per group) on the indicated diet for 6 days. Gene expression is presented
relative to the WT complete diet treatment group (dashed line). (C) Numbers of peripheral
neutrophils in whole blood prepared from mice as in (B). (D) Expression of growth hormone
receptor (Ghr) and insulin-like growth factor 1 (Igf1) mRNAs in liver as determined by
gPCR (n=4to 5 per group) normalized to the WT complete diet treatment group. (E)
Serum Igf1 protein levels after 6 days on the indicated diet (r7= 16 per group). Error bars
indicate SEM. Asterisks indicate the significance of the difference between the indicated
groups by Student's t test for effect of diet within the same genotype. *P < 0.05; **P < 0.01,
***p < 0.001.
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Protection against IR by pharmacological activation of the AASR. Preconditioning with HF
for 3 to 6 days protected against renal IR. (A) Serum creatinine before (0 hours) or 8 to 24
hours after 25 min of bilateral renal IR (7= 5 per group). (B) Gene expression changes in
liver (top) and kidney (bottom) upon 3 days of HF treatment as measured by gPCR and
presented relative to the vehicle-treated group (7= 4 to 5 per group). (C)Complete blood
cell counts upon 3 days of HF treatment expressed as a percentage of the vehicle-treated (n
=5 per group). Error bars indicate SEM. Asterisks indicate the significance of the difference
between the indicated group and the vehicle-treated group by one-way ANOVA followed by
Dunnett's multiple comparison test (A) or by Student's t test for effect of HF treatment (B
and C). **P < 0.01; ***P < 0.001.
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Fig. 6.

Block of HF activity by excess proline in vitro and requirementfor GenZ2in vivo. (A)
Cytostatic/cytotoxic effects of increasing concentrations of HF added to proliferating MEF
cultures and blockade by addition of excess proline to the medium as measured by the MTT
assay and expressed as a percentage of cell number in the vehicle-treated group with no
additional proline. (B) Phospho-elF2a and Atf4 immunoblots of extracts prepared from
MEFs treated with HF (0, 5, or 10 nM) or tunicamycin (Tun) (0, 1, or 5 pg/ml) for 3 hours
in complete medium with or without proline (Pro) supplementation. elF4E was used as a
loading control. (C) Protection by HF against renal IR required Gen2. Serum urea (top) and
creatinine (bottom) before (day 0) and 1 day after 25 min of bilateral renal IR. Error bars
indicate SEM. Asterisks indicate the significance of the difference between the indicated
groups by Student's t test for effect of diet within the same genotype. *P < 0.05; **P < 0.01.
(D) Representative images of PAS-stained kidney sections 1 day after reperfusion showing
the corticomedullary junction, where most tubular damage occurs.
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