Diabetes Volume 65, June 2016

1499

Desiree Wanders,! Kirsten P. Stone,! Laura A. Forney,! Cory C. Cortez,!

Kelly N. Dille,! Jacob Simon,* Mark Xu,! Elisabeth C. Hotard,! Inna A. Nikonorova,2

CrossMark

Ashley P. Pettit,2 Tracy G. Anthony,? and Thomas W. Gettys?

Role of GCN2-Independent Signaling
Through a Noncanonical PERK/NRF2

Pathway in the Physiological

Responses to Dietary Methionine

Restriction

Diabetes 2016,65:1499-1510 | DOI: 10.2337/db15-1324

Restricting availability of essential amino acids (EAAs) limits
aminoacylation of tRNAs by their cognate EAAs and
activates the nutrient-sensing kinase, general control non-
derepressible 2 (GCN2). Activated GCN2 phosphorylates
eukaryotic initiation factor 2 (elF2), altering gene-specific
translation and initiating a transcriptional program collec-
tively described as the integrated stress response (ISR).
Central GCN2 activation by EAA deprivation is also linked
to an acute aversive feeding response. Dietary methionine
restriction (MR) produces a well-documented series of phys-
iological responses (increased energy intake and expendi-
ture, decreased adiposity, and increased insulin sensitivity),
but the role of GCN2 in mediating them is unknown. Using
Gcn2~/~ mice, we found that the absence of GCN2 had no
effect on the ability of MR to reduce body weight or adipos-
ity, increase energy intake and expenditure, increase hepatic
transcription and release of fibroblast growth factor 21, or
improve insulin sensitivity. Interestingly, hepatic elF2 phos-
phorylation by MR was uncompromised in Gen2~/~ mice.
Instead, protein kinase R-like endoplasmic reticulum (ER)
kinase (PERK) was activated in both intact and Gen2™/~
mice. PERK activation corresponded with induction of the
ISR and the nuclear respiratory factor 2 antioxidant program
but not ER stress. These data uncover a novel glutathione-
sensing mechanism that functions independently of GCN2 to
link dietary MR to its metabolic phenotype.

Dietary methionine restriction (MR) increases life span and
produces a profile of physiological responses that confer
resistance to metabolic disease (1-6), but the anatomical

organization and molecular identity of the sensing and
translational mechanisms are unknown. General control
nonderepressible 2 (GCN2) is a potential mediator because
it is activated by limited essential amino acid (EAA) avail-
ability. Activated GCN2 phosphorylates the a-subunit of
eukaryotic initiation factor 2 (eIF2), altering gene-specific
translation and initiating a cytoprotective transcriptional
program collectively described as the integrated stress re-
sponse (ISR) (7,8). Activating transcription factor 4 (ATF4),
a basic leucine zipper transcription factor with important
roles in glucose homeostasis, lipid metabolism, and energy
expenditure (EE), is among the gene products preferen-
tially translated after eIF2 phosphorylation (9,10). During
amino acid insufficiency, ATF4 coordinates induction of
hepatic fibroblast growth factor 21 (FGF21) and other
metabolic genes (11,12). However, the relative importance
of these individual signaling components (e.g., GCN2,
elF2, ATF4) in mediating the complex physiological re-
sponses to EAA restriction is largely unknown.
Loss-of-function models have been used to assess the role
of GCN2 in the transcriptional, physiological, and behavior-
al responses to dietary EAA deprivation. Soon after their
introduction, activation of GCN2 within the anterior
piriform cortex triggers an acute aversive feeding re-
sponse that is absent in mice lacking Gen2 (13,14).
Leucine deprivation (LD) also produces a chronic anorex-
igenic response that is not compromised in Gen2™/” mice
(15,16). However, downregulation of hepatic lipogenic
genes by LD does require GCN2 (15). Together, these
findings illustrate that responses to dietary LD are
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mediated through a combination of GCN2-dependent
and -independent mechanisms. A comparison of the re-
sponses to LD and MR reveals shared features but also
distinct differences, particularly, their opposite effects
on food intake and lipogenic gene expression in adipose
tissue (17). It remains to be established whether these
differences are EAA specific or simply reflect different
degrees of restriction, irrespective of the EAA being re-
stricted. In either case, the importance of GCN2 in
mediating the biological responses to dietary MR
is unknown.

In response to different cellular stresses, three other
elF2 kinases participate in activation of the ISR (18-21).
Several reports identify auxiliary or cooperative action
between GCN2 and protein kinase R-like endoplasmic re-
ticulum (ER) kinase (PERK) in phosphorylating eIF2 and
translational control (22-24). However, the transcrip-
tional profiles activated by each kinase are distinct (20).
PERK, IRE-1, and ATF6 are all activated by accumulation
of unfolded proteins in the ER, and each induces a differ-
ent component of the unfolded protein response (UPR).
The UPR is a multipart stress response that includes the
ISR, and unresolved ER stress has been implicated in
metabolic disorders associated with obesity and diabetes
(25). While dietary LD does not activate PERK or the UPR,
activation of the UPR does engage GCN2 in cell-cycle
control and cellular fate during metabolic stress (22,24).

Our work comparing low-protein diets with dietary MR
proposed the interesting possibility that hepatic detection
of reduced EAAs from both diets produced integrated
effects on energy balance and insulin sensitivity by
inducing hepatic FGF21 (26,27). Although the acute ef-
fects of protein restriction on FGF21 and energy balance
appear to be GCN2 dependent (26), we report here that
GCN2 is not required for MR-dependent induction of
hepatic FGF21, increased EE, or enhancement of insulin
sensitivity. Instead, we propose that MR is activating the
ISR and antioxidant response program in liver via a non-
canonical PERK/nuclear respiratory factor 2 (NRF2) path-
way that effectively senses and translates the metabolic
responses to MR in the absence of GCN2.

RESEARCH DESIGN AND METHODS
Animals and Diets

Experiment 1

Four-week-old male wild-type (WT) (n = 16) and Gen2™'~
(n = 19) C57BL/6J mice were obtained from The Jackson
Laboratory (Bar Harbor, ME), acclimated to a control (CON)
diet for 1 week prior to phenotyping using a Compre-
hensive Laboratory Animal Monitoring System (Colum-
bus Instruments, Columbus, OH). Mice were acclimated
to the chambers overnight prior to measurements of O,
consumption and CO, production at 16-min intervals for
18 days. All mice received the CON diet for 4 days prior to
switching half the mice to the MR diet. Respiratory ex-
change ratio (RER) was calculated as the ratio of VCO,
produced to VO, consumed. EE was calculated as follows:
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VO, * (3.815 + [1.232 * RER]) * 4.1868. Thereafter, food
intake, body weights, and composition were measured
weekly for 12 weeks. The mice were returned to the Oxymax
for 4 days for measurement of EE, RERs, and activity. There-
after, mice were killed and tissues were harvested.

The diets were formulated as extruded pellets. The energy
content of both CON and MR diets was 15.96 kJ/g,
with 18.9% of energy from fat (corn oil), 64.9% from
carbohydrate, and 14.8% from a custom mixture of L-amino
acids. The amino acid content of the diet on a weight basis
was 14.1%. The CON diet contained 0.86% methionine,
and the MR diet contained 0.17% methionine. Food
and water were provided ad libitum, and lights were on
12 h/day from 7:00 aM. to 7:00 p.M.

Experiment 2

The temporal development of transcriptional and bio-
chemical responses to MR was examined in 128 WT
mice acclimated to CON diet in a room with a reversed
light cycle (7:00 p.M. lights on and 7:00 a.M. lights off)
for 1 week beginning at 6 weeks of age. The mice were then
trained to eat at lights out for a period of 10 days by removal
of all food at lights on (7:00 pM.). Food was restored at lights
off (7:00 aMm). After the initial 10 days of training, half of the
mice were switched to the MR diet. In groups of 16, mice were
killed after 3 h, 6 h, 9 h, 12 h, 2 days, 4 days, 6 days, and
8 days on their respective diets. A cohort of Gecn2™/~ mice
(n = 24) followed the same feeding paradigm, and mice were
killed 6 h and 6 days after initiation of the diets.

Experiment 3

A third cohort of WT (n = 20) and Gcn2™’™ (n = 20) mice
was shipped to the Vanderbilt Phenotyping Center to un-
dergo hyperinsulinemic-euglycemic clamps as previously
described (27,28). Mice of each genotype were placed on
the CON diet for 1 week before being randomized to the
CON or MR diet for the following 8 weeks prior to surgery
for catheter placement. After a 5-day recovery, clamps
were performed in conscious mice after a 5-h fast. Insulin
(2.5 mU/kg/min) was infused, along with a 50% dextrose
solution at a variable rate to maintain euglycemia. Whole-
body glucose turnover was assessed with a 5-wCi bolus of
[SH]glucose tracer 1.5 h before insulin treatment, fol-
lowed by a 0.05 pCi/min infusion during the clamp.
Insulin-stimulated glucose uptake in individual organs
was determined using 2-deoxy-d-[1-**C]glucose admin-
istered as a single bolus (13 wCi) 120 min after the start
of clamp procedure. At t = 145 min, epididymal white
adipose tissue (WAT), inguinal WAT (IWAT), brown ad-
ipose tissue (BAT), gastrocnemius, vastus lateralis, so-
leus, brain, and heart were harvested for analysis.

Experiment 4

WT (n = 12) and Gen2™ /™ (n = 12) mice were acclimated
to CON diet for 2 weeks. Then, half of each genotype was
switched to a custom diet devoid of methionine (0%
methionine). Mice were killed after 6 days on their re-
spective diets and tissues were collected.
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Experiment 5

WT mice (n = 24) were acclimated to the CON diet for 1
week beginning at 6 weeks of age. Then, eight mice were
switched to the MR diet, eight mice were switched to an MR
diet containing 0.2% cysteine, and the remaining mice
stayed on the CON diet. After 8 weeks on the diets, EE
was measured and all mice were killed. The BIOOXYTECH
GSH/GSSG-412 Assay kit (Oxis Research, Portland, OR)
was used to determine hepatic glutathione (GSH/GSSG)
following the manufacturer’s protocol.

Experiment 6

WT mice (n = 24) were acclimated to CON diet for 1 week
beginning at 6 weeks of age. Then, eight mice were switched
to the MR diet containing 0.12% methionine, eight mice
were switched to the 0.12% MR diet containing 0.2% cys-
teine, and the remaining mice stayed on the CON diet. The
mice were killed after 8 weeks on their respective diets.

Experiment 7

WT mice (n = 8) and FGF21™’™ mice (n = 8) kindly pro-
vided by Dr. Steven Kliewer (University of Texas Southwest-
ern) were acclimated to CON diet for 1 week beginning at
6 weeks of age. Then, four mice of each genotype were
switched to the MR diet, while the remaining mice stayed
on the CON diet. After 8 weeks of ad libitum consumption
of their respective diets, EE was measured over 4 days in
the respective groups as described above. Thereafter, mice
were killed and IWAT was harvested.

Protein Extraction and Immunoblotting

For measurement of elF2a. and PERK phosphorylation,
powdered liver tissue was homogenized in assay buffer (25
mmol/L HEPES, 2 mmol/L EDTA, 10 mmol/L dithiothreitol,
50 mmol/L sodium fluoride, 50 mmol/L B-glycerophosphate
pentahydrate, 3 mmol/L benzamidine, 1 mmol/L sodium
orthovanadate, 0.5% deoxycholate, 1% SDS, protease inhib-
itor cocktail [Sigma-Aldrich], and 1 mmol/L microcystin).
Equivalent amounts of protein from each sample were

Table 1—Metabolic parameters in WT and Gcn2~/~

Wanders and Associates 1501

separated by SDS-PAGE and transferred to polyvinylidene
fluoride membranes. Blots were developed using enhanced
chemiluminescence, and band densities were quantified
using Alphaview SA Imaging Software (version 3.4.0). The
phospho-elF2a antibody was from Abcam (Cambridge,
MA), total eIF2a antibody was from Santa Cruz (Dallas,
TX), and the p-PERK and total PERK antibodies were
from Cell Signaling Technology (Beverly, MA).

RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN,
Valencia, CA). One microgram of total RNA was reverse
transcribed to produce complementary DNA. Gene expres-
sion was measured by RT-PCR (Applied Biosystems, Foster
City, CA), and expression of the corresponding mRNAs was
normalized to cyclophilin.

Serum Analysis

Serum glucose was determined using a kit from Cayman
Chemical (Ann Arbor, MI). Serum FGF21 and insulin were
measured using ELISA kits from R&D Systems (Minneapolis,
MN) and Millipore (Billerica, MA).

Data Analysis

Analysis of the data was conducted with Statistica (version
8.0; StatSoft, Inc.), using two-way ANOVA with genotype
(WT and Gcn2™’7) and diet (CON and MR) as main ef-
fects. Group means of variables of interest were compared
using residual variance as the error term to test for effects
of diet within genotype and genotype within diet using
linear contrasts and the Bonferroni correction. Protection
against type I errors was set at o= 0.05.

RESULTS

Role of GCN2 in Effects of Dietary MR on Energy
Balance

Experiment 1
Body weights of WT and Gen2™’~ mice on the CON diet
did not differ at the beginning or end of the study, and

mice fed CON or MR diet for 14 weeks

WT Gen2™/~
CON MR CON MR

Initial body weight (g) 16.8 + 0.60% 17.0 + 0.432 18.3 + 0.65° 18.9 + 0.79°
Final body weight (g) 32.6 = 1.16% 24.0 = 0.66° 29.1 + 1.39% 22.8 + 0.67°
Initial % adiposity 15.6 + 0.60% 14.8 + 0.48% 15.0 + 0.72° 15.1 + 0.62°
Final % adiposity 26.0 + 1.3° 13.9 + 0.8° 212 + 1.6° 14.5 + 0.39°
Food intake (kJ/day)* 51.7 + 1.3° 58.7 = 2.2° 451 * 1.12 52.6 + 1.3°
Food intake (kJ/day/g)t 1.86 + 0.022 2.58 + 0.03° 1.77 + 0.02° 2.43 + 0.04°
Insulin (ng/mL) 1.94 + 0.322 0.85 + 0.07° 2.17 = 0.282 1.14 + 0.12°
Glucose (mg/dL) 259 + 72 221 + 15° 233 + 112 213 + 6P

Serum triglycerides (mmol/L) 112 + 0.05% 0.81 + 0.03° 1.16 + 0.06° 0.94 + 0.03°

Serum measurements were taken after a 4-h fast after 14 weeks on diets. Data are presented as mean = SEM. *The average food
intake less spillage was determined over a 24-h period each week in mice of each genotype on each diet, converted to kdJ, and
expressed as average kd/day/mouse for the 14-week study. tThe average energy intake per day expressed per unit of body weight for
the 14-week study. Means annotated with different letters within genotype differ at P < 0.05.
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dietary MR reduced weight to the same extent in both
genotypes (Table 1). Initial adiposity was comparable be-
tween genotypes, but Gen2 ™/~ mice on the CON diet
added less fat than WT mice during the study (Table 1).
MR decreased adiposity to 14% of body weight in both
genotypes despite producing comparable increases in food
intake (Table 1). Interestingly, CON-fed Gen2™’™ mice con-
sumed 13% less food than CON-fed WT mice. However, on
a body weight-adjusted basis, energy intake did not differ
between genotypes, and MR increased energy intake by
39% in WT mice and 37% in Gen2 ™/~ mice (Table 1). These
findings illustrate that MR increased the energy costs of
maintenance and growth similarly in both genotypes.
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Temporal Changes in EE After Initiation of Dietary MR

Experiment 1

GCN2 plays an essential role in the acute, conditioned
aversive response to EAA deprivation (13,29,30) but not the
longer-term effects of LD on food intake (15,16). Therefore,
we initially examined the acute responses to MR and
found that EE was significantly increased 5 days after
introduction of the MR diet in WT mice (Fig. 1A). The
magnitude of the effect increased over the subsequent 5
days (Fig. 14) and was also evident after 12 weeks on the
respective diets. This early diet-induced increase in EE was
delayed and muted in Gecn2™/™ mice, not appearing until 9
days, and increasing by a smaller amount compared with
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Figure 1—Time-dependent increase in EE and transcriptional markers of IWAT browning after introduction of dietary MR. EE was mea-
sured by indirect calorimetry in WT (A) and Gen2™/~ (B) mice. Mice were placed in the Oxymax on CON and were randomized to remain on
CON or switched to MR while in the Oxymax. The effect of diet on 24-h EE was compared for each day within genotype over the next 14
days. *Differ from mice on the CON diet at P < 0.05. mRNA expression of markers of WAT browning was measured in IWAT of WT (C) and
Gen2™'~ (D) mice after 6 days of dietary MR. Ucp1 mRNA expression in IWAT (E) of WT and Gcn2™'~ mice after 14 weeks of dietary MR.
Fold changes in expression of each gene were calculated relative to the CON group within genotype for C and D. Data are presented as
mean *= SEM. *Differ from corresponding CON within genotype at P < 0.05. Mice were returned to the Oxymax after 12 weeks on diets to
undergo indirect calorimetry (F). Data are presented as mean = SEM. *Differ from mice on the CON diet at P < 0.05. hr, hour.
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WT mice between 9 and 15 days (Fig. 1A and B). For
example, the average MR-induced increase in EE after
2 weeks in the WT group was 12%, while the increase in
Gen2™/~ mice was only 7% (Fig. 1A and B).

Time Course of Browning of WAT by MR

Experiments 1 and 2

Browning of WAT contributes to increased EE in rodents
(31), and chronic MR (11 weeks) induces significant
browning of WAT in mice (32). To explore the relation-
ship between the acute increase in EE and the browning
of WAT during MR, we measured thermogenic markers in
IWAT after short- and long-term dietary MR. The MR diet

increased markers of browning and thermogenesis (Ucp1,
Ppargcla, Cox7a, Cox8b, Cidea, and Dio2) within 6 days in
WT mice (Fig. 1C) but not Gen2™’™ mice (Fig. 1D). How-
ever, after 14 weeks, MR increased mRNA expression of
Ucpl in WAT to the same extent in WT and Gen2 ™/~ mice
(Fig. 1E). These data show that the delayed increase in EE
in Gen2™/” mice after initiation of MR (Fig. 1B) is tem-
porally related to a delayed induction of thermogenic genes
in IWAT, whereas after chronic consumption of the diet,
the increase in browning of WAT was comparable. In ad-
dition, measurement of EE after 12 weeks showed that the
MR-induced increase in EE was comparable in WT and
Gen2™’” mice (Fig. 1F). Overall, the effects of MR on
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energy balance were not compromised in Gen2™ /™ mice
(Table 1 and Fig. 1F).

Time Course of Hepatic elF2 Phosphorylation and
Induction of FGF21 After Initiation of Dietary MR

Experiments 1, 2, and 7

For examination of the relationship between elF2 phos-
phorylation and FGF21 induction, WT mice were studied
at different times after introduction of MR. A diet-induced
increase in hepatic elF2 phosphorylation was not detected
before 8 days (Fig. 2A). In contrast, within 6 h of initi-
ation of MR and at all subsequent time points, hepatic
Fgf21 mRNA (data not shown) and serum FGF21 (Fig.
2B) were significantly increased. Notwithstanding previ-
ous in vitro and in vivo findings linking eIF2 signaling to
FGF21 expression (11,33), we find that elF2 phosphor-
ylation is not required for the acute MR-induced increase
in hepatic FGF21.

To examine potential causes for the delayed increase in
EE in Gen2™/™ mice after initiation of MR, we measured
diet-induced induction of serum FGF21, a hormone that
increases sympathetic nerve activity and EE (34-36). Di-
etary MR produced a 7.7-fold, 4.2-fold, and 6.8-fold in-
crease in serum FGF21 after 6 h, 6 days, and 14 weeks,
respectively, in WT mice, and at all three time points the
MR diet produced comparable increases in serum FGF21
in Gen2™/” mice (Fig. 2C and D). The fold increase in
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FGF21 in Gen2™ /™ mice after 6 h was somewhat larger
than the increase in WT mice, but by 6 days, both the net
and fold increases were larger in Gen2™'™ mice (Fig. 20).
After 14 weeks, both basal and MR-induced levels of
FGF21 were comparable between genotypes (Fig. 2D).

To examine the role of FGF21 in the MR-induced
increase in adipocyte browning and increased EE, we
measured MR-dependent induction of IWAT Ucpl mRNA
and total EE in WT and Fgf21~/~ mice. MR produced a
four- to fivefold increase in Ucpl mRNA in WT mice but
produced no detectable increase in Ucpl mRNA in IWAT
from Fgf21 =/~ mice (Fig. 2E). Total EE was comparable in
WT and Fgf21 /" mice on the CON diet, while MR in-
creased EE by 22% in the WT mice (Fig. 2F). In contrast,
MR failed to increase EE in the Fgf21 /" mice (Fig. 2F),
illustrating that the MR-dependent increase in FGF21 is
functionally linked to the diet-induced increase in IWAT
Ucpl mRNA and total EE.

GCN2 Is Not Required for MR-Induced Increase in
Insulin Sensitivity

Experiment 3

Dietary MR for 8-10 weeks produces a two- to three-
fold increase in overall insulin sensitivity (27,32). Short-
term LD also increases insulin sensitivity (37), ostensibly
through a mechanism requiring GCN2 (38). To test
whether GCN2 was also required for MR to increase
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sensitivity and insulin-dependent 2-deoxyglucose uptake among tissues. The clamp procedures were conducted as described in RESEARCH
DESIGN AND METHODS. A: The GIR required to maintain euglycemia during the insulin clamps. B: Effectiveness of insulin to suppress hepatic
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insulin sensitivity, hyperinsulinemic-euglycemic clamps
were used to compare the response between genotypes.
The glucose infusion rates (GIRs) needed to establish
euglycemia after initiating insulin infusion were achieved
within 40 min in all groups, and steady-state glucose was
maintained thereafter across the groups (Fig. 3A). The
GIRs were indistinguishable in WT and Gen2™/~ mice
on the CON diet (Fig. 34) but were 2.2-fold higher in
mice on the MR diet, regardless of genotype (Fig. 3A).
Thus, the absence of GCN2 affected neither overall insulin
sensitivity nor the responses of the mice to dietary MR.
Liver 3-[3H]glucose infusion was used to calculate basal
endogenous glucose production (endo R,) and compare
insulin-dependent suppression of endo R, during the
clamp. Figure 3B shows that the efficacy of insulin to
suppress hepatic glucose production was equivalently

Wanders and Associates 1505

enhanced by MR in both genotypes. The glucose metabolic
index (Ry) showed that MR produced significant two- to
threefold increases in uptake of ['*C]2-deoxyglucose in
gastrocnemius muscle, vastus lateralis muscle, soleus mus-
cle, IWAT, BAT, and heart in both genotypes (Fig. 3C and
D). Together, these data provide compelling evidence that
GCN2 is not essential to the insulin-sensitizing effects of
MR.

Alternative Signaling Paths to elF2 From Dietary MR

Experiments 1 and 2

GCN2 is responsible for elF2 phosphorylation in response
to LD (39) and asparaginase treatment (40), as both re-
sponses are compromised in Gen2™'” mice. In contrast,
dietary MR increased phosphorylation of hepatic elF2 by
four- to fivefold in both genotypes (Fig. 44), showing that
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Figure 4—Effects of dietary MR on phosphorylation of hepatic elF2« and PERK in GCN2~~ mice. A: The effect of the MR diet on elF2a
phosphorylation (pelF2a) in livers of WT and Gcn2™'~ mice after 14 weeks of dietary MR. B: The effect of the MR diet on PERK
phosphorylation (pPERK) in livers of WT and Gcn2™/~ mice after 14 weeks of dietary MR. Fold changes in MR-induced elF2a and
PERK phosphorylation are expressed relative to the responses in mice of each genotype fed the CON diet. C: elF2a phosphorylation in
livers of WT and Gen ™™ mice after consuming CON or a diet devoid of methionine (0% methionine) for 6 days. Fold changes in methionine
deprivation (MD)-induced elF2a phosphorylation are expressed relative to WT mice fed the CON diet. Data are presented as mean = SEM
(n = 6-9). *Differ from CON within genotype at P < 0.05. KO, knockout.
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GCN2 is not required for elF2 phosphorylation by MR.
Low-protein diets also increased eIF2 phosphorylation in
Gen2™’” mice (26), suggesting the presence of an alter-
native elF2 kinase that is activated by MR and low-protein
diets. One possibility is PERK, which is activated by ER
stress and reductions in GSH (18,41). PERK phosphory-
lation was similarly increased by MR in WT and Gen2 ™/~
mice (Fig. 4B). To explore the involvement of PERK acti-
vation by MR, we tested the possibility that MR was
disruptive to ER homeostasis and protein folding, eliciting
an ER stress or UPR. Measurement of genetic markers
that correspond with activation of the UPR showed that
MR did not provoke ER stress in the livers of WT or
Gen2™’” mice (Table 2). To further explore the transcrip-
tional consequences of PERK activation, we measured
MR-dependent changes in known targets of ATF4 and
the transcription factor NRF2, which is activated after
phosphorylation by PERK (42). MR strongly induced the
expression of elF2/ATF4 genes, Asns, Trib3, Gadd34, and
Vidlr, in livers of WT and Gcn2™”™ mice (Table 2). Known
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targets of NRF2 were upregulated (Aox1, Cbrl, Ephxl,
Gstal, Mgst3, Ngol, Psatl, and Cyp4al4) and downregu-
lated (Thrsp), providing strong evidence that NRF2 was
also activated by MR (Table 2). Together, these findings
show that MR activates the ISR and NRF2 pathways regard-
less of GCN2 status and without induction of the UPR.

Experiment 4

Given the role of GCN2 in responding to LD (39) but not
MR, we tested the possibility that GCN2 could distinguish
between EAA deprivation and EAA restriction by measur-
ing eIF2 phosphorylation in WT and Gen2™/~ mice after
methionine deprivation. Methionine deprivation for 6 days
increased elF2 phosphorylation in livers of WT and
Gen2~ '~ mice, indicating that unlike LD, GCN2 is not
required for the methionine deprivation-induced phos-
phorylation of elF2 (Fig. 4C). Together, these studies il-
lustrate that GCN2 does not direct either the short-term
signaling responses to dietary MR or its long-term effects
on energy balance or insulin sensitivity. The findings also

Table 2—Genetic markers of ER stress response, NRF2 transcriptional program, and integrated stress response (elF2a/ATF4)
in livers of WT and Gen2~/~ mice fed CON or MR diet for 14 weeks

WT Gen2 ™/~

Gene symbol Signaling pathway CON MR CON MR

Hspa5 ER stress 0.45 * 0.062 0.46 + 0.052 0.50 = 0.072 0.37 + 0.042
Ddit3 ER stress 0.49 * 0.05% 0.73 = 0.162 0.42 + 0.032 0.43 = 0.022
Edem1 ER stress 0.45 + 0.022 0.36 = 0.02° 0.37 = 0.03° 0.13 = 0.01°
Hsp90b1 ER stress 0.15 + 0.02% 0.14 + 0.012 0.14 + 0.02% 0.11 = 0.012
Herp ER stress 0.24 * 0.032 0.23 + 0.022 0.24 + 0.022 0.26 + 0.012
Ibtk ER stress 0.16 = 0.012 0.15 = 0.022 0.07 = 0.01° 0.08 + 0.00°
Txnip ER stress 0.41 = 0.042 0.51 = 0.06% 0.32 + 0.04% 0.33 = 0.032
Aox1 NRF2 0.77 * 0.072 1.35 + 0.15° 0.40 = 0.06° 0.99 + 0.07°
Cbr1 NRF2 0.32 + 0.042 1.09 + 0.25° 0.33 + 0.06° 0.91 + 0.18°
Gsr NRF2 0.31 * 0.012 0.40 + 0.02° 0.27 + 0.022 0.33 = 0.022
Cyp4al4 NRF2 0.19 + 0.042 0.59 + 0.14° 0.15 *+ 0.06% 0.23 + 0.06%
Ephx1 NRF2 0.26 + 0.04% 0.54 + 0.06° 0.25 + 0.03% 0.45 + 0.08°
Gsta2 NRF2 0.32 * 0.05% 2.85 = 0.21° 0.36 = 0.072 2.54 + 0.40°
Mgst3 NRF2 0.13 = 0.022 0.22 + 0.02° 0.12 = 0.012 0.23 + 0.03°
Ngo1 NRF2 0.63 = 0.10% 1.35 + 0.12° 0.41 = 0.072 0.85 = 0.10°
Psat1 NRF2 0.22 + 0.04% 2.35 + 0.37° 0.38 + 0.16% 2.27 + 0.30°
Txnrd1 NRF2 0.64 = 0.032 0.98 + 0.09° 0.53 = 0.042 0.70 + 0.04°
Thrsp NRF2 0.53 = 0.102 0.16 + 0.03° 0.73 = 0.13% 0.20 + 0.04°
Asns ISR/elF2/ATF4 0.32 = 0.072 3.59 + 0.32° 0.23 + 0.05% 427 + 0.38°
Trib3 ISR/elF2/ATF4 0.55 + 0.022 1.05 + 0.11° 0.30 + 0.02° 0.94 + 0.05°
Vidir ISR/elF2/ATF4 0.23 + 0.062 1.32 + 0.17° 0.68 = 0.10° 2.02 + 0.27¢
Gadd34 ISR/elF2/ATF4 0.30 * 0.032 0.45 + 0.03° 0.18 = 0.03° 0.31 = 0.012

mRNA expression of markers of ER stress (Hspa5, Ddit3, Edem1, Hsp90b1, Herp, Ibtk, and Txnip), NRF2 transcriptional program
(Aox1, Cbr1, Gsr, Cyp4ai4, Ephx1, Gstal, Mgst3, Nqo1, Psat1, Txnrd1, and Thrsp), and ISR/elF2a/ATF4-regulated genes (Asns, Trib3,
Vidir, and Gadd34) in livers of WT and Gen2 ™/~ mice was determined by RT-PCR, expressed relative to cyclophilin, adjusted to
comparable significant digits, and compared by two-way ANOVA to test for effects of genotype, diet, and genotype X diet interaction.
Residual variance was used as the error term for post hoc testing of genotype X diet means for each gene using the Bonferroni
correction. Within each gene, means annotated with different letters differ at P < 0.05.
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show that PERK is sensitive to MR and activates the ISR
but not the UPR in response to the diet.

Dietary Cysteine Reverses the Effects of MR

Experiments 5 and 6

To explore whether PERK activation was related to hepatic
GSH, 0.2% cysteine was added back to the MR diet. This
dietary addition reversed the reduction in hepatic GSH and
the increase in nighttime EE by MR (Fig. 5A). The addition
of cysteine also reversed the MR-induced increase in serum
FGF21 and the reduction in fasting insulin (Fig. 5B). In
addition, cysteine blocked the MR-induced increases in
NREF2-sensitive and elF2/ATF4-sensitive genes in the liver
(Fig. 5C). To test whether adding back cysteine also re-
versed the activation of elF2a and PERK, we measured
the phosphorylation of hepatic elF2a and PERK after 8
weeks of 0.12% MR or 0.12% MR plus 0.2% cysteine.
Figure 6A illustrates that adding cysteine back reversed
the MR-dependent activation of both elF2a and PERK (Fig.
6A). These findings link the MR-induced reduction of GSH
to activation of the ISR and significant components of the
metabolic profile produced by the diet. A proposed model
showing the GCN2-independent, GSH-dependent signaling
through PERK to eIF2/ATF4 and NRF2 is shown in Fig. 6B.

DISCUSSION

The original report of dietary MR showed that ad libitum
consumption of a diet containing 0.17% methionine and
no cysteine increased longevity in rats by 25-30% (43,44).
The paradoxical finding that MR also reduced adiposity
despite increasing food intake focused growing interest
on the short-term metabolic effects of this diet. The re-
sponses include increased food intake, increased EE, re-
duced fat deposition, increased insulin sensitivity, reduced
tissue and circulating lipids, and tissue-specific transcrip-
tional effects (1-6,45,46). In the present work, a loss-of-
function approach was used to test whether GCN2 is an
essential mediator of these metabolic responses to MR.
Using a combination of metabolic phenotyping and exam-
ination of tissue-specific responses, we provide compelling
evidence that GCN2 is not required for the metabolic and
adaptive responses to dietary MR. In contrast, we provide
evidence that MR signals to elF2/ATF4 and NRF2 through
the elF2 kinase, PERK, which is activated by MR in the
absence of ER stress. The result is activation of both the
ISR, through eIF2/ATF4, and the NRF2-sensitive antioxi-
dant response program (Table 2). Based on the significance
of reduced formation of hepatic GSH to enhancement of
insulin signaling in MR mice and HepG2 cells (27), we hy-
pothesize that the reduced formation of hepatic GSH also
represents a key metabolite through which dietary MR is
affecting signaling through a novel PERK-eIF2-ATF4-NRF2
pathway.

Significant progress has been made in identifying molec-
ular and cellular mechanisms of EAA sensing (30,39,47-53),
but the more difficult challenge has been to understand
how these sensing systems are anatomically and temporally
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Figure 5—Effects of addition of cysteine (Cys) to effects of dietary
MR on hepatic GSH, EE, FGF21, and insulin and hepatic gene
expression. The responses of mice to an MR diet containing
0.2% cysteine were compared with the MR diet alone as described
in RESEARCH DESIGN AND METHODS. A: The effects of cysteine on MR-
dependent effects on hepatic GSH and nighttime EE. B: The effects
of cysteine on MR-dependent effects on serum FGF21 and fasting
insulin. C: The effect of cysteine on MR-dependent effects on
NRF2-sensitive (Gsta2, Mgst3, Psat1, and Ngo1) and elF2a/ATF4-
sensitive (Asns and VIdIr) genes in the liver. Data are presented
as mean * SEM (n = 8). *Differ from corresponding CON at
P < 0.05. hr, hour.

organized to produce the complex physiological responses
that occur when an EAA reduction is detected. Restricting
the availability of EAAs activates GCN2, and previous stud-
ies have shown that GCN2 is an important mediator of
some but not all of the effects of a diet lacking leucine
(15,16). Stated another way, these findings illustrate
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that mechanisms additional to GCN2 sense and respond
to the absence of leucine. The role of GCN2 as a mediator
of EAA restriction, particularly restriction of methionine, is
unknown. There is an assumption that any degree of EAA
restriction sufficient to activate GCN2 would produce a
common set of responses, but clear exceptions are evident
with leucine. For example, LD (e.g., 100% restriction)
causes a significant decrease in food intake and lipogenic
gene expression in the liver (15), whereas leucine restric-
tion by 85% increases food consumption and has no effect
on hepatic lipogenic genes (54). It is unclear whether GCN2
is comparably activated by these two diets, but the re-
sponses to them are fundamentally different. While the
present work widens the apparent conundrum by showing
that MR is fully effective without GCN2, these results are
consistent with an array of recent reports defining unique
molecular events after the removal of different amino acids
from cells in culture (55-57). Together, these findings em-
phasize that both the EAA being restricted and the degree
of restriction play important roles in determining the re-
sponses to EAA-modified diets.

The uniqueness of methionine was illustrated in pre-
vious work showing that the decrease in hepatic GSH

produced by MR extends the activation cycle of insulin
signaling to protein kinase B by slowing the dephosphor-
ylation of phosphatidylinositol (3,4,5)-triphosphate (27).
This occurs because reducing dietary methionine limits
the formation of the GSH precursor, cysteine, and the
resulting reduction of GSH limits GSH-dependent degra-
dation of phosphatidylinositol (3,4,5)-triphosphate by
phosphatase and tensin homolog (27). The present work
extends these findings by proposing that MR increases
ATF4-sensitive genes by activating PERK. Surprisingly,
markers of ER stress, the normal activator of PERK,
were unchanged, indicating that MR was not activating
PERK as part of the UPR. Given the essential role of GSH
in disulfide bond formation during protein folding in the
ER (18,58), it seems plausible that the MR-dependent
decrease in hepatic GSH, rather than an accumulation
of misfolded proteins, is an alternate signal for PERK
activation (19). For example, although PERK is activated
by glucose restriction in ESCs, its activation depends on
depletion of cellular GSH (41). PERK is not typically acti-
vated by EAA depletion (41), so it seems likely that the
ability of MR to activate PERK and initiate components of
the ISR derives from its unique effects on hepatic GSH. In
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addition to elF2, our findings indicate that the NRE2-
dependent antioxidant response program is activated by
MR. NRF2 is activated by PERK (42), although NRF2
transcriptional activity also responds to low GSH (59). It
is interesting that the ISR and the antioxidant stress re-
sponse share genes whose primary function is to increase
production of GSH (19). Our findings suggest the inter-
esting possibility that PERK activation by low GSH may be
the common signal.

The ability of MR to produce its full range of metabolic
effects is not compromised in Gen2™/~ mice, and we have
proposed that hepatic PERK, activated by the decrease in
hepatic GSH, is a critical sensing event linking the MR
diet to its effects. We have supported this hypothesis by
showing that within hours, dietary MR activates hepatic
Fgf21 and increases its circulating levels. Based on the
known physiological effects of FGF21 (34,36,60,61), the
MR-induced browning of WAT, activation of thermogen-
esis in BAT, increase in EE, and overall increase in insulin
sensitivity are fully consistent with the MR-induced in-
crease in hepatic FGF21 (27,62). In addition, we show
that the MR-dependent increase in EE and UCP1 expres-
sion in IWAT is dependent on FGF21. We have also
shown that FGF21 acts directly in adipose tissue to en-
hance basal and insulin-dependent glucose uptake (27).
Third, we have shown that the MR-dependent decrease
in hepatic GSH amplifies insulin-dependent signaling in
the liver (27). The central importance of reduced GSH to
the metabolic phenotype is illustrated through a gain-of-
function approach produced by adding back a small amount
of the GSH precursor, cysteine (0.2%), to the MR diet. If
cysteine repletion restored hepatic GSH levels and hepatic
GSH was critical to Fgf21 transactivation, we predicted
that FGF21 and other components of the phenotype
would be reversed. This is precisely what was observed.
The addition of cysteine to the MR diet restored hepatic
GSH to control levels, along with plasma FGF21, EE,
NRF2- and ATF4-sensitive genes, fasting insulin, and eIlF2a
phosphorylation. Collectively, our findings provide the
first evidence of a nutrient-sensing system for MR that
bypasses GCN2 and activates hepatic PERK through a
noncanonical GSH-dependent mechanism.
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