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Aging involves progressive loss of cellular function and integ-
rity, presumably caused by accumulated stochastic damage to
cells. Alterations in energy metabolism contribute to aging, but
how energy metabolism changes with age, how these changes
affect aging, and whether they can be modified to modulate aging
remain unclear. In locomotory muscle of post-fertile Caenorhab-
ditis elegans, we identified a progressive decrease in cytosolic phos-
phoenolpyruvate carboxykinase (PEPCK-C), a longevity-associ-
ated metabolic enzyme, and a reciprocal increase in glycolytic
pyruvate kinase (PK) that were necessary and sufficient to limit
lifespan. Decline in PEPCK-C with age also led to loss of cellular
function and integrity including muscle activity, and cellular senes-
cence. Genetic and pharmacologic interventions of PEPCK-C,
muscle activity, and AMPK signaling demonstrate that declines in
PEPCK-C and muscle function with age interacted to limit repro-
ductive life and lifespan via disrupted energy homeostasis. Quanti-
fications of metabolic flux show that reciprocal changes in
PEPCK-C and PK with age shunted energy metabolism toward gly-
colysis, reducing mitochondrial bioenergetics. Last, calorie restric-
tion countered changes in PEPCK-C and PK with age to elicit anti-
aging effects via TOR inhibition. Thus, a programmed metabolic
eventinvolving PEPCK-C and PKis a determinant of aging that can
be modified to modulate aging.
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Aging is characterized by the progressive decline in cellular
function and integrity that leads to disease vulnerability and
eventually death of organisms (1). The leading proposed cause
of decline in cellular function and integrity with age is the accu-
mulation of stochastic damage of molecules and organelles by
reactive molecules, such as reactive oxygen species (ROS).?
Whether ROS are detrimental to organisms and whether ROS
limit lifespan, however, are in debate (2).

Energy metabolism supplies ATP for cellular function and
maintenance. Alterations in energy metabolism are linked to
the aging process and aging-associated diseases (3). In model
organisms, environmental and genetic factors that change
energy metabolism, such as calorie restriction (CR) (4), inhibi-
tion of target of rapamycin (TOR) (5), and 5 AMP kinase
(AMPK) (6) are determinants of longevity. A large body of aging
research has been focusing on the signaling of CR, TOR inhibi-
tion, and AMPK in regulating longevity. The exact alterations
in energy metabolism that occur with age, how these changes
impact aging, and whether they can be modified to modulate
aging are understudied and remain poorly understood, largely
due to the intrinsic complexity of energy metabolism, and the
indirect impact of these longevity paradigms on energy metab-
olism. This impedes the understanding of aging mechanisms
and the development of mechanism-based strategies to modu-
late aging.

A key regulation of energy metabolism at the cellular level is
the reciprocal changes of PK and PEPCK-C (7). Whether this
regulation of cellular energy metabolism contributes to organ-
ismal aging is currently unknown. Although PK is a rate-limit-
ing glycolytic enzyme, PEPCK-C is well known as the rate-lim-
iting enzyme of gluconeogenesis. PEPCK-C also participates in
the synthesis of glyceride-glycerol and serine (8), impacting a
wide range of pathophysiology and physiology (9-11). For

3The abbreviations used are: ROS, reactive oxygen species; AMPK and
PAMPK, 5'-AMP activated kinase and its phosphorylated form; BDWM,
body wall muscle; CR, calorie restriction; KD, knockdown; KO, knockout;
LDH, lactase dehydrogenase; OE, overexpression; OP50, an E. coli strain;
PEP, phosphoenolpyruvate; PEPCK, PEPCK-C and PEPCK-M, phosphoenol-
pyruvate carboxykinase and its cytosolic and mitochondrial isoforms; PK,
pyruvate kinase; SUX, suxamethonium; TOR, target of rapamycin.
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example, PEPCK-C accelerates the oxidation of amino acids to
release ammonia, alleviating renal tubular acidosis in humans
(9). We have previously reported that overexpression (OE) of
PEPCK-C re-patterns energy metabolism and extends lifespan
in mice (12) and Caenorhabditis elegans (13), but the physio-
logical, metabolic, biochemical, and signaling mechanisms of
this phenomenon remain unknown. Here, we propose that
PEPCK-C is a major energy metabolism adaptor that promotes
health and longevity. Because PEPCK-C mRNA is decreased
and PK mRNA is increased in aged muscle and liver of mam-
mals (14, 15), we hypothesize that a decline in PEPCK-C with
age and a reciprocal increase in PK disrupt energy homeostasis,
reduce cellular function and integrity, and promote aging.
Because PEPCK-C catalyzes only one chemical reaction, which
converts oxaloacetate to phosphoenolpyruvate (PEP), its mod-
ification has a direct and traceable impact on energy metabo-
lism. Thus, quantification of metabolic flux related to PEPCK-C
with altered PEPCK-C, followed by linkage of those changes
with aging traits, would identify key metabolic events of aging
and define their physiological contributions. This would help
illustrate mechanisms of aging and may suggest strategies to
modulate aging. Because PEPCK-C enhances the spontaneous
activity in mice (12) and leisure time activity alters metabolism
(16) and extends life expectancy in humans (17), it is critical to
conduct metabolic quantification in freely behaving animals.
To date, such assessment under the aging context has not been
reported.

C. elegans has well established genetics and short lifespan (3
weeks), providing certain advantages over mice in testing our
hypothesis. Recently, we have established an isotopic tracer
method that quantifies metabolic flux in freely behaving worms
(13). Here, we longitudinally assessed PK and PEPCK-C. We
next altered these enzymes, muscle activity, AMPK signaling,
TOR signaling, and food supply, and then examined their
effects on lifespan, cellular functions and senescence, metabolic
flux, and autophagy. The results have identified a programmed
metabolic event that is necessary and sufficient to determine
aging, and is used by CR to modulate lifespan.

Experimental Procedures

C. elegans Strains and Preparation—Wild type (WT) (Bristol
N2), pck-1 (0k2098), pck-2 (0k2586), rde-1 (ne219), glp-1
(e2141), aak-2 (0k524), aak-2 (rr48), crh-1 (tz2), and DA2123
were from the Caenorhabditis Genetics Center (University of
Minnesota) and were out-crossed at least three times. NR350
(Caenorhabditis Genetics Center) and JK701 are rde-1 mutants
that have restored rde-1 expression in body wall muscle
(BDWM) or intestine, respectively (18). The genes rde-1 (18)
and glp-1 (19), respectively, encode an Argonaute protein
required for RNAi knockdown (K,,) or an Nortch receptor.
Transgenic worms over-expressing PEPCK-C or PEPCK-C::
rho9 were generated as described (20, 21). Pharynx, BDWM,
and intestine-specific promoters are myo-2, myo-3, or ges-1 (13,
22). NR350, akk-2, or crh-1 mutants over-expressing PEPCK-C
were generated by genetic cross-facilitated by PCR and endo-
nuclease digestion. PCR primers are 5’'-gacactcggagttggtactt-
3', 5'-agggttccacaaagaagtge-3', 5'-gctcgatgageag aacaatg-3’,
5'-gtcatcagtacaccttctga-3’, and  5’-agacttggcacgtgctcatc-3'.
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In all experiments, PEPCK-C OE animals exhibited a 4.7-10.1-
fold increase in PEPCK activity or PEPCK-C abundance.
Mutants of glp-1 were maintained at 15 °C and eggs were raised
to adults at 25°C (19). Worms were prepared by standard
methods. The pre-fertile period of adulthood was identified as
t=0.

Metabolic Quantification—Measurements were conducted
at room temperature. Oxidation of >C-labeled acetate, glu-
cose, and glutamate (American Radiolabeled Chemicals, St.
Louis, MO) (13), PEPCK activity (13), PK activity (23), and
AMP/ATP (24) were quantified with intact worms (13) or
whole, cytosolic, and mitochondrial worm extracts (25). Oxy-
gen consumption, lactate dehydrogenase (LDH) activity, and
lactate production were quantified with 100 -2000 worms and
0.4—1.5 ml of Dulbecco’s modified Eagle’s medium containing
0.2 mM glucose and dead OP50 Escherichia coli. Oxygen con-
sumption was analyzed with a XF24 Analyzer (Seahorse Biosci-
ence, North Billerica, MA) (26). Alternatively, cultures were
incubated (3.5 h) and centrifuged. Supernatant (5 ul) or pellets
were analyzed for lactate production and LDH activity with
MAKO064-1KT and MAK066-1KT (Sigma). To simultaneously
quantify the conversion of glucose to carbon dioxide and lac-
tate, 2000 worms were cultured in 1.5 ml of Dulbecco’s modi-
fied Eagle’s medium containing dead OP50 bacteria, 2 mm glu-
cose, and 0.5 uCi of [U-"*C]glucose for 4 h. Carbon dioxide (13)
and lactate (27) were collected or separated, and then
quantified.

Immunoblotting, Fluorescent Microscopy, Immunohisto-
chemistry, and Cellular Senescence Analysis—These experi-
ments were performed with antibodies of 1D4 (20), PEPCK-C
(13), CKI-1 (28), B-tubulin, and phosphorylated AMPK
(pPAMPK) (Cell Signaling, Danvers, MA), senescence [3-galac-
tosidase staining kit (#9860, Cell Signaling), and a TCS SP2
confocal microscope (Leica Microsystems, Bannockburn, IL).
Wavelengthswere340nm (A.,)and420 - 440nm(A,,,) (autofluo-
rescence) (29), and 488 nm (A_,) and 510-530 nm (A,,)
(others).

Electron Microscopy—Animals were fixed, and samples were
prepared and examined with a JEOL 1200 electron microscope
(JEOL, Peabody, MA) (30).

RNAI, Q Repressible Binary Expression System, Rapamycin,
and Suxamethonium Exposure—The identities of RNAi HT115
bacterial clones (Julie Ahringer library) were verified and bac-
teria were prepared (13). RNAi KD was initiated at day 1 adults
unless stated otherwise. Co-KD of RNase T enzyme encoding
eri-1 was used to enhance the efficiency of egl-19 RNAi KD (31).
L4440 was used as control. Worms allowing inducible
PEPCK-C expression in BDWM were generated with myo-3
promoter and pck-1 genome DNA (32). Quinic acid and rapa-
mycin (Sigma) were used as described (32, 33). For suxametho-
nium (SUX) (TCI America, Portland, OR) exposure, worms
were transferred to SUX containing culturing plates every other
day (lifespan and immunoblotting) or 1-2 h before measure-
ments (others).

Analysis of Aging Traits—Lifespan (13), reproduction (34),
and locomotion (35) were analyzed at 22 (locomotion) or 20 °C
(others). Food in worms was measured (36) using OP50
expressing GFP (Caenorhabditis Genetics Center), a Leica
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FIGURE 1. Aging involves a progressive decrease in PEPCK-C and a recip-
rocalincreasein PK. A, PEPCK-Cand PK activity of WT (n = 3). The values at L4
(PEPCK) and day 1 (PK) were set as 1 for best data visualization. B, immuno-
blotting against PEPCK-C in WT. Day 1 PEPCK-C OE and KO samples were also
loaded. Upper, sample images. Lower, quantification (n = 3). C,immunohisto-
chemistry against PEPCK-C. Upper, images were cropped differently to show
the expression pattern. Lower, quantification (n = 6-12). #, p > 0.05; *, p <
0.05; t test. D, PEPCK activity in WT and glp-7 mutants (n = 3).

MZ16 fluorescent dissecting microscope mounted with an
iXon DV897 camera (Andor Technology, South Windsor, CT)
and Visual Assistance 8.5 (National Instruments, Austin, TX).
To analyze food consumption, 3000 day 1 ro/-6 mutants were
transferred onto a 10-cm culturing plate freshly seeded with
OP50 bacteria killed with ethanol. After periods, residue food
was spotted with a MZ16 microscope. The rol-6 gene encodes a
collagen a1 chain precursor-related protein. Pharynx pumping
rates were counted with a MZ16 microscope (37). ROS and
resistance to paraquat were analyzed with dichlorofluorescein
diacetate and paraquat (Sigma) (38).

Statistical Analyses—Error bars represent mean *+ S.E. in fig-
ures. Log-rank and other statistic tests were analyzed with Stata
12 (StataCorp, College Station, TX).

Results

Aging Involves a Progressive Decline in PEPCK-C and a Recip-
rocal Increase in PK—We quantified PEPCK and PK activity in
whole worm extract over the worm lifecycle. PEPCK activity
increased from L4 (the fourth and last larval stage) to adult-
hood, peaked during the reproductive period, and decreased
progressively thereafter (Fig. 14). In contrast, PK activity con-
tinuously increased with age before, during, and after the repro-
ductive stage. Mammals have PEPCK-C and a mitochondrial
PEPCK (PEPCK-M) (8). C. elegans has pck-1, pck-2, and pck-3,
three genes encoding PEPCK. PCK-1 localizes in cytosol (39)
and thus is PEPCK-C. PCK-2 but not PCK-1 or PCK-3 has a
predicted mitochondrial targeting sequence (data not shown),
thus likely to be PEPCK-M. Global PEPCK-C knock-out (KO)
in mice is lethal (40). KO of pck-1, pck-2, and pck-1;pck-2 all
survived to adulthood, but had reduced lifespan (data not
shown). Because pck-1 KO has >85% reduced PEPCK activity
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(13) and pck-1;pck-2 KO exhibited no measurable PEPCK activ-
ity (data not shown), pck-3 may not encode a functional protein.
Using immunoblotting and a PEPCK-C antibody that does not
cross-react with PEPCK-M (13), we observed the same
lifecycle-dependent dynamics of PEPCK-C enzyme as PEPCK
activity (Fig. 1B).

To determine the tissue specificity of the decline in PEPCK-C
with age, we first examined its expression pattern with immu-
nofluorescent and GFP fluorescent microscopy (Fig. 1C and
data not shown). PEPCK-C was most abundant in locomotory
BDWM. Significant PEPCK-C was also seen in intestine and
pharynx but not in laid or un-laid eggs. From days 1 to 12,
PEPCK-C in BDWM and intestine, respectively, decreased by
~79 and 32%. PEPCK-C immunoreactivity in pharynx was too
low to be quantified reliably.

These PEPCK-C expressions suggest that decline in PEPCK
activity with age is not due to the lack of metabolically active
eggs. To confirm, we quantified PEPCK activity in glp-1
mutants genetically ablated for egg production (19). The
increase and peak in PEPCK activity before and during the
reproductive stage were attenuated in glp-1 mutants (Fig. 1D),
indicating that they are associated with development and egg
production. Decline in PEPCK activity after the reproductive
peak also occurred in glp-1 mutants, validating that it is not a
result of loss of eggs. The reciprocal changes in PEPCK-C and
PK with age also cannot be an effect of aging-associated loss of
protein homeostasis (41), which predicts declines in both. We
conclude that aging involves a programmed metabolic event
that includes reciprocal changes in PEPCK-C and PK.

Reciprocal Changes in PEPCK-C and PK with Age Limit
Lifespan—Next, we set out to examine if reciprocal changes in
PEPCK-C and PK with age is a determinant of aging. We started
with lifespan, a key aspect of aging. Because decline in
PEPCK-C with age occurred after the reproductive peak and
primarily in BDWM, it is important to understand how the
tissue and lifecycle specificities of PEPCK-C and PK affect life-
span. In mice, PEPCK-C OE in skeletal muscle extends lifespan
but the lifecycle specificity is unknown. Moreover, a secondary
increase in endogenous PEPCK-C in liver in these transgenic
mice (12) may influence lifespan. In worms, global PEPCK-C
OE extends lifespan (13) but both the tissue and lifecycle spec-
ificities are unknown. Here, selective PEPCK-C OE in BDWM,
pharynx, and intestine extended, reduced, or had no effect on
lifespan, respectively (Fig. 2A and supplemental Table SI).
Selective PEPCK-C KD in BDWM in NR350 worms and in
intestine in JK701 worms (18) reduced or had no effect on lifes-
pan (Fig. 2B and supplemental Table S1), respectively. Thus,
PEPCK-C in BDWM is necessary and sufficient to impact
lifespan.

Next, we used RNAi to reduce PEPCK-C in post-fertile or
reproduction active worms, which shortened or had no
effect on lifespan, respectively (Fig. 2C and supplemental T a
b1l e S 1). We then selectively induced PEPCK-C OE in
BDWM in post-fertile worms using the Q repressible binary
expression system (32), and this extended lifespan (Fig. 2D
and supplemental Table S1). Thus, PEPCK-C in the post-
fertile stage is necessary and sufficient to impact lifespan.
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FIGURE 2. Reciprocal changes of PEPCK-C and PK with age limit lifespan. A, survival of control and PEPCK-C OE in BDWM. B, survival of NR350 grown on
vector control or pck-1 RNAi bacteria. C, left, day 5 WT worms were subjected to PEPCK-C RNAi KD for 2 days and then immunoblotting. Day 5 PEPCK-C KO
worms were included as a control. Right, survival of WT grown on either vector control or pck-1 RNAi bacteria. D, left, the expression of Rho9-tagged PEPCK-C
in BDWM was induced by quinic acid at the indicated ages. After 1 day, worms were subjected to immunoblotting. Right, survival of control and induced
PEPCK-C OE in BDWM. E, PEPCK activity is correlated with lifespan (n = 3). F,immunohistochemistry of PEPCK-C at day 12. *, p < 0.05; t test. G, survival of NR350

grown on vector control or pck-1/pyk-1 RNAi bacteria.

To determine whether PEPCK-C has a dose effect on lifes-
pan, we generated two transgenic lines over-expressing
PEPCK-C. Compared with controls (0.26 milliunits/mg of
worms), PEPCK activity in OE line 1 (1.93 milliunits/mg of
worms), and OE line 2 (1.36 milliunits/mg of worms) increased
5.2- and 7.4-fold, respectively. We also reduced PEPCK-C
activity by ~40% with RNAi KD. These interventions only
affected PEPCK activity in cytosolic but not the mitochondrial
portion of the worm extract (data not shown). PEPCK activity
was positively correlated with lifespan (Fig. 2E and supplemen-
tal Table S1).

To link decline in PEPCK-C in BDWM to lifespan, we quan-
tified PEPCK-C enzyme in two groups of day 12 worms selected
from the same culture. In response to a mechanical touch on
the tail, animals of group A and group B, respectively, displayed
over two or less than one body bend. We and others have
reported that worms exhibiting persistent locomotion during
aging (group A) live longer than their siblings exhibiting faster
decline in locomotion (group B) (35). PEPCK-C enzyme in
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BDWM was higher in animals from group A than their siblings
from group B (Fig. 2F).

Last, we determined if an increase in PK with age affects
lifespan. Selective RNAi KD of PEPCK-C or PYK-1, the PK
isoform expressed in BDWM (39), in BDWM of post-fertile
worms, reduced and extended lifespan, respectively (Fig. 2G
and supplemental Table S1). We conclude that reciprocal
changes in PEPCK-C and PK with age are necessary and suffi-
cient to limit lifespan.

PEPCK-C Counteracts the Loss of Cellular Function and
Integrity, and Cellular Senescence—Loss of function and integ-
rity of virtually all cells and tissues with age is also a key aging
component (42). We selected reproduction and resistance to
oxidative stress to illustrate if reciprocal changes in PEPCK-C
and PK contribute to loss of cellular or tissue function and
integrity with age. This is because PEPCK-C peaked during
reproduction, and increased oxidative stress is associated with
longevity (43). We focused on PEPCK-C because of its well
defined linkage with longevity. Similar to mice (12), PEPCK-C
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OE in BDWM in worms extended the reproductive life without
significantly altering the total number of progeny (Fig. 3A).
Similar to many long-lived species, PEPCK-C OE worms exhib-
ited increased ROS (Fig. 3B) and enhanced survival against
the exposure of oxidative stressor paraquat (38) (Fig. 3C).
PEPCK-C KO did not significantly alter ROS (Fig. 3B), but
reduced survival against paraquat exposure at low concentra-
tions (Fig. 3D).

Another key component of aging at the cellular level is senes-
cence (44). PEPCK-C OE in BDWM retarded the aging-associ-
ated deposit of age pigments (lipofuscin) (Fig. 3E) and B-galac-
tosidase (Fig. 3, F and G), senescent markers that reflect
accumulated molecular wastes in cells (45, 46), mainly in intes-
tine. Moreover, senescent cells are restricted from proliferation
(47), marked by increased expression of p27*"" ! and other
cyclin-dependent kinase inhibitors (48). Both day 1 WT and
PEPCK-C OE worms did not exhibit significant expression of
CKI-1, a worm homolog of p27*' (28). At day 9, CKI-1
expression was identified in WT but not in PEPCK-C OE
worms (Fig. 3H). Thus, PEPCK-C suppresses the increase in
CKI-1 expression with age. We conclude that PEPCK-C in
BDWM counteracts the loss of cellular function and integrity
and senescence in a non-cell-autonomous manner.

Decline in PEPCK-C and Loss of Cellular Function with Age
Promote Each Other to Impact Aging—W e then set out to deter-
mine how reciprocal changes in PEPCK-C and PK with age
impact aging. First, we aimed to identify the physiological con-
tribution of decline in PEPCK-C with age to aging by interro-
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gating how this decline is related to loss of cellular function. We
focused on motor activity because PEPCK-C OE promotes
physical activity in mice (12) and progressive loss of motor
activity with age is a negative indicator of health span and lifes-
pan in worms (35). As previously shown (35), motor activity
peaked during the reproductive period, and progressively
declined thereafter in WT (Fig. 44). Motor activity of two
PEPCK-C OE lines increased at all ages examined. PEPCK-C
also retarded decline in motor activity with age in a dose-de-
pendent manner. Specifically, animals of controls, OE line 2
(~5-fold increase in PEPCK activity) and OE line 1 (~7-fold
increase in PEPCK activity) lost their motor activity at 22%, 20
and 15% every day, respectively. PEPCK-C abundance was also
positively correlated with motor activity from days 3 to 12 (Fig.
4B), when PEPCK-C decreased with age (Fig. 1, A and B). Thus,
decline in PEPCK-C with age is coupled with loss of motor
activity.

In rodents, PEPCK-C in skeletal muscle and physical activity
promote each other (12, 49). Thus, we examined if this feedback
regulation underlies the coupling of decline in PEPCK-C and
loss of motor activity with age. Selective PEPCK-C OE in
BDWM but not in pharynx promoted motor activity (Fig. 4C),
whereas PEPCK-C KD in BDWM decreased motor activity
(Fig. 4D), indicating that PEPCK-C in BDWM is necessary and
sufficient to enhance motor activity. To test if muscle activity
also impacts PEPCK-C in worms, we exposed worms to SUX,
an agonist of nicotinic acetylcholine receptors that specifically
induces relaxation of striated muscle (50). SUX exposure
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reversibly inhibited motor activity in a dose-dependent manner
(Fig. 5, A-D). SUX exposure did not affect pharynx pumping,
likely because pharynx contains smooth muscle. We also used
BDWM-specific KD of egl-19, encoding an L-type voltage-de-
pendent calcium channel expressed in BDWM and required for
muscle contraction (51), to reduce motor activity (Fig. 5E). Both
pharmacological and genetic inhibition of muscle activity
decreased PEPCK-C enzyme (Fig. 4E).

Last, we examined if decline in PEPCK-C with age interacts
with loss of muscle activity to impact aging. BDWM-specific
KD of egl-19 and SUX exposure in post-fertile worms was suf-
ficient to reduce lifespan (Fig. 4, F and G, and supplemental
Table S1). Importantly, the effect of SUX on lifespan was dose
dependent. SUX exposure of animals active in reproduction
also shortened reproductive life without impacting lifespan or
the total number of progeny (Fig. 4H and supplemental Table
S1). We conclude that decline in PEPCK-C with age is coupled
with loss of muscle activity to impact multiple aspects of aging,
specifically, lifespan and reproductive life.

PEPCK-C Interacts with Muscle Activity to Impact Aging via
Altered Energy Homeostasis—Because muscle activity is a major
energy consumer (16), we next examined if PEPCK-C interacts

1312 JOURNAL OF BIOLOGICAL CHEMISTRY

with muscle activity to impact aging via altered energy metab-
olism. Similar to mice (12), worms globally over-expressing
PEPCK-C had smaller body size, greater food consumption,
more food in pharynx and gut, and increased fast pharynx
pumping that is associated with food swallowing (37) (Fig. 64
and Table 1). PEPCK-C OE in pharynx or intestine also
enhanced food intake and pharynx pumping. Although
PEPCK-C OE in BDWM did not affect pharynx pumping, these
animals showed a marked increase in food intake, as well as
increased ATP, oxygen consumption, and a key indicator of
cellular energy demand, the AMP:ATP ratio (52) (Fig. 6, B-E).
The high AMP:ATP ratio despite high ATP in PEPCK-C OE
worms is likely due to that exercise increases both energy
demand and the ability to produce ATP (53). To test this idea,
we exposed worms to SUX, and this attenuated the enhance-
ments in energy supply and demand associated with PEPCK-C
OE. SUX exposure temporally eliminated the effect of
PEPCK-C OE on motor activity (Fig. 5), yet it only partially
reduced the effect of PEPCK-C OE on food intake, oxygen con-
sumption, and AMP:ATP ratio. Thus, PEPCK-C and muscle
activity interact to affect energy homeostasis acutely and
chronically.
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AMPK is a major mediator of energy homeostasis activated
by the higher AMP:ATP ratio (52). PEPCK-C OE and KO,
respectively, increased or decreased a conserved marker for
AMPK activation, phosphorylation at Thr-172 (Fig. 6F) (6).
SUX exposure reduced pAMPK, indicating that muscle activity
contributes to the increased AMPK signaling of these animals.
We generated aak-2 and crh-1 mutants over-expressing
PEPCK-C (Fig. 6G). The genes aak-2 and crh-1, respectively,
encode one of the two worm homologs of the catalytic «
subunit of AMPK (6) and the sole worm homolog of the
cyclic AMP response element-binding transcription factor
family (54). Although aak-2 (0k524) and crh-1 (¢z2) are KO
mutants, aak-2 (rr48) is a semi-dominant-negative mutation
(H208Y) that disrupts the catalytic domain of AAK-2 (55).
AMPK promotes physical activity and food intake, links
energy state to lifespan, and requires CRH-1 to extend life-
span (6, 54). The effects of PEPCK-C OE on motor activity,
reproductive life, food intake, and lifespan were blocked in
aak-2 or crh-1 mutants (Fig. 6, H-L, and supplementalTable
S 1). We conclude that decline in PEPCK-C with age inter-
acts with loss of cellular function to promote aging via dis-
rupted energy homeostasis.
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Reciprocal Changes in PEPCK-C and PK with Age Shunts
Energy Metabolism toward Glycolysis—We next determined
the mechanisms by which reciprocal changes in PEPCK-C and
PK with age disrupt energy homeostasis. In metazoans, ATP is
produced in the presence or absence of oxygen (56). For exam-
ple, glycolysis breaks down glucose to generate pyruvate and 2
ATP. In oxidative metabolism, pyruvate is oxidized to carbon
dioxide in mitochondria, producing an additional 28 -30 ATP.
Alternatively, pyruvate is converted to lactate by LDH in the
cytosol (56). PEPCK-C OE promoted glucose oxidation and
reduced LDH activity and lactate production; whereas
PEPCK-C KO reduced glucose oxidation and increased LDH
activity and lactate production (Fig. 7, A-C). In Fig. 74, rol-6
mutants, whose phenotype is a commonly used genetic marker
in aging research (13), were controls. Consistently, PEPCK-C
OE and KO increased or reduced ATP, respectively (Fig. 7D).

We next examined the mechanisms by which PEPCK-C
inhibits glycolysis and promotes oxidative metabolism.
PEPCK-C OE increased the oxidation of [5-'*C]glutamate to
carbon dioxide (Fig. 7E), indicating accelerated citric acid cycle
flux (57). It also accelerated the oxidation of acetate and
[U-"C]glutamate, and oxygen consumption (Fig. 7, E-G), indi-
cating broadly increased oxidative metabolism. The greater
increase in oxidation of [U-'*C]glutamate than [5-'*C]glu-
tamate is consistent with the randomization of isotopic car-
bons of [U-'*C]glutamate in citric acid cycle intermediates.
PEPCK-C KO decreased acetate oxidation, although it did
not significantly affect glutamate oxidation or oxygen
consumption.

We then simultaneously quantified the convert of [U-'*C]g-
lucose to carbon dioxide and lactate (Fig. 7H) with liquid worm
culture, because the penetration of most released lactate into
solid agar medium (data not shown) prevented its absolute
quantification with worms on solid agar medium. PEPCK-C OE
increased total glucose consumption, i.e. the sum of glucose
converted to carbon dioxide and lactate, by ~25% and the pro-
portion of glucose oxidation by ~14%. Because glucose oxida-
tion produces ~15-fold more ATP than anaerobic glycolysis,
PEPCK-C OE increased total ATP production by ~53%.

Last, we examined if PEPCK-C impacts mitochondrial func-
tion under the aging context. ATP and oxygen consumption
displayed a lifecycle dynamics similar to PEPCK-C, ie. they
increased from L4s to adults, peaked during the reproductive
period, and declined thereafter (Fig. 7, I and /). PEPCK-C OE
retarded declines in mitochondrial function with age. We con-
clude that reciprocal changes in PEPCK-C and PK with age
shunt energy metabolism toward anaerobic glycolysis, reducing
mitochondrial function and bioenergetics.

CR Counteracts Reciprocal Changes in PEPCK-C and PK to
Extend Lifespan—Last, we set out to determine whether recip-
rocal changes in PEPCK-C and PK with age can be modified to
modulate aging. We noted that CR, the most robust longevity
paradigm, increases PEPCK-C activity and decreases PK activ-
ity in mammals (58), and promotes oxidative metabolism in
many species (13, 58 —61). Moreover, AMPK activation, which
was enhanced by PEPCK-C OE, may mimic CR to impact aging
(62). Thus, we applied various amounts of OP50 bacteria that
model ad libitum (10"° cfu/ml), different degrees of CR, and
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TABLE 1

Effects of altered PEPCK-C expression in whole body and each native tissue on food intake, pharynx pumping, locomotion, and lifespan

Note: the symbols represent #, no significant change compared with controls. Food intake was indirectly quantified with accumulation of OP50-GFP. The changes in food
intake are, therefore, categorized as *, small increase; **, moderate increase; ***, large increase.

Food Pharynx
Tissue Expression intake pumping Locomotion Lifespan
Whole body OE e 4% increase ~60% increase ~30% increase
KD NE* NE NE ~30% decrease
BDW muscle OE . # ~50% increase ~15% increase
KD NE NE NE ~20% decrease
Pharynx OE * 6% increase # ~15% decrease
KD NE NE NE NE
Intestine OE * 9% decrease NE #
KD NE NE NE #

“NE, not examined.

fasting (5 X 10° cfu/ml) (63). CR retarded reciprocal changesin ~downstream mechanisms in eliciting anti-aging effects. AMPK
PEPCK and PK with age (Fig. 84). CR also extended lifespan in  activation inhibits TOR signaling (64). In response to CR, TOR
a dose-dependent manner in both WT and PEPCK-C OE inhibition extends lifespan (65). At the cellular level, TOR inhi-
worms (Fig. 8B). Critically, the difference in lifespan between bition reduces cell size in response to low cellular energy state
WT and PEPCK-C OE worms attenuated progressively with  (66). Interestingly, PEPCK-C OE mice (12) and worms were
increased degrees of CR, and was eventually eliminated. Under  smaller than controls, and senescent cells (67) and aged worms
fasting, PEPCK-C OE exhibited a reduced lifespan. Thus, CR  were enlarged (Fig. 3E). We applied RNAi KD of /et-363, which
interacts with PEPCK-C in lifespan regulation. encodes a worm homolog of TOR (68), to inhibit TOR. This

If CR counteracts reciprocal changes in PEPCK-C and PKto reduced worm size in WT but not in PEPCK-C OE worms (Fig.
retard aging, one may expect that CR and PEPCK-C OE share 8C). KD of let-363 also extended the lifespan in WT, but
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of variance. The values of L4 (8.98 + 0.20 (WT) and 18.31 + 1.09 (OF) X 10~¢

reduced lifespan in PEPCK-C OE worms (supplemental Table
S1). Such reduction may result from toxic genetic interaction
between let-363 KD and PEPCK-C OE, for example, overly
inhibited TOR by RNAi and PEPCK-C OE. Notably, let-363 KD
has been shown to shorten the lifespan in genetically modified
worms (69). To confirm that TOR and PEPCK-C interact in
lifespan regulation, we exposed worms to rapamycin (33). This
increased lifespan in WT did not affect the lifespan of PEPCK-C
OE worms (Fig. 8D and supplemental Table S1). Thus, TOR
inhibition contributes to at least some anti-aging effect of
PEPCK-C OE at the cellular and organismal level.

AMPK activation and TOR inhibition promote autophagy
(64), which is required by CR to extend lifespan (65, 70). To
validate that CR and PEPCK-C OE share downstream pathways
in lifespan regulation, we first examined if PEPCK-C impacts
autophagy. The number of GFP:LGG-1 (worm ortholog of
LC3) puncta in hypodermal seam cells of L3 larvae, a marker of
autophagy in worms, however, was reduced by PEPCK-C OE
(0.08 £ 0.07, n = 138), compared with WT (0.36 = 0.1, n =
121). Consistently, electron microscopy (EM) showed that day
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units/mg of worms) were set as 1.

1 WT worms exhibited few (0.60 * 0.27/worm section, n = 5)
small (0.03—0.07 um?) autolysosomes and autophagosomes,
which were absent in PEPCK-C OE worms (# = 5). EM also did
not detect significant autophagic activity in day 9 WT (n = 5),
consistent with a decline in autophagy with age (71). Strikingly,
day 9 PEPCK-C OE animals exhibited many autolysosomes and
autophagosomes ranging from small to gigantic in size (0.07-
113 wm?) (Fig. 8E), indicating that PEPCK-C OE selectively
enhanced autophagy in aged worms, likely to clear accumulated
molecular and organelle wastes with age. This observation is
consistent with the finding that PEPCK-C OE retarded the
accumulation of age pigments with age (Fig. 3E). We next
applied RNAi KD of bec-1 and atg-7, respectively, encoding the
worm ortholog of beclin 1 and Apg7p required for autophagy
(72). These interventions moderately reduced or did not affect
lifespan in WT, but eliminated or reduced lifespan extension of
PEPCK-C OE (Fig. 8F and supplemental Table S1). Thus,
PEPCK-C requires autophagy to impact lifespan. We conclude
that CR counteracts reciprocal changes in PEPCK-C and PK
with age to retard aging via TOR inhibition and autophagy.
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bacteria. AL, ad libitum.

Discussion

Energy metabolism appears to be optimized for reproduc-
tion. After the reproductive peak, a metabolic program involv-
ing a progressive decrease in PEPCK-C and a reciprocal
increase in PK alters the way organisms produce energy. Spe-
cifically, it shunts energy metabolism toward glycolysis, reduc-
ing bioenergetics (Fig. 9A). As a result, energy-dependent cel-
lular function and maintenance, such as muscle activity and
autophagy, decline due to unmatched energy demand and sup-
ply. Decline in cellular function, namely muscle activity, further
accelerates this metabolic shift in return, forming a vicious
cycle. The causality between changes in energy metabolism and
cellular function with age is likely a “the chicken and the egg”
dilemma. Thus, in addition to stochastic damage of cells by
reactive species, a programmed metabolic event can also be a
determinant of loss of cellular function and integrity with age
and aging.

Previous and present studies show that CR and physical
activity increase PEPCK-C and that CR also reduces PK. These
and other evidence suggest that energy balance, achieved by
reduced “energy in” from CR, enhanced “energy out” from
enhanced physical activity, or their combination, counteracts
reciprocal changes in PEPCK-C and PK with age to retard aging
via the AMPK and TOR pathways (Fig. 9B). This model is con-
sistent with the notion that both diet and exercise are critical for
healthy aging (73). In addition to CR and physical activity, many
longevity-associated factors, such as reduced insulin/IGF sig-
naling (74 -76), lower ambient temperature (8, 77), and sirtuin
(7,78, 79) also increase or stabilize PEPCK-C and promote oxi-
dative metabolism. Based on these observations, we propose
that reciprocal changes in PEPCK-C and PK with age are a lead
metabolic event of aging. Environmental and genetic factors
that retard it promote healthy aging and longevity.

1316 JOURNAL OF BIOLOGICAL CHEMISTRY

Interestingly, most cancer cells exhibit higher glycolysis fol-
lowed by lactate production, rather than lower glycolysis fol-
lowed by oxidation (80). At the cellular level, this so-called
Warburg effect may contribute to the immortality of cancer
cells. To organisms, uncontrolled energy expenditure can be
destructive. A difference is that cancer cells deprive other cells
of glucose and other supplies, whereas glucose supply for aging
cells is restricted. Indeed, glucose uptake in many tissues
declines with age (81), which may further disrupt energy home-
ostasis in aged organisms.

PEPCK-C is traditionally recognized as a key gluconeogenic
enzyme, but its activity is correlated tightly with the flux of
citric acid cycle but not gluconeogenesis (82). It has been pro-
posed that PEPCK-C links the citric acid cycle, core chemical
reactions of energy metabolism, with the metabolism of glu-
cose, amino acids, and other metabolites (8) (Fig. 9C). In sup-
port of this model, PEPCK-C has been shown to critically reg-
ulate the homeostasis of fatty acids, amino acids, and glucose
(see Ref. 8 for review). Here, we demonstrate that PEPCK-C
accelerated the citric acid cycle and cellular respiration, pro-
moted the oxidation of major fuels, shifted glucose catabolism
toward oxidation, and enhanced the efficiency and total bioen-
ergetics. Because mitochondria play a central role in aging (83),
these metabolic functions of PEPCK-C likely contribute to
aging more significantly than other metabolic functions,
although PEPCK-C may impact aging via multiple mecha-
nisms. At the organismal level, PEPCK-C is required for the
integration of energy metabolism (84), and participates in
diverse pathophysiological and physiological processes. For
example, PEPCK-C mutations underlie Smith-Magenis syn-
drome, a heritable disease marked by hypoglycemia, lactic aci-
dosis, and other metabolic disorders (10). PEPCK-C also is a
negative marker of colon cancer (11) and alleviates renal tubu-
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FIGURE 9. Models for aging-associated changes in energy metabolism and aging. A and B, models for the role of reciprocal changes in PEPCK-C and PKin
aging. C, a model for the metabolic function of PEPCK-C. Red, pathways of the removal and replenishment of citric acid cycle intermediates by PEPCK-C; yellow,
conversion of pyruvate to lactate; green, carbon dioxide generated from the oxidation of C5 of glutamate; aKG, a-ketoglutarate.

lar acidosis (9). In model organisms, PEPCK-C supports adap-
tive response and survival under inflammation (85), osmotic
stress (86), and oxidative stress (this study). These metabolic
and physiological roles of PEPCK-C indicate that it is a major
metabolic adaptor of organisms that promotes health and
longevity.

Mechanisms underlying aging-associated changes in
PEPCK-C and PK are presently unknown. Enhancing PEPCK-C
or reducing PK, however, was sufficient to retard many key
aging-associated metabolic and physiological changes, such as
loss of mitochondrial function and motor activity, and/or
increase lifespan. Because PEPCK-C has conserved metabolic
functions, physiological roles, and regulatory mechanisms (8),
sustaining PEPCK-C may be a novel strategy to counteract
aging in humans.
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