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Repetitive stimulation of autophagy-lysosome
machinery by intermittent fasting preconditions
the myocardium to ischemia-reperfusion injury
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Abbreviations: CMA, chaperone-mediated autophagy; CQ, chloroquine; GFP, green fluorescent protein; LAD, left anterior descend-
ing; LAMP2, lysosomal-associated membrane protein 2; MOI, multiplicity of infection; NRCMs, neonatal rat ventricular cardiac
myocytes; q¢4D, quaque qutra die/every fourth day; qOD, quaque otra die/every other day; TFEB, transcription factor EB;
MAPI1LC3B (also abbreviated as LC3), microtubule-associated protein 1 light chain 3, isoform B; TTC, triphenyl tetrazolium chlo-

ride; LV, left ventricle; AAR, area at risk; WT, wild type.

Autophagy, a lysosomal degradative pathway, is potently stimulated in the myocardium by fasting and is essential
for maintaining cardiac function during prolonged starvation. We tested the hypothesis that intermittent fasting
protects against myocardial ischemia-reperfusion injury via transcriptional stimulation of the autophagy-lysosome
machinery. Adult C57BL/6 mice subjected to 24-h periods of fasting, every other day, for 6 wk were protected from in-
vivo ischemia-reperfusion injury on a fed day, with marked reduction in infarct size in both sexes as compared with
nonfasted controls. This protection was lost in mice heterozygous null for Lamp2 (coding for lysosomal-associated
membrane protein 2), which demonstrate impaired autophagy in response to fasting with accumulation of
autophagosomes and SQSTM1, an autophagy substrate, in the heart. In lamp2 null mice, intermittent fasting provoked
progressive left ventricular dilation, systolic dysfunction and hypertrophy; worsening cardiomyocyte autophagosome
accumulation and lack of protection to ischemia-reperfusion injury, suggesting that intact autophagy-lysosome
machinery is essential for myocardial homeostasis during intermittent fasting and consequent ischemic
cardioprotection. Fasting and refeeding cycles resulted in transcriptional induction followed by downregulation of
autophagy-lysosome genes in the myocardium. This was coupled with fasting-induced nuclear translocation of TFEB
(transcription factor EB), a master regulator of autophagy-lysosome machinery; followed by rapid decline in nuclear
TFEB levels with refeeding. Endogenous TFEB was essential for attenuation of hypoxia-reoxygenation-induced cell
death by repetitive starvation, in neonatal rat cardiomyocytes, in-vitro. Taken together, these data suggest that TFEB-
mediated transcriptional priming of the autophagy-lysosome machinery mediates the beneficial effects of fasting-
induced autophagy in myocardial ischemia-reperfusion injury.

Introduction

Therapeutic interventions to promote myocardial salvage in
ischemia-reperfusion injury remain impractical, as they need to
be applied before or simultaneously with onset of injury to
achieve clinically significant reduction in cell death. Therefore,
ongoing research efforts are focused upon preconditioning the
myocardium to prevent cardiomyocyte death and/or dysfunction
with myocardial infarction." Contemporary approaches to ische-
mic preconditioning have limited translational application given
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the unpredictability of spontaneous atherosclerotic coronary pla-
que rupture and myocardial infarction. It is with this perspective
that calorie restriction needs to be explored as a combinatorial
strategy for prevention of cardiovascular events and precondition-
ing the myocardium to attenuate ischemia-reperfusion injury, if
and when it were to occur.

Sustained calorie restriction attenuates atherosclerosis in
humans;* markedly reduces the incidence of cardiovascular dis-
case, diabetes and cancer; slows aging in primates;® and pro-
longs life span in multiple species.” Autophagy, an intracellular
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lysosomal degradative pathway, plays a central mechanistic role
in the life-span prolongation benefits of calorie restriction;® and
pharmacologic induction of autophagy with rapamycin, resvera-
trol, and spermidine has similar effects in model organisms as
Drosophila melanogaster and Caenorhabitis elegans.”” Pertinent
to this discussion is the observation that starvation (i.e. total calo-
rie restriction) is a potent stimulus for induction of myocardial
macroautophagy (henceforth referred to as ‘autophagy’).''”"?
Indeed, autophagy is essential for cardiac homeostasis in the peri-
natal starvation period at birth, prior to establishment of mater-
nal milk supply; as mice with genetic ablation of autophagy
proteins ATG5 and ATG7 cannot form autophagosomes and
develop fatal myocardial ischemia.'*"> Autophagy is also essen-
tial for maintenance of cardiac structure and function during pro-
longed starvation in mice, as concomitant impairment of
autophagy with genetic ablation of Foxol, haploinsufficiency of
Becnl'! or pharmacological inhibition with bafilomycin A1,16 an
inhibitor of lysosome acidification and function, results in rapid
development of cardiomyopathy with starvation. Activation of
autophagy is also essential for cytoprotection during myocardial
ischemia,'” and pharmacologic stimulation of autophagy with
rapamycin protects against postinfarction remodeling.'® Myocar-
dial autophagy is also induced with regimens of ischemic precon-
ditioning;'”** and appears essential for the observed ischemic
cytoprotection in ex-vivo ischemia-reperfusion injury.'” Whether
calorie restriction-induced autophagy confers ischemic cardio-
protection is not known.

To overcome the behavioral challenges of maintaining persis-
tent calorie restriction, periodic calorie restriction has been
explored as a strategy to treat obesity;”' and experimental studies
have demonstrated life-span prolongation with intermittent fast-
ing to an extent comparable to sustained calorie restriction in
rodents.”” Interestingly, intermittent fasting on an alternate day
schedule preconditions the myocardium to cardiac ischemic
injury with total coronary occlusion; and attenuates postinfarc-
tion remodeling.”® In this study, we evaluated whether intermit-
tent fasting stimulates cardiomyocyte autophagy-lysosome
machinery as an essential mechanism for the observed cytopro-
tection against ischemia; and whether similar benefits are
observed with reperfusion injury that often coexists with ischemic
insult as a result of revascularization and is paradoxically sus-
pected to be worsened by induction of autophagy.'” Our data
demonstrate a cyclical induction of autophagy with fasting
accompanied by transcriptional induction of autophagy-lyso-
some machinery; and implicate a critical functional role for the
autophagy-lysosome machinery in transducing the beneficial
effects of intermittent fasting on ischemia-reperfusion injury.

Results

Intermittent fasting confers cardioprotection to ischemia-
reperfusion injury

Previous studies have demonstrated a reduction in infarct size
with attenuated post myocardial infarction remodeling and
improved survival in rats subjected to every other day
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intermittent fasting for 3 mo, as compared to ad libitum fed rats
followed by chronic total left anterior descending (LAD) coro-
nary artery occlusion to create permanent ischemia.?>?** To
investigate whether reduced frequency of fasting or shorter dura-
tion of intermittent fasting regimens confer similar cardioprotec-
tion; and to determine whether the observed benefits extend to
ischemia-reperfusion injury, we subjected adult male wild-type
mice to 24 h of fasting on an every other day schedule (qOD;
quaque otra die) for 2 and 6 wk; or on an every 4™ d schedule
(g4D; quaque qutra die) for 6 wk; and provided ad libitum
access to standard chow to nonfasted controls; followed by ische-
mia-reperfusion modeling with reversible LAD ligation per-
formed on a fed day to induce ischemia (30 min) followed by
reperfusion (for 23.5 h; see Fig. S1A for experimental scheme).
Intermittent fasting did not affect body weight (Fig. 1A), as mice
commensurately increased their food intake on fed days
(Fig. 1B), such that average food intake over a fasting-refeeding
cycle was not different between any of the groups (Fig. 1C), as
previously described.?” Mice subjected to 6 wk of qOD intermit-
tent fasting demonstrated a ~50% reduction in infarct size after
ischemia-reperfusion injury, as compared with ad libitum fed
controls (Fig. 1D and E); whereas shorter duration qOD regi-
men (for 2 wk) or a less frequent fasting schedule for the 6 wk
duration did not confer similar cardioprotection. We confirmed
that the observed reduction in infarct size with 6 wk of intermit-
tent fasting was not related to differences in area at risk, with con-
comitant Evans Blue staining of nonischemic myocardium, in a
separate cohort of mice (Fig. 1F and G).

Fasting-refeeding cycles modulate myocardial autophagy

11-13,16
we eval-

Since fasting stimulates myocardial autophagy,
uated cardiomyocyte autophagosome abundance in male mice
carrying  cardiomyocyte autophagy reporter GFP-tagged
MAPI1LC3B (green fluorescent protein-tagged microtubule-asso-
ciated protein 1 light chain 3) l:ransgene13 subjected to intermit-
tent (QOD) fasting for 6 wk (on a fed day). Mice subjected to 24
and 48 h of fasting, or to 24 h of fasting followed by 24 h of
refeeding to mimic a fasting-refeeding cycle; and nonfasted age-
matched controls were studied in parallel. Autophagosome abun-
dance was not increased after a 24-h fast; but markedly increased
after 48 h of fasting (Fig. 1H and I), which is consistent with
21317 and suggests that 24 h of fasting
induces autophagy with efficient flux (with prompt processing of
autophagosomes). Indeed, assessment of autophagic flux by con-
comitant treatment with CQ (chloroquine) to inhibit lysosome

previous observations

acidification and prevent autophagosome processing;26 and eval-
uate the ratio of autophagosomes (assessed with punctate GFP-
LC3 imaging, Fig. 1J; and autophagosome-bound LC3-II by
immunoblotting, Fig. 1K and L) and abundance of an autoph-
agy substrate SQSTM1/p62 (Fig. 1K and M) in CQ-treated
over diluent-treated animals, revealed marked enhancement of
autophagic flux with 24 h of fasting as compared with basal state
in nonfasted mice. Accumulation of autophagosomes after 48 h
(Fig. 1H and I) likely reflects an imbalance between the rates of
autophagosome generation and processing by the lysosomal
machinery. Importantly, autophagosome accumulation was not
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observed after a fed day in the mice subjected to 6 wk of every
other fasting, mimicking the observations in mice refed for 24 h
after a 24 h fast (Fig. 1H and I); and autophagic flux assessed
with concomitant CQ treatment was not increased above the
basal state observed in fed mice (Fig. 1J-M). These data indicate
that intermittent fasting stimulates cardiomyocyte autophagy in
a cyclical fashion with each episode of fasting, with return in
autophagic flux to the basal levels on the fed days.

Intermittent fasting-induced protection against ischemia-
reperfusion injury is lost in Lamp2 heterozygous null mice,
with impaired fasting-induced autophagy

To determine whether the lysosomal degradative machinery is
essential for the observed benefits of intermittent fasting, we first
studied mice with heterozygous ablation of Lamp2, an X-linked
gene which encodes LAMP?2 (lysosomal-associated membrane pro-

tein 2); loss of which results in impaired autophagosome-lysosome
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Figure 1. For figure legend, see page 1540.
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Table 1. Morphometric and echocardiographic characteristics of Lamp2 heterozygous null female mice at 8-10 wk of age, prior to starting intermittent

fasting
Littermate wild-type females Lamp2 het null females
Body weight (g) 170£15 17.1£0.5
Heart weight/body weight (mg/g) 53402 53402
LV end-diastolic diameter (mm) 3.13 £ 0.04 3.20 4+ 0.04
LV end-systolic diameter (mm) 151 +£0.01 1.46 + 0.04
% LV fractional shortening 51+1 54+ 1
LV mass (mg) 781+ 1.5 785+23
Ratio of radius to wall thickness 1.97 £+ 0.04 2.05 + 0.05
Heart rate (beats per minute) 589 £+ 29 616 £ 13

Data are reported as Mean £ SEM. N = 4-6/group for morphometric analysis and n = 3-4/group for echocardiographic characterization. No statistically

significant differences were noted between the 2 groups by t-test.

fusion and Danon disease.”” We examined the effects of partial loss
of LAMP2 on autophagy in the myocardium, which is a critical
lysosomal pathway stimulated in response to starvation,'"*'> and
is impaired in mice with complete loss of LAMP2.*® Female
Lamp2 heterozygous null mice (bearing the X/null genotype at the
Lamp2 locus), demonstrate no difference in body weight or heart
weight (Table 1) as compared with littermate wild-type females.
Interestingly, as compared with littermate wild-type mice, we
observed a modest (but statistically nonsignificant) increase in
punctate GFP-LC3 (Fig. 2A and B) and a significant increase in
autophagosome-bound LC3-II (fold change: 2.4+ vs.1.0£ in
wild-type, P < 0.001, N = 5 /group; see Fig. 2C) and SQSTM1
(fold change: 1.3 0.1 vs. 1.0 £ 0 .1 in wild type, P = 0.038, N
= 5 /group, see Fig. 2C), accompanied by a 53% reduction in
myocardial LAMP2 protein (fold change: 0.47 +0.09 vs. 1.0 £ 0
.03 in wild-type mice, P = 0.008, N = 5 /group; Fig. 2C), in the
myocardium from 8-wk-old Lamp2 heterozygous null mice. To
determine if this was as a result of impaired autophagic flux with
Lamp2 deficiency, we treated a cohort of 8-wk-old Lamp2 hetero-
zygous null and littermate wild-type mice with CQ (or diluent) in
the fed state and assessed the ratio of autophagosome-bound LC3-
II and SQSTM1 in CQ-treated over diluent-treated mice as an
index of autophagic flux. As observed in the male mice (Fig. 1K, L
and M), CQ treatment resulted in accumulation of LC3-II and

SQSTMI in wild-type female myocardium indicating intact basal
autophagic flux (Fig. 2D). Interestingly, autophagic flux was not
significantly different in hearts from nonfasted Lamp2 heterozy-
gous null mouse hearts as compared with nonfasted wild-type lit-
termates, suggesting that the reduced levels of LAMP2 in Lamp2
heterozygous null mice were sufficient to maintain basal autopha-
gic flux in the myocardium (Fig. 2D and E). It is conceivable that
the observed accumulation of autophagosomes in the fed state in
Lamp2 heterozygous null females is due to mosaic loss of Lamp2
allele due to random X chromosome inactivation in cells and tis-
sues.””*” Importantly, the observed autophagosome accumulation
in Lamp2 heterozygous null mouse myocardium did not impair
resting cardiac structure and function in these mice in the
unstressed state as compared with littermate wild types (Table 1)
confirming previous observations.**

We next examined whether heterozygous ablation of Lamp2
affects autophagic flux under fasting stress. Indeed, as compared
with littermate wild-type females, the accumulation of GFP-
LC3-labeled autophagosomes was markedly worsened when
Lamp2 heterozygous null females were subjected to 48 h of fast-
ing (Fig. 2A and B); with progressive accumulation of autopha-
gosome-bound LC3-II, SQSTMI (a receptor protein which is
also a substrate for autophagy;>' Fig. 2C) and polyubiquitinated
proteins (which accumulate with autophagy impairment;*?

Figure 1 (See previous page). Intermittent fasting confers protection to ischemia-reperfusion injury in wild-type mice, with upregulation of autophagic
flux on fasting days. (A-C) Mean body weight (A), average daily food intake (B) and daily food intake averaged over each fasting-refeeding cycle (C) in
adult male C57BL/6 mice subjected to every other day fasting (qOD, n = 21; black triangles and blue dotted line); every 4™ day fasting (q4D, n = 5 ; black
squares and red dashed line); and nonfasted (ad libitum fed) controls (n = 20 ; open circles and bold black line). (D) Representative images of TTC-stained
sections of hearts (at 24 h after surgical modeling) from intermittently fasted (for 6 wk) and nonfasted male mice (as controls) subjected to reversible
LAD ligation for 30 min followed by reperfusion on a fed day. (E) Infarct size (at 24 h), quantified as unstained area (white)/total left ventricular myocar-
dial area in male mice subjected to LAD territory ischemia (30 min) followed by reperfusion on a fed day, after intermittent fasting on a q4D schedule
(for 6 wk) or gOD schedule for 2 or 6 wk as compared to nonfasted (ad libitum) fed controls (as in A to C). P value depicted is by post-hoc test after one-
way ANOVA. (F and G) Representative images of TTC and Evans blue-stained sections of hearts subjected to ischemia-reperfusion (IR) injury, as in (D), on
a fed day after 6 wk of intermittent fasting (or ad libitum feeding as control; F), with quantification of area-at-risk (AAR) and infarct size as a percent of
AAR (@). P value is by t test. (H, I) Representative gray-scale images (at 630X magnification; H) and quantification of punctate GFP-LC3 (autophagosomes;
1) in mice with cardiomyocyte-specific expression of GFP-LC3 after various durations of fasting, refeeding and intermittent fasting (for 6 wk, assessed on
a fed day). N = 3 or 4/group. (J) Assessment of autophagic flux by ratio of punctate GFP-tagged LC3 in mice subjected to 24 h of fasting, 6 weeks of
intermittent fasting (IF) on a fed-day or provided ad libitum access to food (nonfasted) and treated with chloroquine (CQ) or diluent, 4 h prior to sacrifice
(n = 3 or 4/group). (K) Representative immunoblot depicting endogenous LC3 and SQSTM1 in mice treated as in J. (L and M) Assessment of autophagic
flux by ratio of LC3-Il (L) or SQSTM1 (M) in CQ versus diluent-treated mice, modeled as in (J). N=3 /group. P values depicted are by post-hoc test after
one-way ANOVA in | to M.
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Table 2. Morphometric and echocardiographic characteristics of Lamp2 heterozygous null female mice subjected to 6 wk of intermittent fasting, on a fed
day

Littermate wild-type females Lamp2 het null females

Body weight (g) 184 +£0.8 18.8 +£ 0.6
Heart weight/body weight (mg/g) 51403 55402
LV end-diastolic diameter (mm) 3.09 4+ 0.09 3.28 +0.03
LV end-systolic diameter (mm) 1.48 + 0.04 1.82 4 0.04"
% LV fractional shortening 52+1 454+ 1"
LV mass (mg) 726 +3.22 79.2 +£0.7
Ratio of radius to wall thickness 2.03+0.13 2.15+0.03
Heart rate (beats per minute) 599+ 14 599 + 44

Data are reported as Mean + SEM. N = 4/group.
*Indicates P < 0.05 by t-test. LV, left ventricle.

Fig. S2) in the Lamp2 heterozygous null myocardium, provoked
by increasing duration of fasting. Indeed, while 24 h of fasting
significantly upregulated autophagic flux in wild-type female
mice as compared to the nonfasted controls (mimicking the
observations in male mice, Fig. 1K-M), fasting did not further
stimulate autophagic flux above the basal state in the Lamp2 het-
erozygous null mice (Fig. 2D and E). These data suggest that the
consequences of LAMP?2 deficiency (in Lamp2 heterozygous null
mice) on global autophagic flux are only unmasked in the pres-
ence of a stressor such as fasting, which rapidly stimulates forma-
tion of autophagosomes, which are thereafter not processed
efficiently, due to impaired autophagosome-lysosome fusion.
Therefore, Lamp2 heterozygous null mice are well suited as a
model system to evaluate the effects of impaired myocardial lyso-
some function and consequently impaired autophagy specifically
under stress; as they do not display the disadvantages observed in
other model systems employed to study the effects of impaired
autophagy-lysosomal machinery, namely presence of cardiomy-
opathy in the unstressed state (as in mice with cardiac myocyte
specific or germline ablation of proteins essential for autophago-
some formation, ATGS, ATG7, and PIK3C3;'4'%3334 and in
models of lysosomal dysfunction [reviewed in ref. 35]); or the
paradoxical effects on autophagy observed with haploinsuffi-
ciency of BECN1,!'%17-3¢

To determine if LAMP2 deficiency impairs autophagic flux
with repetitive fasting, we subjected Lamp2 heterozygous null
mice and littermate wild types for 6 wk of intermittent fasting
followed by assessment of autophagic flux with injection of CQ

(or diluent) on a fed day. Lamp2 heterozygous null mice demon-
strated impaired autophagic flux on a fed day after being sub-
jected to the intermittent fasting protocol, assessed as CQ-
induced accumulation of LC3-II (fold change in CQ/dil over
nonfasted mice: 0.97 £ 0.06 vs.1.87 £ 0.32 in wild types, P =
0.036, N = 4 /group, Fig. 2F) and SQSTM1 (fold change in
CQ/dil over nonfasted mice: 0.95 4= 0.16 vs.1.46 &£ 0.01 in wild
types, P < 0.001, N = 4 /group, Fig. 2F). This was associated
with accumulation of autophagic structures (arrowheads,
Fig. 2G) and abnormal appearing mitochondria with rarified
cristae architechture (arrows) on transmission electron micros-
copy analysis in Lamp2 heterozygous null mice (and not wild-
type controls) subjected to intermittent fasting for 6 wk, on a fed
day. At this time point, we also observed impaired left ventricular
ejection performance on echocardiographic assessment in inter-
mittently fasted Lamp2 heterozygous null mice (with increased
left ventricular end-systolic diameter and reduced % fractional
shortening as compared with similarly treated wild type, see
Table 2) which is not observed in ad libitum fed Lamp2 hetero-
zygous null females at this age (data not shown). Taken together,
these data indicate that intermittent fasting-induced impairment
of autophagic flux results in accumulation of abnormal mito-
chondria, which require intact autophagy-lysosomal machinery
for their removal,”” with consequent deterioration of myocardial
function.

Importantly, intermittent fasting conferred cardioprotection
in wild-type female mice, with a ~50% reduction in infarct size
as compared with nonfasted matched controls (Fig. 3A and B),

Figure 2 (See previous page). Intermittent fasting is associated with impaired autophagic flux in Lamp2 heterozygous null mice. (A) Representative
gray-scale images (at 630X magnification) of female Lamp2 heterozygous null and littermate wild-type female mice bearing the GFP-LC3 transgene, after
48 h of fasting or in a fed (nonfasted) state. (B) Quantification of cardiomyocyte GFP-LC3 in Lamp2 heterozygous null mice or littermate control females
after fasting and/or refeeding for the indicated duration; n = 3 or 4/group. P values depicted are by post-hoc test after one-way ANOVA. (C) Immunoblots
depicting LC3 processing and SQSTM1 accumulation in Lamp2 heterozygous null mice with progressively longer periods of fasting, as compared with
nonfasted littermate wild-type female controls. ACTA1 was employed as loading control. (D and E) Representative immunoblots (D) and quantification
of ratio of LC3-Il (E, top) and SQSTM1 (E, bottom) in cardiac extracts from Lamp2 heterozygous null mice and female littermate wild-type controls sub-
jected to 24 h fasting or provide ad libitum access to diet and treated for CQ or diluent (for 4 h prior to sacrifice). N = 3 /group. P values are by post-hoc
test after one-way ANOVA. (F) Representative immunoblots depicting LC3 and SQSTM1 in Lamp2 heterozygous null mice and female littermate wild-
type mice subjected to intermittent fasting for 6 wk, and treated for CQ or diluent (for 4 h prior to sacrifice) on a fed day. (G) Representative transmission
electron microscopy images of cardiac tissues from Lamp2 heterozygous null mice and female littermate wild-type mice subjected to intermittent fast-
ing, or provided ad libitum access to food for 6 wk, on a fed day. N = 3 /group. Arrows indicate mitochondria with loss of cristal architecture, and
arrowheads point to autophagic structures.
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which was not due to differences in area at risk (Fig. 3C and D),
paralleling the observations in male mice (Fig. 1D-G); and this
cardioprotection was lost in Lamp2 heterozygous null mice
(Fig. 3A-D). Taken together, these data indicate that the
impairment in autophagic flux with each fasting episode in
Lamp2 heterozygous null mice results in accumulation of dam-
aged mitochondria, with impaired basal autophagic flux even on
a fed day after 6 wk, likely resulting in the loss of cardioprotec-
tion observed with this regimen in wild-type mice.

Intermittent fasting induces adverse ventricular remodeling
and cardiomyocyte death in /amp2 null mice, associated with
impaired autophagic flux

We next examined the effects of intermittent fasting on the
myocardium with complete loss of LAMP2. /amp2 null mice
demonstrate increased mortality in the neonatal period with
autophagosome accumulation in cardiomyocytes and multiple
other tissues with multisystem abnormalities;”® and surviving
lamp2 null mice demonstrate cardiomyopathy with impaired car-
diac and myofiber contractility at ~6 mo of age,”
the observations of cardiomyopathy in humans with Danon dis-
ease and hypertrophic cardiomyopathy resulting from mutations
in the LAMP2 gene and loss of the LAMP2 protein.”” To deter-

mine if repetitive stimulation of autophagosome formation with

mimicking

fasting affects the development of cardiomyopathy in the absence
of LAMP2, we subjected 8- to 10-wk-old (young adult) male
lamp2 null mice and littermates to intermittent fasting, with
serial weekly echocardiographic determination of cardiac struc-
ture and function, before and during, and immediately after the
period of intermittent fasting. At this age, surviving lamp2 null

mice demonstrated cardiomyocyte autophagosome accumulation
(Fig. 4A and B; Fig. S3), as previously described,”® with accu-
mulation of SQSTMI, an autophagy substrate in the myocar-
dium (Fig. 4A and B). Importantly, assessment of autophagic
flux with CQ (or diluent) treatment revealed that basal autopha-
gic flux was impaired in /amp2 null mice in the fed state (in con-
trast to intact flux in littermate wild types, Fig. 4A and B), prior
to initiation of the intermittent fasting protocol. Intermittent
fasting provoked further accumulation of autophagosome-bound
LC3-1I (Fig. 4D and E) and SQSTM1 (Fig. 4D and F) in inter-
mittently fasted /zmp2 null mice on a fed day, as compared with
ad libitum fed /amp2 null mice as well as intermittently fasted
wild-type controls (Fig. 4D-F), indicating impaired autophagy
resulting from impaired autophagosome-lysosome fusion in the
absence of LAMP2. Myocardial ultrastructure examination at
this point in time revealed accumulation of autophagosomes in
ad libitum fed /amp2 null mice (as compared with wild-type con-
trols in either group; arrowheads, Fig. 4G), which was markedly
worsened with appearance of damaged mitochondria (appearing
swollen with loss of cristal architecture, arrows) in intermittently
fasted Jamp2 null mice.

Interestingly, surviving young adult /amp2 null mice did not
demonstrate significant echocardiographic changes in cardiac
structure and function as compared with controls (Fig. 5A-D),
before initiation of the intermittent fasting regimen. Importantly,
while intermittent fasting did not affect cardiac structure or func-
tion or organ weights in wild-type mice, as compared with ad
libitum fed wild-type mice (Fig SA—E; Table 3), the repetitive
fasting protocol provoked progressive left ventricular dilation
(Fig. 5A and B), decline in ¢jection performance (Fig. 5A and
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Figure 3. Intermittent fasting does not confer protection to cardiac ischemia-reperfusion injury in Lamp2 heterozygous null mice. (A and B) Representa-
tive images of TTC-stained sections of hearts (A) and infarct size (at 24 h, B) after in vivo LAD territory ischemia (30 min) followed by reperfusion in
Lamp2 heterozygous null mice and littermate wild-type (WT) females subjected to intermittent fasting for 6 wk (with surgical modeling on a fed day) or
provided ad libitum access to standard chow; n = 4 to 7/group. P values depicted are by post-hoc test after one-way ANOVA. (C and D) Representative
images (C) of hearts stained with Evans blue to determine area at risk (AAR, quantified in D) simultaneously with TTC staining to assess infarct size (quan-
tified as fraction of AAR, D) in mice modeled as in A. N = 3 to 6/group. P values depicted are by post-hoc test after one-way ANOVA. LV, left ventricle.
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C) and progressive increase in left ventricular mass (Fig. 5A and
D) with increased heart weight; and increased liver and lung
weights (suggesting presence of heart failure with congestion,

Table 3) in lamp2 null mice after 5 wk, with clinical signs of
heart failure (such as hunched posture and labored breathing)
observed in some animals. Importantly, these findings were not
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Figure 4. For figure legend, see page 1545.
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accompanied by a change in body weight (Fig. 5E, Table 3), or
spontaneous development of cardiomyopathic changes in ad libi-
tum fed /amp2 null mice followed for the same period (Fig. S4),
as compared with similarly treated age-matched wild-type con-
trols. We also observed increased cardiomyocyte cell death, with
increased evidence for programmed apoptosis (I'UNEL positiv-
ity, Fig. 6A and B) and necrosis (c5b-9 positivity, Fig. 6C and
D) in intermittently fasted /amp2 null mice, as compared with ad
libitum fed /amp2 null or wild-type mice from both ad libitum
and intermittently fasted groups; as the likely mechanism for the
observed adverse ventricular remodeling in these mice. Taken
together, these data indicate an essential role for the lysosome
machinery in maintaining autophagic flux, cardiomyocyte viabil-
ity, and cardiac structure and function during intermittent fast-
ing. Not surprisingly, therefore, intermittent fasting did not
confer cardioprotection to ischemia-reperfusion injury in the
lamp2 null mice (Fig. 6E and F); which was confirmed with
markedly increased left ventricular infarct size despite comparable
area-at-risk in intermittently fasted /amp2 null mice as compared
with similarly treated littermate controls (Fig. 6G and H).

Intermittent fasting modulates oxidative stress in the
myocardium

Our observations indicate that whereas autophagic flux was
not upregulated on a fed day after a 6-wk period of intermittent
fasting (above the basal levels), a remarkable (~50%) infarct size
reduction was observed in wild-type mice subjected to ischemia-
reperfusion injury at this time (Figs. 1D-G and 3), indicating
the intermittent fasting preconditions the myocardium to the
upcoming injury. Since ablation of LAMP2 prevented this pre-
conditioning effect with accumulation of abnormal mitochondria
(Figs. 2G, 3, 4G, and 6E-H), and damaged mitochondria pro-
voke increased generation of reactive oxygen species (ROS) in the
myocardium,”® we hypothesized that intermittent fasting regu-
lates myocardial ROS generation via effects on mitochondria,
which is lost in the setting of Lamp2 ablation due to impairment
in mitochondrial autophagy. Indeed, we observed a significant
reduction in myocardial levels of oxidatively modified proteins in
intermittently fasted wild-type mice of both sexes as compared
with ad libitum fed controls (Fig. 7A-D), suggesting that inter-
mittent fasting lowers myocardial ROS levels. Importantly, the
abundance of oxidatively modified proteins was markedly
increased in heterozygous Lamp2 null as well as lamp2 null myo-
cardium (Fig. 7A-D), with further worsening upon intermittent
fasting in the Lamp2 heterozygous null mice (Fig. 7A and C),
paralleling the observed impairment in autophagic flux with

accumulation of abnormal appearing mitochondria in these
models. Taken together, these observations suggest that intermit-
tent fasting preconditions the myocardium via enhanced autoph-
agy of damaged mitochondria,®® with consequent reduction in
oxidative stress.

Chaperone-mediated autophagy (CMA) is another well
described lysosomal degradative pathway that is postulated to be
impaired in mice with deficiency of LAMP2A isoform. This
pathway has been shown to be activated in the myocardium by
fasting, in vivo, and by oxidative stress.’! To examine its role in
intermittent-fasting induced cardioprotection, we assessed the
abundance of candidate proteins that are known chaperone-
mediated autophagy substrates®® in the myocardium, in these
models. Interestingly, our data do not demonstrate any signifi-
cant alteration in abundance of these proteins with intermittent
fasting or Lamp2 ablation (which also results in loss of the
LAMP2A isoform;?® see Fig. S5), which suggests that alterations
in CMA are unlikely to play a central role in transducing the car-
dioprotective benefits of intermittent fasting.

Given that autophagy plays an essential role for removal of
damaged mitochondria during starvation,”>*> we hypothesized
that repetitive enhancement of autophagy would reduce preva-
lence of depolarized mitochondria; whereby simultaneous inhibi-
tion of autophagy would provoke accumulation of depolarized
mitochondria. To test this hypothesis, we subjected neonatal rat
ventricular cardiac myocytes (NRCMs) to 2 12-h periods of star-
vation, interspersed with 12 h periods of exposure to a nutrient-
rich environment (see schematic in Fig. S1B), in the presence of
shRNA targeting Becn! (to inhibit autophagosome formation),
Lamp?2 (to inhibit autophagosome-lysosome fusion) and shZacZ
as control; and evaluated mitochondrial quality, mass, and ultra-
structure. As shown, near-complete knockdown of BECN1 pre-
vented LC3-II generation with accumulation of SQSTMI1
(Fig. 8A), whereas knockdown of LAMP2 resulted in accumula-
tion of autophagosome-bound LC3-1I and SQSTM1 (Fig. 8B)
confirming the inhibition of macroautophagy. Repetitive starva-
tion resulted in significant reduction in prevalence of depolarized
mitochondria assessed with JC-1 fluorescence (Fig. 8C and D),
without a change in mitochondrial mass (Fig. 8E) and with pre-
served mitochondrial ultrastructure (Fig. 8F). In contrast, inhibi-
tion of autophagy with either BECN1 or LAMP2 knockdown
resulted in increased prevalence of depolarized mitochondria;
which was significantly worsened in cells subjected to repetitive
starvation (Fig. 8C and D) consistent with lack of removal of
starvation-damaged mitochondria when the autophagy-lysosome
machinery was inhibited in this setting. Indeed, mitochondrial

autophagic structures.

Figure 4 (See previous page). Intermittent fasting (IF) worsens the autophagic impairment observed in lamp2 null mice. (A) Representative immunoblot
depicting LC3 processing and SQSTM1 in cardiac extracts from young adult lamp2 null males (and littermate wild-type controls) treated with CQ or dilu-
ent to assess autophagic flux. (B and C) Quantification of LC3-II (B) and SQSTM1 (C) in mice treated as in A. N = 4 /group. * indicated P < 0.05 versus dilu-
ent treated wild-type control. P values are by one-way ANOVA. (D-F) Representative immunoblots (D) with quantitative analysis of LC3-II (E) and SQSTM1
(F) in lamp2 null mice subjected to intermittent fasting (for 5 wk) as compared with similarly treated littermate controls, and age-matched nonfasted
lamp2 null and littermate wild-type mice. N = 4 to 6/group. P values depicted are by post-hoc test after one-way ANOVA. (G) Representative transmission
electron microscopy images of cardiac tissues from lamp2 null mice and littermate wild-type mice subjected to intermittent fasting, or provided ad
libitum access to food for 5 wk, on a fed day. N = 3 /group. Arrows indicate mitochondria with loss of cristal architecture, and arrowheads point to
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Table 3. Morphometric data on lamp2 null male mice subjected to intermittent fasting for 5 wk

Body weight (g) Heart weight (mg) Liver weight (mg) Lung weight (mg)
Wild type not fasted (n = 6) 227 +1.2 1151 +£5.2 1109 £+ 39 175+ 12
Lamp2 null not fasted (n = 6) 2204038 1288 +59 1108 4 32 175+ 9
Wild type intermittently fasted (n = 5) 217+ 0.8 1123 +£83 885 £ 59 160+ 5
Lamp2 null intermittently fasted (n = 7) 198+ 0.3 136.4 + 2.9 = 0035 1166 + 777 = 0014 203 + 87 = 0024

All data are shown as Mean £ SEM. P values shown are for comparision with wild type intermittently fasted group by post-hoc test after one-way ANOVA.

mass was also increased with autophagy inhibition (Fig. 8E).
Also, ultrastructural analysis demonstrated structurally damaged
mitochondria, which appeared fragmented with BECN1 knock-
down; and swollen with loss of cristal architecture and within
autophagosomes with LAMP2 knockdown (Fig. 8F). These find-
ings are consistent with a preconditioning effect of repetitive star-
vation on the cells with improved mitochondrial quality (as
observed in vitro, Fig. 8) and reduced ROS (as observed in vivo,
Fig. 7), in a manner dependent upon presence of an intact
autophagy-lysosome machinery.

Fasting and refeeding transcriptionally modulate the
autophagy-lysosome machinery

Consumption of lysosomes and components of the autophagy
machinery occurs with starvation-induced autophagy; with
prompt replenishment observed with continued starvation
stress.” To determine the transcriptional regulation of autoph-
agy-lysosome proteins in response to fasting, in vivo, we per-
formed quantitative PCR analysis for candidate autophagy-
lysosome genes. Our data demonstrate a robust transcriptional
induction of Mapllc3b, Sqstml, Lamp2a, and Lamp2b isoforms,
with a strong trend toward upregulation of Becnl and Lampl
after 24 h of fasting (as compared with nonfasted controls;
Fig. 9A-F). Although, we did not observe transcriptional regula-
tion of Gapdh in the fasted myocardium; we also confirmed the
observations with Rp/32 coding for a ribosomal protein,
employed as a housekeeping control; and found significant tran-
scriptional induction of Becnl and Lampl too, in myocardium
from mice subjected to a 24-h fast as compared with nonfasted
controls (Fig. S6A and B). Refeeding fasted mice (for 24 h)
restored the expression of these candidate gene transcripts to lev-
els comparable to or lower than those observed in nonfasted
mice. Importantly, longer durations of fasting (48 h) or intermit-
tent fasting for 3 or 6 wk did not upregulate the expression of
these candidate genes on a fed day; as compared with matched ad
libitum fed controls. These data attest to a tight transcriptional
regulation of autophagy-lysosome machinery in the myocardium
that closely tracks activation of autophagy with fasting and
decline to basal levels (or below) with refeeding. We next

examined the abundance of proteins coded for by these tran-
scripts. Fasting for 24 h increased the ratio of LC3-II to LC3-I
implying induction of autophagy (Fig. 10A and B), without a
change in the abundance of any of the proteins evaluated, as
compared with the nonfasted state (Fig. 10A-F). Concomitant
treatment with CQ revealed significantly increased abundance of
total LC3 (1.91 % 0.26 fold, N = 3 /group, P = 0.028, see
Fig. 1K) and SQSTM1 (3.01 % 0 .fold13-, N = 3 /group, P <
0.001, see Fig. 1K); and that of LAMP1, LAMP2 and BECN1
with 24 h of fasting, as compared with nonfasted diluent-treated
controls (Fig. 10G-]), indicating accumulation of these proteins
with inhibition of lysosome acidification during fasting. Taken
together with the transcriptional upregulation of their cognate
genes with 24 h of fasting, the lack of a commensurate increase
in the abundance of these autophagy-lysosome proteins in the
myocardium (as compared with nonfasted controls), implies
ongoing consumption of the autophagy-lysosome machinery
components with fasting-induced upregulation of autophagic
flux (see Figs. 1]-M and 2D and E).

Fasting stimulates activation of TFEB in the myocardium

Recent studies have uncovered a potential mechanism for
transcriptional  replenishment of the autophagy-lysosome
machinery with starvation; and ascribed a central role to the rapid
starvation-induced dephosphorylation and cytoplasm to nuclear
translocation of TFEB (transcription factor EB), ¥ 2 basic
helix-loop-helix transcription factor of the MiTF family, with
resultant upregulation of its target genes.47’49’50 Of note, TFEB
is unique in coordinately upregulating the autophagy-lysosome
machinery,”” and is expressed in the adult mammalian myocar-
dium.’' We examined whether fasting, in vivo, is a stimulus for
activation of TFEB in the myocardium. Given a lack of consen-
sus on the suitability of the available antibodies in identifying the
endogenous TFEB protein, **®2 we first evaluated the specific-
ity of a polyclonal anti-TFEB antibody employed in recent publi-
cations to detect endogenous human TFEB;*® which is predicted
to detect murine TFEB based on sequence similarity within
the epitope employed in its generation; in a murine atrial myo-
cyte cell line (HL-1 myocytes) and mouse hearts (Fig. S7). The

Figure 5 (See previous page). Intermittent fasting provokes worsening cardiomyopathy in lamp2 null mice. (A) Representative 2D-directed M mode
echocardiographic images =+ from lamp2 null mice and littermate wild-type (WT) mice subjected to intermittent fasting, or provided ad libitum access to
food for 5 wk, on a fed day. (B-E) Serial echocardiographic evaluation of LVEDD (left ventricular end-diastolic diameter; B), % fractional shortening (C),
left ventricular mass (LVM) (D) and body weight (E) in male lamp2 null (black squares and dotted line) and littermate wild-type males (open circles and solid
line) subjected to intermittent fasting (IF); N = 5 to 7/group. *" indicates P < 0.05 for lamp2 null vs. wild type by post-hoc test after 2-way ANOVA.
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Figure 6. Intermittent fasting provokes cardiomyocyte death in lamp2 null mice and loss of cardioprotection to ischemia-reperfusion injury. (A and B)
Representative images of TUNEL-labeled cardiomyocyte nuclei (green, arrowheads; A) with quantification of TUNEL-positive nuclei (blue, DAPI) as per-

cent of total (B; N = 3 to 5 mice/group) in lamp2 null mice or littermate co
access to standard chow. ACTA1 staining (red) was employed to delineate ca

ntrols subjected to 5 wk of intermittent fasting (IF) or provided ad libitum
rdiomyocytes. P value is by post-hoc analysis after one-way ANOVA. (C and

D) Representative images of c5b-9-labeled cardiomyocyte nuclei (green, arrowheads; C) with quantification of C5-C9-positive nuclei (blue, DAPI) as per-

cent of total (D; N = 3 or 4 mice/group) in mice treated as in (A). ACTA1 staini

analysis after one-way ANOVA. (E and F) Representative images of TTC-staine
ischemia (30 min) followed by reperfusion, in lamp2 null mice subjected to in
lamp2 null mice and littermate controls. (G and H) Representative images of

ing (red) was employed to delineate cardiomyocytes. P value is by post-hoc
d sections of hearts (E) and infarct size (at 24 h; F) after in-vivo LAD territory
termittent fasting for 5 wk (with surgical modeling on a fed day), nonfasted
TTC and Evans blue-stained sections of hearts subjected to ischemia-reper-

fusion injury (G) on a fed day after 5 wk of intermittent fasting in lamp2 null mice or wild-type controls, with quantification of area-at-risk and infarct size

(H). P value is by t test. LV, left ventricle.

antibody detected a band migrating between molecular mass
markers of 50 kDa and 75 kDa in the nuclear fraction (labeled
as 2; Fig. 11A and B), which likely corresponds to murine TFEB
protein  encoded by transcript variants 2 and 3
(NP_001155194.1, see Fig. S7 for controls); along with 2 other
prominent bands close to these molecular mass standards (labeled
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as 1 and 3, Fig. 11A), which could represent the alternative iso-
form (NP_035679.3) or posttranslationally modified forms of
the protein. To determine whether fasting activates TFEB with
cytoplasm to nuclear translocation, in vivo (mirroring the obser-
vations in vitro),45’46’48 we examined the relative abundance of
endogenous TFEB in nuclear and cytoplasmic fractions of
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tent fasting. Taken together, these data
indicate that TFEB activation and tran-
scriptional upregulation may mechanis-
tically drive the cyclical transcriptional
induction of the lysosomal degradative
machinery with each fasting-refeeding

Figure 7. Intermittent fasting (IF) modulates myocardial ROS levels. (A and B) Representative immu-
noblot demonstrating abundance of ROS-modified (carbonylated) proteins in cardiac extracts from
Lamp2 heterozygous null (A) and lamp2 null mice (B), together with respective wild-type controls, on
a fed day after intermittent fasting or in nonfasted ad libitum fed controls (non). (C and D) Quantifica-
tion of prominent bands (marked with arrows) from immunoblots in (A and B), respectively. N = 3
/group. P is by post-hoc analysis after one-way ANOVA.

cycle, facilitating beneficial autophagy.

Endogenous TFEB-mediated stimulation of autophagic flux
is essential for cytoprotective effects of repetitive starvation on
hypoxia-reoxygenation injury

Given that our in vivo observations suggest that fasting
induced activation of TFEB and up regulation of autophagic flux
may transduce the beneficial effects of intermittent fasting, we
examined whether repetitive starvation preconditions NRCMs to
protect against hypoxia-reoxygenation (HR) injury, via endoge-
nous TFEB (see schematic in Fig. S1B). Starvation in NRCMs
transcriptionally upregulated TFEB expression, indicating its
activation, as observed in multiple other cell types,*>*¢4®% in a
manner dependent upon endogenous TFEB (Fig. 12A). Impor-
tantly, knockdown of endogenous TFEB prevented starvation-
induced upregulation of autophagic flux, assessed as the ratio of
LC3-1I (Fig. 12B and C) and SQSTM1 (Fig. 12B and D) in the
presence of bafilomycin A; (to inhibit lysosomal processing) ver-
sus diluent. We next determined whether repetitive starvation
would offer cytoprotection to HR-induced cell death.>® Interest-
ingly, 2 cycles of repetitive starvation were associated with a mod-
est (and statistically significant) ~13% to 15% reduction in HR-
induced cell death (Fig. 12E and F). Knockdown of endogenous
TFEB also increased HR-induced cell death and completely
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prevented the cytoprotective effects of preceding repetitive starva-
tion stimuli (Fig. 12E). Importantly, the autophagy-lysosome
machinery played a critical role in this observation, as the cyto-
protection against HR-induced cell death was also lost with con-
comitant knockdown of LAMP2 to prevent autophagosome
processing (as in Fig. 8B) or BECNI to prevent autophagosome
formation (as in Fig. 8A; sce Fig. 12F). These data indicate that
endogenous TFEB is essential for enhancement of autophagic
flux with fasting, which transduces the preconditioning effect of
repetitive starvation in cardiac myocytes.

Intermittent fasting stimulates cellular degradative pathways

The benefits of intermittent fasting (or repetitive starvation) on
cytoprotection against ischemia-reperfusion (or hypoxia-reoxygena-
tion) are observed in a fed state, while autophagic flux is not upre-
gulated above the basal state. These benefits are not accrued if
lysosome function is impaired with heterozygous knockout of
Lamp?2 or its ablation, in vivo (or knockdown of a master regulator
of lysosome function, TFEB, in vitro), resulting in impairment of
autophagic flux and accumulation of damaged mitochondria
(Figs. 2G and 4G) and upregulation of myocardial oxidative stress
(Fig. 7) on a fed day. It is conceivable that other lysosomal
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pathways are mechanistically involved in concert with, or indepen-  the myocardial gene expression changes on a fed day in wild-type
dently of autophagy, in transducing the observed preconditioning  mice after intermittent fasting, and compared them with similarly
effects. To explore potental alternative mechanisms, we examined modeled /Zzmp2 null mice (as in Figs. 4D-G, 5, and 6; Fig. S4);
at a time point immediately predating the
observed benefits on cardioprotection at
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E ‘g’ § ’ 5 410 = 6 /group. P values shown are by post-hoc test
5020 §9 after one-way ANOVA. For (D and E) * indicates
£ Q % G0 P < 0.05 vs. shLacZ, nurtrient replete group; NR,
w8 = =8 nutrient replete; RS, repetitive starvation. (F) Rep-
T o = 0 resentative transmission electron micrographs
©:0 shLacZ shBecn1 shLamp2 shLacZ shBecn1 shLamp2 demonstrating mitochondrial ultrastructure in

NRCMs treated with shLamp2, shBecn1 or shLacZ
as control and subjected to repetitive starvation
% = > as in (A), or cultured in nutrient-replete medium
,@ : ) & ) . in the presence of shLacZ as control. Mitochon-

s drial ultrastructure appears normal in shLacZ cells
subjected to nutrient replete and repetitive star-
vation conditions, whereas mitochondria appear
fragmented with shBecn? (arrowheads) and
within autophagosomes with shLamp2 (arrows).
Scale bar: 500 nm.

Nutrient-replete Repetitive starvation
shLacZ ) shLacZ
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Figure 9. Fasting and refeeding result in transcriptional regulation of autophagy-lysosome machinery genes. (A-F) Quantitative PCR analysis of relative
abundance of representative autophagy-lysosome machinery gene transcripts, namely Map1lc3b (coding for LC3B; A), Sgstm1 (B), Becnl (C), Lamp1 (D),
Lamp2a (E) and Lamp2b (F) in adult male C57BL/6 mice subjected to 24 h of fasting, fasting for 24 h followed by refeeding for 24 h (fasted-refed), 48 h
of fasting; and intermittent fasting for 3 and 6 wk (with samples procured on a fed day). Age-matched nonfasted controls were employed for each group.
Control RNA for comparing the 24- and 48-h fasted RNA was prepared from the same nonfasted mouse hearts, and ran separately with each experimen-

major changes in genes governing transcription and metabolism
(Fig. 13C; also sce list of genes separated by genotype in supple-
mentary data), with upregulation of intracellular degradative and
metabolic processes; and downregulation of cell death pathways
(Table 4) as likely mechanisms for the observed cardioprotective
effects of intermittent fasting. Taken together with the effects of
intermittent fasting on autophagy, these data raise the intriguing
hypothesis that global regulation of lysosome function with inter-
mittent fasting is mechanistically involved in preconditioning the
myocardium via effects on organelle quality, metabolism, and

cell death.

Discussion

Calorie restriction and stimulation of autophagy have salutary
effects on life-span extension and cardioprotection. Our study
indicates a central role for transcriptional stimulation of the
autophagy-lysosome machinery in intermittent fasting-induced
protection against ischemia-reperfusion injury based on the fol-
lowing observations. First, intermittent fasting preconditions the
myocardium with a ~50% reduction in infarct size with experi-
mental ischemia-reperfusion injury in both sexes; and this benefit
is lost in Lamp2 heterozygous null mice, wherein lysosomal func-
tion and consequently autophagy are impaired, principally under
stress. Second, intermittent fasting stimulates autophagosome
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accumulation in the setting of lysosomal dysfunction, which pro-
vokes adverse ventricular remodeling and heart failure in lamp2
null mice, wherein basal autophagic flux is impaired. Third,
intermittent fasting transcriptionally stimulates the autophagy-
lysosomal machinery in a cyclical fashion to keep the machinery
primed with repetitive cycles of fasting-induced autophagy; asso-
ciated with nuclear translocation of transcription factor EB,
which is a master regulator that coordinates the biogenesis of
autophagy-lysosome machinery. Fourth, endogenous TFEB plays
a critical role in enhancement of autophagic flux and starvation-
induced cytoprotection to hypoxia-reoxygenation injury, in car-
diac myocytes, in vitro. Last, intermittent fasting attenuates myo-
cardial oxidative stress and transcriptionally reprograms the
myocardium, even on a fed day, to stimulate degradative pro-
cesses and suppress cell death pathways, likely contributing to the
observed beneficial effects.

Previous studies have described multiple salutary effects of
intermittent fasting on life-span prolongation in C. elegans’® and

22, . .. . . . .
>> reduction in infarct size with improved mortality
23,24

rodents;
and attenuation of postinfarction remodeling in the heart;
improved glucose regulation and attenuation of hypoxic insult in

in experimental models; and remarkable effects on
21

neurons™
weight loss and improved glucose-regulation in obese women.
Our study extends these observations by defining the need for an
optimal frequency and duration of the fasting regimen to derive
the cardioprotective effects; and suggests the hypothesis that
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Figure 10. Intermittent fasting induces autophagy without depletion of myocardial autophagy-lysosome machinery proteins. (A-G) Representative
immunoblots (A) and quantification of LC3 processing (ratio of LC3-Il to LC3-I; B); and abundance of total LC3 (C), LAMP1 (D), LAMP2 (E), BECN1 (F) and
SQSTM1 (G) in C57BL/6 male mice subjected to fasting for 24 h, 48 h and intermittently fasted for 6 wk (with samples procured on a nonfasted day) as
compared with nonfasted controls. N = 4 /group. P value is by post-hoc test after one-way ANOVA. ACTAT was employed as loading control. (H-K) Rep-
resentative immunoblot (H) and quantification of LAMP1 (I), LAMP2 (J) and BECN1 (K) in myocardial extracts from wild-type mice treated with CQ or dilu-
ent, concomitantly with 24 h of fasting or with ad libitum feeding (also see Fig. 1K). N = 3 /group. P values are by post-hoc test after one-way ANOVA.

frequency and duration of fasting episodes have additive benefits
that accumulate with continuation of an intermittent fasting regi-
men. These observations are particularly relevant, as while sus-
tained calorie restriction has well-established effects on preventing
cardiovascular disease and aging,* and confers cardioprotection
to ischemia-reperfusion injury.”® Clinical studies have repeatedly
demonstrated an inability to maintain sustained calorie restriction
for prolonged periods in obese subjects,””*® who are at markedly
elevated risk for development of cardiovascular disease. Con-
versely, intermittent fasting is routnely practiced by diverse
human social groups for religious and/or cultural reasons. Early
clinical studies suggest excellent short-term efficacy in treating
obesity and its attendant metabolic risks,”' improving glucose
regulation and favorably altering the cardiovascular risk profile
(reviewed in ref.),”” thus making it an attractive alternative that
needs to be evaluated for deriving benefits of calorie restriction.
Our study implicates an essential role for normal lysosomal
function, particularly with relevance to efficient execution of
macroautophagy; and hints role of

at a prominent
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TFEB-mediated transcriptional replenishment of the autophagy-
lysosome machinery in transducing the beneficial effects of inter-
mittent fasting. It is important to note that other mechanisms
may contribute to the observed benefits, too. In this regard, we
have examined the role of CMA. Our data do not suggest an
accumulation of CMA substrates,*® as would be expected with
ablation of the LAMP2A isoform in lamp2 null mice),?® which
could conceivably be due to upregulation of alternate protein
degradation mechanisms. Importantly, the levels of these sub-
strates were not altered by the intermittent fasting regimen, sug-
gesting that CMA is unlikely to be a significant contributor to
the observed cardioprotective effects. In contrast, we observed
accumulation of abnormal mitochondria, which are substrates
for macroautophagy and increased oxidative stress in LAMP2
deficient mice on a fed day, paralleling impairment in macroau-
tophagy, which is the major pathway for removal of damaged
mitochondria.®® LAMP2, together with LAMP1, plays an impor-
tant role in cholesterol efflux,®’ which also may be mechanisti-
cally important in the observed benefits of intermittent fasting,
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Figure 11. Fasting induces nuclear translocation of TFEB in the myocar-
dium. (A and B) Representative immunoblot (A) with quantification of
nuclear TFEB (B, bands numbers from A) in nuclear and cytoplasmic sub-
fractions from wild-type adult male C57BL/6 mouse hearts subjected to
indicated durations of fasting and refeeding. Immunoblotting for GAPDH
and Histone H3 was employed to detect enrichment of cytoplasmic and
nuclear subfractions, respectively. N = 3 /group. P value is by post-hoc
analysis after one-way ANOVA. (C) Quantitative PCR analysis of relative
abundance of Tfeb transcript in mice subjected to 24 or 48 h of fasting
(with age matched nonfasted controls); fasting for 24 h followed by
refeeding for 24 h (fasted-refed). N = 4 to 8/group. P value is by t test vs.
control. RNA from a common group of nonfasted mice was employed as
control to compare transcript abundance in 24- and 48-h fasted samples.

and needs to be explored further. In addition, we did not observe
any obvious effect of intermittent fasting or LAMP2 ablation on
microautophagyG2 in the ultrastructural studies, but definitive
studies on its role will require development of tools to modulate
this pathway.

We observe that autophagic flux is not upregulated above
basal levels on a fed day after intermittent fasting (or in culture in
nutrient replete medium after starvation, in vitro), at a time
when the benefits of cytoprotection are observed. This suggests
that the preconditioning effect of the lysosomal degradative path-
ways on maintenance of mitochondrial quality (as demonstrated
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by our data in Figs. 2G and 4G),"” and perhaps on maintenance
of ER homeostasis®® plays a central role in shoring up cellular
defenses to withstand the stress.* Indeed, we observe a reduction
in prevalence of depolarized mitochondria in repetitively starved
cardiomyocytes, in vitro (Fig. 8) and reduced abundance of car-
bonylated proteins in the myocardium of intermittently fasted
mice on a fed day (Fig. 7), suggesting that intermittent fasting
stimulates lysosome function to remove damaged organelles that

3864 35 a mecha-

are the source for deleterious ROS generation,
nism for preconditioning the myocardium to ischemia-reperfu-
sion injury.”” Additional upstream signaling events that link
fasting to stimulation of lysosomal pathways, including autoph-
agy, may also participate in preconditioning responses. Fasting-
induced activation of AMPK and suppression of MTOR signal-
ing, are 2 candidate pathways that have been previously demon-
strated to have no effect (as with AMPK®®) or facilitate ischemic
preconditioining (as with rapamycin-mediated inhibiton of
MTOR®®) in the myocardium. Fasting-induced upregulation of
SIRT/sirtuin signaling and protein deacetylation are also impli-
cated in provoking myocardial autophagy;'' and future studies
are required to determine the role of these signaling pathways in
intermittent fasting-induced cardioprotection.

Interestingly, we observe nuclear translocation of TFEB with
fasting in the myocardium; paralleling the observations with star-
vation in various noncardiomyocyte cell types, in vitro.*>*”°° It
is therefore conceivable that the mechanism for TFEB activation
with fasting, in vivo, is similar to that observed in vitro, with star-
vation-induced MTOR inhibition resulting in dephosphoryla-
tion and nuclear translocation of TFEB. However, while both
fasting and starvation induce autophagy, it is likely that fasting is
sensed as a metabolic shift in the myocardium, unlike total nutri-
ent deprivation employed in the in vitro modeling of starvation;
which points to the need for elucidating unique signaling path-
ways that drive TFEB activation with fasting, in vivo. Our find-
ings suggest a critical role for TFEB in transducing starvation-
induced upregulation of autophagic flux, in vitro. In this context,
given that germline ablation of TFEB results in embryonic lethal-
ity,” generation of conditional cardiomyocyte TFEB knockout
mice will be required to confirm its critical role in fasting-
induced cardioprotection, in vivo.

Our data suggest the hypothesis that the transcriptional
replenishment of the autophagy-lysosome machinery by fasting
(and starvation as previously described) may be a critical determi-
nant of beneficial autophagy; which permits living organisms to
survive what is likely to have been one of the earliest evolutionary
stresses accompanying the origin of life. Indeed, we have previ-
ously found that transcriptional suppression of the autophagy
machinery with reperfusion-induced accumulation of BECN1
explains the lack of a protective role of the observed extent of
autophagy induction in cardiac ischemia-reperfusion injury.>®®
Further insights into this process could be gleaned via careful
examination of the effects of intermittent fasting on the transcrip-
tional program of the injured myocardium, in future studies.

In summary, our data implicate a central role for lysosomal
degradative pathways in facilitating the previously described car-
dioprotective effects of intermittent fasting. Observations made
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Figure 12. Endogenous TFEB is essential for starvation-induced upregulation of autophagic flux and its cytoprotective preconditioning effect on hyp-
oxia-reoxygenation injury in NRCMs. (A) Tfeb transcripts in NRCMs adenovirally transduced with shRNA targeting rat Tfeb (or shLacZ as control, both at
MOI = 1 for 60 h) and subjected to starvation (or cultured in nutrient-rich medium) for 12 h. N = 3 /group. P value is by post-hoc test after one-way
ANOVA. (B-D) Representative immunoblot (B) with quantification of LC3-II (C) and SQSTM1 (D) in NRCMs adenovirally transduced with shRNA targeting
rat Tfeb (or shLacZ as control, both at MOl = 1 for 60 h) and subjected to starvation (or cultured in nutrient rich medium) for 12 h, in the presence of bafi-
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tions, in vitro (schematic in Figure S1B). (F) Cell death in NRCMs adenovirally transduced with shRNA targeting rat Becn1 or Lamp2 (or shLacZ as control,
all at MOI = 10) and treated as in (E). N = 14 to 16/group; and P values are by post-hoc test after 2-way ANOVA for E, F. *' indicates P < 0.05 vs. respec-
tive normoxia group; and ‘#’ indicates P < 0.05 vs. respective shLacZ-treated group within normoxic nutrient replete and repetitive starvation conditions.
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Figure 13. Intermittent fasting (IF) transcriptionally regulates cellular degradative, metabolic pathways, and cell death pathways. (A) Principal compo-
nent analysis demonstrating markedly divergent regulation of gene transcription in hearts from lamp2 null and littermate male wild-type mice subjected
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fasted controls, as in (A). (C) Pie chart depicting relative distribution of genes by function in intermittently fasted mice (as compared with nonfasted
mice) specifically in the subset that does not overlap with genes differentially regulated in similarly treated lamp2 null mice (as in B).

herein also point to the need for exploring the transcriptional reg-
ulation of the cytoprotective lysosomal pathways to foster devel-
opment of translational strategies to derive the benefits of calorie
restriction in promoting cardiovascular health.

Materials and Methods

Studies with mice

Wild-type mice of the C57BL/6 strain were obtained from
Jackson Laboratories. Mice with cardiomyocyte-specific expres-
sion of GFP tagged LC3 transgene'” and those with Zamp2 abla-
tion®® have been described before. Echocardiographic studies
were performed as previously described in conscious mice.® All
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animal studies were approved by the Animal Studies Committee
at the Washington University School of Medicine and the Insti-
tutional Animal Care and Use Committee at the John Cochran
VA Medical Center.

Intermittent fasting

Adult mice were housed in groups of up to n = 5 mice/cage
and fed standard chow (Lab Diet, 5053; providing 3.4 Kcal/g
with 62.1% Kcal derived from carbohydrates, 13.2% from fats,
and 24.6% from protein) on a 6:00 PM to 6:00 AM night-day
cycle, while housed on cedar pine chip bedding. Intermittent
fasting was performed with total food deprivation and ad libitum
access to water from 12:00 PM to 12:00 PM of the following day
to implement alternate periods of 24 h fasting and feeding, with
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Table 4. List of top 15 GO (Gene Ontology) pathways selectively up- and downregulated only in wild-type mice subjected to intermittent fasting

(vs. nonfasted controls) on a fed day

Pathway P value Number of genes Fold enrichment
Upregulated genes

Proteolysis (GO:0006508) 0.015 40 1.46
Cellular macromolecule catabolic process (GO:0044265) 0.011 27 1.67
Macromolecule catabolic process (GO:0009057) 0.024 27 1.55
Modification-dependent protein catabolic process (GO:0019941) 0.002 26 1.93
Modification-dependent macromolecule catabolic process (GO:0043632) 0.002 26 1.93
Proteolysis involved in cellular protein catabolic process (GO:0051603) 0.004 26 1.83
Cellular protein catabolic process (GO:0044257) 0.004 26 1.82
Protein catabolic process (GO:0030163) 0.006 26 1.76
Oxidation reduction (GO:0055114) 0.081 25 1.40
Chromosome organization (GO:0051276) 0.011 20 1.86
DNA metabolic process (GO:0006259) 0.055 18 1.61
Chromatin organization (GO:0006325) 0.047 15 1.79
Translation (GO:0006412) 0.046 15 1.77
Regulation of cellular protein metabolic process (GO:0032268) 0.066 13 1.75
Cellular amino acid derivative metabolic process (GO:0006575) 0.004 11 294
Transmission of nerve impulse (GO:0019226) 0.077 11 1.83
Downregulated genes

Cytoskeleton organization (GO:0007010) 1.67E-18 29 8.69
lon transport (GO:0006811) 5.01E-17 38 521
Protein localization (GO:0008104) 5.00E-13 34 7.29
Intracellular signaling cascade (GO:0007242) 4.30E-12 36 3.40
Cation transport (GO:0006812) 9.88E-12 27 5.12
Metal ion transport (GO:0030001) 6.17E-10 23 5.08
Cell death (G0O:0008219) 1.45E-9 24 4.62
Apoptosis (GO:0006915) 1.59E-9 23 483
Establishment of protein localization (GO:0045184) 1.91E-9 27 4.02
Programmed cell death (GO:0012501) 2.18E-9 23 4.18
Death (GO:0016265) 2.28E-9 24 4.52
Regulation of apoptosis (GO:0042981) 7.63E-9 24 424
Protein transport (GO:0015031) 7.79E-9 26 3.90
Regulation of programmed cell death (GO:0043067) 9.67E-9 27 418
Regulation of cell death (GO:0010941) 1.06E-8 24 416

change in bedding. Nonfasted control mice were simultaneously
provided fresh food with change in bedding. Daily food intake
per cage was weighed to calculate average daily food intake per
mouse. Mice were weighed at weekly intervals on fed days. Ter-
minal studies on mice were initiated between 8:00 to 10:00 AM
after an overnight period of feeding (i.e., on a fed day).

Assessment of autophagic flux, in vivo
Mice subjected to various fastng regimens were injected with
CQ (40 mg/kg intraperitoneally) 4 h prior to sacrifice to assess
R .. ; . 26
autophagic flux, in vivo, as previously described.

Ischemia-reperfusion modeling

Mice were subjected to reversible left anterior descending
artery ligation for 30 min followed by reperfusion, in an open-
chest procedure, as described.*® Overall surgical mortality was
very low (<3 %). At 24 h post induction of ischemia, cardiople-
gic solution was injected retrogradely through the aorta in situ,
followed by sectioning of the left ventricle in slices; which were
incubated in triphenyl tetrazolium chloride for 30 min at 37°C.
All surgeries were performed by one surgeon (C.J.W.) and uni-
form LAD ligation technique was confirmed by assessment of
area at risk with injection of Evans Blue dye in separate cohort of
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animals. For infarct size calculation, triphenyl tetrazolium chlo-
ride (TTC)-stained slices were imaged and infarct area quantified
as non-TTC-stained (pale) area as a ratio of total myocardial
area, as previously described.”’

TUNEL and c5b-9 staining. Evaluation of cardiomyocyte
TUNEL positivity and ¢5b-9 staining was performed, as previ-

ously described.”®”!

Quantitative PCR analysis

Total RNA was extracted from mouse hearts using RNAeasy
Fibrous Tissue Minikit (Qiagen). Quantitative PCR analysis was
performed as described.”® Primers employed were as follows:
Maplic3b: forward 5'- CGTCCTGGACAAGACCAAGT-3,
reverse 5'- ATTGCTGTCCCGAATGTCTC-3""% 5 Sqstm1: for-
ward 5- GCTGCCCTATACCCACATCT-3', reverse 5'-
CGCCTTCATCCGAGAAAC-3" 7% Becnl: forward 5'- AATC
TAAGGAGTTGCCGTTATAC-3' , reverse 5'-CCAGTGTC-
TTCAATCTTGCC-3"% Lampl: forward 5'- ACATCAGCC-
CAAATGACACA-3/, reverse 5'- GGCTAGAGCTGGCATTC
ATC-3; Lamp2a: forward 5'- CCAAATTGGGATCCTAACCT-
AA-3, reverse 5'-TGGTCAAGCAGTGTTTATTAATTCC-3;
Lamp2b: forward 5'- GGTGCTGGTCTTTCAGGCTTGATT-
5'-  ACCACCCAATCTAAGAGCAGGACT-3"%;

3’ reverse
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T#eb: forward 5'- GTCTAGCAGCCACCTGAACGT-3, reverse
5'-CAGGTCACAGCCTCCATGGT-3"% Gapdh: forward 5'-
ACTCCCACTCTTCCACCTTC-3, reverse 5'-TCTTGCTCA-
GTGTCCTTGC-3"% and Rpl32: forward 5'- CCTCTGGTG
AAGCCCAAGATC-3, reverse 5'- TCTGGGTTTCCGCCA-
GTTT-3.

Studies with NRCMs

Neonatal rat cardiac myocytes were isolated and cultured, as
previously described.”” Starvation was induced by culturing in
serum-free HBSS (Invitrogen, 24020117). For assessment of
mitochondrial polarization, NRCMs were incubated with JC-1
(10 mg/mL for 10 min) at 37°C in 5% CO,, the cells were tryp-
sinized and subjected to flow cytometry on FACScan instrument
(Becton-Dickinson, NJ), as previously described.®®”® Cyflogic
software (CyFlo) was employed to analyze 20,000 events per run.
Mitochondrial DNA content was assessed with quantitative PCR
analysis as previously described.®®”® Transmission electron
microscopy was performed on NRCMs fixed in a modified
Karnovsky’s fixative, as previously described.®®”® Hypoxia was
induced by culturing cells in an oxygen control cabinet (Coy
Laboratories, Grass Lake, MI) mounted within an incubator and
equipped with oxygen sensor for continuous oxygen level moni-
toring. A mixture of 95% nitrogen and 5% CO2 was infused
and oxygen levels in the chamber were monitored and main-
tained at <1%, as described.*®

Generation of adenoviral constructs

Adenoviral particles for expression of shRNA targeting
murine 7feb, and a scrambled shRNA control were generated
with BLOCKIiT™ adenoviral system (Invitrogen, K4941-00).
Specific oligo sequences employed were as follows: 1) shRNA tar-
geting mouse 7feb (with targeted coding sequence underlined) —
top strand oligo: 5-CACCGCGGCAGTACTATGACTAT-
GATCGAAATCATAGTCATAGTACTGCCG-3'; bottom
strand oligo: 5- AAAACGGCAGTACTATGACTATGATT-
TCGATCATAGTCATAGTACTGCCGC-3'.

Two) Scrambled shRNA as control to 7feb shRNA- top
strand oligo: 5'- CACCGGCGCTCATCGAATTAATAGTC-
GAAACTATTAATTCGATGAGCGCC-3';  bottom  strand
oligo: 5'- AAAAAGGCGCTCATCGAATTAATAGTTTCGA-
CTATTAATTCGATGAGCGCC-3'.

Adenoviral particles for shtRNA targeting rat Lamp2 were gen-
erated with the following oligos: top strand oligo: 5'-
CACCGCCTTTAACCTGAAGGTGCACGAATGCACCTT-
CAGGTTAAAGG-3'; bottom strand oligo: 5'-AAAAAGGCG
CTCATCGAATTAATAGTTTCGACTATTAATTCGATGA-
GCGCC-3'. Adenoviral particles for shRNA targeting Becnl
(shBecn1),°® shLacZ and exogenous expression of human TFEB
have been previously described.””

Generation of conditional cardiac Tfeb transgenic mice

The coding sequence of mouse 7féb (translated from tran-
script variant 2, NP_001155194.1, that encodes a protein similar
in size to human TFEB) with a N-terminal FLAG tag was cloned
into the a-Myosin Heavy Chain promoter —~TetOMin construct
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generously provided by Jeffery Robbins, Cincinnati Children’s
Hospital. Resulting founders were mated with mice carrying the
MYHG6 promoter driven tTA transgene (also generously provided
by Dr. Robbins); and pregnant and lactating mothers with pups
were maintained on doxycycline-mixed chow (El-Mel diets,
St. Charles, MO) until 8 wk of age. Myocardial extracts were
prepared after 2 wk of being switched over to a standard chow
diet in mice from founder line 4239, and employed as positive
control for immunodetection of endogenous myocardial TFEB
in mice.

Immunoblotting

Hearts were fractionated into nuclear enriched and cyto-
plasmic samples using CelLytic NuCLEAR Extraction kit
(NXTRACT, Sigma); or crude extracts prepared followed by
immunoblotting as described.*® Antibodies employed were as
follows: LAMP2, mouse monoclonal (Developmental Studies
Hybridoma Bank, ABL-93), LAMP1 (Santa Cruz Biotechnol-
ogy, sc-19992) and (Abcam, ab24170); anti-LC3 (encoding for
MAPILC3B  subunit; Novus Biologicals, NB100-2220);
SQSTM1 (Abcam, ab5416); BECNI1/BECLIN-1 (Abcam,
ab16998); TFEB (Bethyl Labs, A303-673A), LRRK2 (Cell
Signaling Technology, 5559), NFKBIA/IkBa (Cell Signaling
Technology, 4814), ALDOA/aldolase (Abcam, abl169544),
GAPDH (Abcam, ab22555), and ACTA1/a-sarcomeric actin
(Abcam, ab7799). Image] software was employed for quantitative
analysis. Protein abundance was normalized to ACTA1 protein
expression and reported as fold change vs. control.

Microarray analysis

Total RNA was extracted from mouse ventricles as above and
hybridized to a Mouse Ref-6 Illumina BeadChip by the Genome
Technology Access Center (GTAC) at Washington University
School of Medicine and scanned with the BeadStation system
from Illumina, Inc. Each chip was subjected to verification for
quality standards for hybridization, labeling, staining, back-
ground signal, and basal level of housekeeping gene expression.
After scanning the probe array, the resulting image was analyzed
using the GenomeStudio software (Illumina), background was
subtracted; and log transformation and quantile normalization
were performed. Changes in gene expression were determined
using Partek Genomics Suite on quantile-normalized and back-
ground-subtracted microarray data; and principal components
analysis was performed. Significant gene lists were generated
using an unadjusted P value <0.05 and fold change greater than
1.2 or less than —1.2. Functional analysis of pathways was per-
formed using Database for Annotation Visualization and Inte-
grated Discovery (DAVID).””#% List of genes were also
annotated for functional significance based on Genecards (Weiz-
mann Institute Database) and grouped under functional
categories.

Assessment of myocardial ROS

ROS was monitored by detection of carbonylated proteins with
Oxyblot™ Protein Oxidation Detection Kit (Chemicon/Milli-
pore, S7150) following the manufacturer’s instructions, as
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described.®" Briefly, 20 wg protein of cardiac extract was derivat-
ized from carbonyl groups to a 2,4-dinitrophenylhydrazone
(DNP) moiety with 1X 2,4-dinitrophenylhydrazine and denatured
with SDS at the same time. After the protein was separated on a
12% precast gel (Bio-Rad, 456-1043) using standard SDS poly-
acrylamide electrophoresis under reducing conditions, the gels
were transferred to a PVDF membrane and probed with primary
rabbit anti-DNP and secondary goat anti-rabbit IgG (HRP-conju-
gated) antibodies provided in the kit and developed using
enhanced chemiluminescence (Perkin Elmer, NEL103001EA).
Then the DNP moiety is detected to measure the oxidative dam-
age to a protein. Image ] software was employed to quantify the
relative abundance of carbonylated proteins.

Statistical analysis

Results are expressed as mean+SEM (unless otherwise speci-
fied). Statistical differences were assessed with the unpaired Stu-
dent # test for 2 independent groups, one-way or 2-way ANOVA
for comparing one or 2 variables, respectively, across multiple
groups with SPSS software. The Bonferroni post-hoc test was
employed after ANOVA for testing all pair-wise comparisons. A
2-tailed value of P < 0.05 was considered statistically significant.
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