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Liver autophagy contributes to the maintenance
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Both anabolism and catabolism of the amino acids released by starvation-induced autophagy are essential for cell
survival, but their actual metabolic contributions in adult animals are poorly understood. Herein, we report that, in mice,
liver autophagy makes a significant contribution to the maintenance of blood glucose by converting amino acids to
glucose via gluconeogenesis. Under a synchronous fasting-initiation regimen, autophagy was induced concomitantly
with a fall in plasma insulin in the presence of stable glucagon levels, resulting in a robust amino acid release. In liver-
specific autophagy (Atg7)-deficient mice, no amino acid release occurred and blood glucose levels continued to decrease
in contrast to those of wild-type mice. Administration of serine (30 mg/animal) exerted a comparable effect, raising the
blood glucose levels in both control wild-type and mutant mice under starvation. Thus, the absence of the amino acids
that were released by autophagic proteolysis is a major reason for a decrease in blood glucose. Autophagic amino acid
release in control wild-type livers was significantly suppressed by the prior administration of glucose, which elicited a
prompt increase in plasma insulin levels. This indicates that insulin plays a dominant role over glucagon in controlling
liver autophagy. These results are the first to show that liver-specific autophagy plays a role in blood glucose regulation.

Introduction

Macroautophagy (hereafter referred to as autophagy) is a major
catabolic process that is responsible for the turnover of cell con-
stituents, including cell organelles and cytosolic proteins.'?
Autophagy is a membrane-dynamic phenomenon, in which a
unique double membrane collectively and nonselectively sur-
rounds cytoplasmic components to form an autophagosome. The
outer membrane of the autophagosome then fuses with the lyso-
some membrane, and the sequestered substrates in the lumen and
inner autophagosomal membranes are degraded by lysosomal
hydrolases to release sugars, fatty acids, glycerol, amino acids,
etc.”? More than 20 autophagy-related (A7G) genes participate
in the molecular process of autophagy. During the last decade,
several molecular and cellular biological approaches have revealed
versatile roles for autophagy in cytoplasmic quality control, innate
immunity, antigen presentation, carcinogenesis, etc.*”
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One unequivocal characteristic of autophagy is that it pro-
ceeds at low rates under nutrient-rich conditions (constitutive or
basal autophagy), but is strongly enhanced under nutrient-depri-
vation conditions (starvation-induced autophagy). Recent inves-
tigations using liver- and brain-specific autophagy-deficient mice
have demonstrated that the cumulative effects of impaired basal
autophagy are diverse pathological symptoms, such as ubiquitin/
p62-positive inclusion formation and the stacking of abnormal
membrane whirls and layers.®!! Thus, basal autophagy makes a
substantial contribution to cellular quality control.

On the other hand, starvation-induced autophagy has been
implicated in metabolic compensation, which is also referred to
as the recycling of the sugars, fatty acids and amino acids that
are released as a result of autophagic degradation. These com-
pounds can be catabolized via the citric acid cycle to generate
adenosine triphosphate (ATP). Mice deficient in Azg5 died within
24 h after birth because they could not overcome nutrient- and
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energy-insufficiency.  Adenosine monophosphate  (AMP-)-
activated protein kinase, which is activated by an elevated AMP/
ATP ratio through the phosphorylation of an a-subunit, was
phosphorylated in Arg5-deficient, but not in wild-type, neona-
tal mice," indicating severe impairment of ATP production as
a result of insufficient autophagy. In another case, specific inhi-
bition of autophagy, which was induced by IL-3 withdrawal in
Bax'/Bak” bone marrow cells by 3-methyladenine, caused a
remarkable decline in cellular ATP levels, which was partially
restored by supplying methylpyruvate, which is a membrane-
permeable form of pyruvate.’* Meanwhile, amino acids can also
be used anabolically for de novo protein synthesis. In the yeast
Saccharomyces cerevisiae, amino acids generated via starvation-
induced autophagy could be reused for de novo synthesis of star-
vation-adaptive proteins such as HSP26 and argininosuccinate
synthetase." Autophagic protein degradation triggered by fertil-
ization provides abundant amino acids, which are necessary for
protein synthesis during eatly oocyte development.”

In adult animals, starvation-induced autophagy takes place
predominantly in the liver. Earlier studies using perfused rat livers
and in vivo experiments using mice have revealed that autophagic
protein degradation, which proceeds at a rate of ~1.5% of total
liver protein/hour under nutrient-rich conditions, is enhanced
approximately two- to three-fold during starvation,' resulting
in the loss of nearly 40% of total liver protein during a 48 h
starvation period.” The conversion of glucogenic amino acids
generated during liver autophagy to glucose via gluconeogenesis
has long been proposed as a potential metabolic contribution.
Using perfused rat liver, glucagon, which significantly stimulates
autophagic protein degradation,'® has enhanced intracellular uti-
lization of glucogenic amino acids through its effect on gluco-
neogenesis.” Because the liver is the major organ that produces
and supplies blood glucose, the utilization of glucogenic amino
acids for glucose production may be an important contribution of
liver autophagy. However, little is known about the mechanism
of the autophagy-dependent release of glucogenic amino acids for
glucose production.

To clarify this issue, we systematically investigated the fate of
amino acids produced by liver autophagic protein degradation
by comparing normal wild-type and liver-specific conditional
autophagy (Azg7)-deficient mice.?* We found that a significant
portion of the released amino acids was converted into glucose
via hepatic gluconeogenesis to maintain blood glucose levels,
while the rest of the amino acids were released into circulation
to maintain plasma amino acids in wild-type mice. By contrast,
in liver-specific Atg7-deficient mice, the inability to release amino
acids via autophagic proteolysis resulted in a significant reduction
in blood glucose levels during starvation.

Results

Autophagy is induced after 24 h of starvation under syn-
chronous fasting-initiation conditions. The first step was to
induce autophagy in mice by withdrawing their diet accord-
ing to the conventional procedure. However, various tissue
parameters, including the autophagosomal membrane marker
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microtubule-associated protein 1A/1B light chain 3 (LC3), fluc-
tuated excessively among individual mice, implying that auto-
phagic induction was not synchronized in the mice examined. To
synchronize autophagic induction in all mice of an experimen-
tal group, a starvation/feeding/re-starvation regimen was con-
ducted, as described previously in reference 21. First, wild-type
mice were fasted for 24 h and then fed a pelleted laboratory diet
for 2 h to suppress autophagy to a minimal level. Subsequently,
the mice were re-fasted to induce autophagy. As depicted below,
this experimental manipulation was used to synchronize auto-
phagic induction in all mice, enabling the statistical analysis of
the experimental data.

Initially, endogenous LC3 levels in liver samples collected at
various times after re-starvation were examined by immunoblot-
ting. LC3 exists in two different forms: LC3-I, a soluble cyto-
solic form; and, LC3-I1, a phosphatidylethanolamine-conjugated
form, which is specifically recruited onto autophagosomal mem-
branes.”? The LC3-1I level increased transiently after both 3—-6 h
and 18-24 h of starvation. With the exception of these two
periods, LC3-II was barely detectable (Fig. 1A), which suggests
transient autophagic induction during these periods. Next, to
investigate whether the increase in LC3-II truly meant induc-
tion or enhancement of autophagic flux (i.e., autophagosome
formation, autophagosome maturation into autolysosomes and
lysosomal degradation of the sequestrated materials), leupeptin,
a lysosomal cysteine proteinase inhibitor, was injected into mice
intraperitoneally. Intraperitoneal (i.p.) injection of leupeptin sup-
presses autophagic flux at the lysosomal degradation step in the
liver, leading to the accumulation of autophagosomes/autolyso-
somes,”""? which increases the level of LC3-I1.>* Therefore, the
i.p. injection of leupeptin allowed us to easily monitor autophagy
flux in the liver by estimating the level of autophagosomes/autol-
ysosomes and/or LC3-11. As shown in Figure 1B, the leupeptin
injection led to a marked increase in LC3-1II levels in the livers
of mice that had been fasted for 24 h, while there was only a
slight increase in the livers of mice fasted for 3 h. Quantitative
densitometry revealed that the LC3-II level after 24 h of starva-
tion was about three times higher than it was after 3 h of starva-
tion when mice were treated with leupeptin (Fig. 1B and C).
To confirm autophagic induction after a 24 h starvation period,
autophagic vacuoles (autophagosomes plus autolysosomes) were
observed and counted by electron microscopy. Liver specimens
were isolated from leupeptin-treated mice that had been starved
for either 3 h or 24 h (for details, see Materials and Methods).
As shown in Figure 1D and E, the number of vacuoles in the
liver after 24 h of starvation was increased approximately seven-
fold compared with 3 h of starvation, occupying 4% of the total
cytoplasmic area of hepatocytes. Such vacuoles were not observed
in the liver-specific Atg7-deficient mice, Atg7F: Mx1 (Fig. 1D
and E).? These results indicate that induction of autophagy in
the livers occurred in response to 24 h of starvation, but not 3 h.

Liver autophagy is induced in response to a reduction in
plasma insulin levels. What kinds of hormones and/or metab-
olites induce liver autophagy after 24 h of starvation? Liver
autophagy is suppressed by amino acids and insulin, while it

16,18,25,26

is enhanced by glucagon. Hence, the concentrations of
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Figure 1. Starvation-dependent changes in LC3-Il levels and autophagic vacuoles in wild-type livers. (A and B) Postnuclear supernatants of the livers
(10 pg protein) isolated from mice starved for the indicated periods were analyzed by immunoblotting analysis. (A) LC3-1 and LC3-Il in the livers of
starved mice without leupeptin administration. LC3-I, soluble form; LC3-II, PE-conjugated form. (B) LC3-1 and LC3-Il in the livers of leupeptin-treated,
starved mice. Leupeptin was injected as described in Materials and Methods. The data are representative of three separate experiments. (C) Densito-
metric analyses of LC3-1 and LC3-Il levels between leupeptin-administered (+leup) and nonadministered (-) livers isolated from nonstarved (0 h),

3 h and 24 h starved mice. Each value is the mean + SEM of data from at least three mice. *p < 0.005. (D) Electron micrographs of liver samples isolated
from wild-type mice starved for 0 h (aand b), 3 h (cand d) and 24 h (e and f), respectively and liver-specific Atg7-deficient mice starved for 24 h (e and
h). All mice were administered leupeptin 1 h before dissection. Note that the autophagic vacuoles (arrows in a-f) markedly increased in 24-h starved
wild-type mice (e and f) compared with 0 h and 3 h starved wild-type mice (a-d). Autophagic vacuoles were not detected in Atg7-deficient mouse liv-
ers starved for 24 h (g and h). Bars, 2 pum. (E) The volume density (%) of autophagic vacuoles in the cytoplasmic area was calculated as described in the

insulin, glucagon, triacylglycerol and free fatty acids were mea-
sured in plasma collected after various periods of starvation.
Insulin, though exhibiting striking fluctuations during 0-18 h,
finally decreased to its lowest level after approximately 24 h of
starvation (Fig. 2A). Meanwhile, plasma glucagon remained at a
high and stable level throughout the starvation periods (Fig. 2B).
Neither triacylglycerol nor free fatty acids in the plasma exhibited

www.landesbioscience.com

Autophagy

fluctuations corresponding to the induction of liver autophagy
during a 24 h starvation period (Fig. 2C and D). These results
suggest that the reduction in insulin plays a principal role in the
induction of liver autophagy.

Insulin binding to insulin receptors causes consecutive acti-
vation of class [-PI3-kinase and Akt, which eventually acti-
vates mTor.”?® Activated mTor suppresses autophagy, while
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Figure 2. Changes in plasma insulin, glucagon, triacylglycerol and free fatty acids in wild-type and
Atg7-deficient mice during starvation. At the times indicated after initiation of starvation, plasma sam-
ples were taken from wild-type (red circle) and Atg7-deficient (blue triangle) mice and the concentra-
tions of insulin (A), glucagon (B), triacylglycerol (C) and free fatty acids (D, FFA) were determined. Note
that insulin fell to its lowest level after a 24 h starvation period. Each value is the mean + SEM of data
from at least three mice. (E) Phosphorylated states of S6 ribosomal protein, p70 S6 kinase and Akt in
nonstarved and 24 h starved wild-type livers. Postnuclear supernatants isolated from non-starved and
24 h starved mice were subjected to immunoblotting using antibodies specific for phosphorylated S6
ribosomal protein [phos-S6RP (5235/236)], S6 ribosomal protein (S6RP), phopsphorylated P70 S6 kinase
[phos-S6K (T389) and phos-S6K (T421/5424)], P70 S6 kinase (S6K), phosphorylated Akt [phos-Akt (5473)],
Akt and actin, respectively. The same pattern was also confirmed with Atg7-deficient livers before and

This result suggests that the amino
acid surge was truly implicated in
liver autophagy following 24 h of
starvation. Intriguingly, a similar
transient increase in amino acid lev-
els was observed concomitantly in
plasma and skeletal muscle (Fig. 3A
and plasma, skeletal muscle). This
observation raises the possibility that
the increase in amino acids in plasma

and skeletal muscle resulted from

inactivation of mTor induces autophagy.?’#3 To examine whether
inactivation of mTor occurred in the livers of mice starved for
24 h, at which time insulin fell to its lowest level, the phosphory-
lation of signal molecules, including Akt, S6K and ribosomal S6,
which are phosphorylated in an insulin-dependent manner, was
investigated. As shown in Figure 2E, dephosphorylation of these
molecules was observed at 24 h, implying that liver autophagy
was induced through the inactivation of the Akt/mTor pathway
in response to a reduction in plasma insulin.

Transient and robust amino acid release (amino acid surge)
in liver, blood and skeletal muscles through liver autophagy.
Because autophagy was induced after 24 h of starvation (Fig. 1),
the levels of free amino acids in the liver should increase as a

730 Autophagy

liver autophagic protein degradation.
Specifically, amino acids produced via liver autophagic degrada-
tion might be excreted into circulation and transported to skel-
etal muscles. An alternative possibility is that plasma amino acids
might be supplied by muscle autophagy that occurred in coordi-
nation with liver autophagy.

To test these possibilities, starvation-dependent changes in
amino acid levels in the liver, plasma and skeletal muscle were
compared between control wild-type mice and liver-specific auto-
phagy (Atg7)-deficient mice. As the BCAA data clearly show,
the amino acid surge, not only in the liver but also in plasma
and skeletal muscles, was inhibited by liver autophagy-deficiency
(Fig. 3B). A similar profile was obtained for the other amino acids
(Sup. Figs. 2 and 3). These results indicate that the transient

Volume 7 Issue 7



A 0.75 . 0.5
Liver Plasma
g 0.4 o
é 0.50 E 0.3 2
o © =
3 €o2 3
g 025 =5 2
= 0.1 =
O T T T T, 1 O T T T T 1
0 10 20 30 40 0 10 20 30 40
time (hr) time (hr) time (hr)
—=— Val —e— Ser —A— Asn
—4—Leu —eThr —v— Phe
——lle —m— Met —o—Tyr
B Liver
0.8 1 0.6 1 0.4
® Val Q Leu 0 lle
0.6 4 ] i
é 2 044 8 0.3
D20.44 2 0.2+
[e) [S) °
£ € 0.21 g
3.0.2- =1 S 0.14
0 1] 1 J 1 0 1] L) L] 1] 0 T L] T 1
0 10 .20 30 40 0 10 .20 30 40 0 10 .20 30 40
time (h) time (h) time (h)
Plasma
0.6 7 04 0.20 -
Val 41 Leu lle
- = — 0.154
g 0.41 % 0.3 1 g
o )
S € 0.2 £ 0.10 4
3 0.2+ = 3
0.1 0.05+
0 T T T 1 0 T T T 1 0 T T T 1
0 10 ) 20 30 40 0 10 .20 30 40 0 10 ~ 20 30 40
time (h) time (h) time (h)
Skeletal M.
Val 0.4 1 0.25 -
0.5
) a o) Leu 80.20- lle
S 04 S 0.3 1 @
n U 7] b
2 2 = 0.15 4
203 5021 E
— =~ b L
E 0.2 g 3 g 0.10 4
0.1+ i
3.0.1 = =-0.05
O T T T T 1 o I J 1 1 o 1] ] J 1
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
time (h) time (h) time (h)
—e— Control
—A—Atg7F/F:Mx1
Figure 3. Transient increase in free amino acids in the liver, plasma and skeletal muscle during starvation. (A) Plasma and tissue samples were collect-
ed from control wild-type mice starved for the indicated periods and were processed for amino acid analyses as described in Materials and Methods.
The concentrations of nine amino acids, including the BCAAs, are expressed as pmol/g wet tissue (liver and skeletal muscles) or umol/ml of plasma.
(B) Comparison of time-dependent changes in BCAA concentrations between wild-type liver (red circle) and Atg7-deficient liver (blue triangle) during
starvation. BCAA of liver, plasma and skeletal muscle taken from control and liver-specific Atg7-deficient mice at the indicated times during starvation
were determined. Each value is the mean + SEM of data from at least three mice.
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Figure 4. Activation of liver gluconeogenesis in association with starvation-induced autophagic
protein degradation. Changes in liver glycogen levels (A) and plasma glucose concentration (B) were
determined. At various times after starvation, liver and blood samples were taken from wild-type (red
circle) and liver-specific conditional Atg7-deficient mice (blue triangle). Each value is the mean + SEM of
data from at least three mice. Numbers of mice used were: wild-type mice starved for 0 (n = 10),
3(n=11),6(n=7),12(n=7),18 (n=7),24 (n=5),27 (n=10), 30 (n =6) and 36 h (n = 10), respectively

acid surge in wild-type mice, the con-
centration in mutant mice continued
to decrease to ~70 mg/dl (Fig. 4B).
These data suggest that the amino
acids released in the wild-type livers
were converted into glucose to main-

and liver-specific Atg7-deficient mice starved forO (n=7),3 (n=5),6 (n=3),12(n=3),18(n=3),24 (h =
4),27 (n=5),30 (n=9) and 36 h (n = 3), respectively. The statistical significance and insignificance in the
differences between wild-type and mutant mice at 0 (°p = 0.854), 27 (*p = 0.0340), 30 (**p = 0.0311) and
36 (°p = 0.0238) h of starvation and the statistical insignificance (*p = 0.482) in the plasma glucose levels
of liver-specific Atg7-deficient mice between two periods of starvation (27 and 30 h) are shown. (C and
D) Recovery of blood glucose concentration by oral administration of a glucogenic amino acid, serine.
Wild-type (C) and liver-specific Atg7-deficient mice (D) starved for 24 h were orally administered serine

tain the blood glucose concentration.

To determine whether oral admin-
istration of amino acids to starved mice
could restore blood glucose concen-
trations, both control wild-type mice

(30 mg) at 24 h of starvation and blood glucose concentration was determined with a glucometer for
the subsequent 80 min as described in Materials and Methods. Each value is the mean + SEM of data.
Wild-type (no treatment; n = 12, serine administered; n = 14) (C) and liver-specific Atg7-deficient mice
(no treatment; n = 6, serine administered; n = 8) were examined. As total blood was used for the deter-
mination, the glucose level was significantly lower than the plasma glucose level determined in (B).

and liver-specific Atg7-deficient mice
starved for 24 h were orally admin-
istered one regimen of representative
glucogenic amino acid serine (30 mg

per animal), after which blood glucose

increase in free amino acids in plasma and skeletal muscle of wild-
type mice starved for 24 h was due to liver autophagic proteolysis.

Amino acid production via liver autophagy is essential for
the maintenance of blood glucose levels. We next focused on
the metabolic fate of free amino acids produced by liver autoph-
agy (amino acid surge). Based on the aforementioned data
(Figs. 1-3), it was postulated that the released amino acids should
have been metabolized to compensate for a shortage of some key
metabolite(s) during 24 h of starvation. Since the liver is known
to supply blood glucose and hepatic glycogen is a source of glu-
cose, it would be reasonable to assume that the glucogenic amino
acids generated in the liver through autophagy were converted
into glucose and that the resulting glucose was released into the
blood to maintain blood glucose levels. To examine this hypoth-
esis, changes in liver glycogen content were examined during
starvation. As shown in Figure 4A, the liver glycogen content
fluctuated to some extent during 3—12 h of starvation, but then it
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concentrations were monitored for
80 min. Figure 4C and D show that the blood glucose concentra-
tion in both wild-type and mutant mice was transiently increased
to greater than 120 mg/dl between 20 and 40 min after serine
administration, followed by a gradual decrease to initial concentra-
tions. These data indicate that both wild-type and Azg7-deficient
livers starved for 24 h possess comparable activities of convert-
ing glucogenic amino acids to glucose. The data also support the
hypothesis that the amino acids generated by liver autophagy were
converted into glucose in the livers of starved wild-type mice and
that this glucose was released into the blood.

Pre-administration of glucose to starved mice significantly
suppresses the amino acid surge through inhibition of auto-
phagy. Because the amino acid surge had metabolic effects on
blood glucose via gluconeogenesis in the livers of animals sub-
jected to 24 h of starvation, it was interesting to examine whether
or not prior administration of glucose to starved mice affects the
amino acid surge or autophagic protein degradation. We orally
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Figure 5. Suppression of the amino acid surge by glucose administration. (A) Suppression of leupeptin-induced accumulation of LC3-Il by glucose
administration. Wild-type mice were orally administered 0.2 g of an aqueous glucose solution or tap water as a control after 18 and 21 h of starvation.
Then, leupeptin was injected intraperitoneally into mice after 23 h of starvation. Plasma and livers were collected from 24 h starved mice. Postnuclear
supernatants (10 g protein) of the livers were subjected to immunoblotting analysis. The data shown are representative of three separate prepara-
tions. (B) Quantitative densitometry of endogenous LC3-I and LC3-Il levels in postnuclear supernatants of livers from control or glucose-administered
mice with or without leupeptin treatment. The data are means + SEM of at least three different preparations. (C and D) Effect of glucose administration
on the BCAA concentration in the plasma (C) and liver (D) were analyzed using an amino acid analyzer, as described in Materials and Methods. Each

administered glucose to wild-type mice after both 18 h and 21
h of starvation. Blood glucose reached a maximal concentration
(~400 mg/dl) at 21.5 h, followed by a gradual decrease to a stable
concentration at 24 h (Sup. Fig. 4A). As shown in Figure 5A and
B, glucose administration to control mice significantly inhibited
accumulation of LC3-II in the liver in the presence of leupeptin.
This result indicates that autophagy was significantly suppressed
by glucose administration. Moreover, the amino acid surge that
is typically detected by the release of BCAA was also markedly
suppressed in the liver and plasma (Fig. 5C and D). Under these
conditions, plasma insulin increased transiently 30 min after the
second glucose administration, while glucagon levels remained
constant (Sup. Fig. 4B and C). These results clearly indicate that
the amino acid surge (i.e., liver autophagy) was reversibly con-
trolled by blood glucose levels.

Discussion

Starvation-induced liver autophagy is essential for the main-
tenance of blood glucose levels. Recent studies that showed
activation of AMP-activated protein kinase in Azg5-null mice
neonates and reduced cellular ATP levels under autophagy inhi-
bition clearly demonstrated that an important contribution of
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amino acids, which are the major products released by starva-
tion-induced autophagy, is catabolism for ATP production.'*"
Another important contribution of the amino acids released by
autophagy is de novo protein synthesis, as demonstrated for yeast
autophagy and oocyte-specific autophagy.'"

The data presented in the present study highlight a third
potential metabolic use of the amino acids produced by liver
autophagic protein degradation, i.e., the conversion of amino
acids to glucose via hepatic gluconeogenesis. The rationale for this
conclusion is based on the following observations: (1) whereas
blood glucose levels were maintained within the normal range
after the amino acid surge (24-36 h) provided by liver autophagic
protein degradation in wild-type mice (Fig. 4B), blood glucose
levels continued to decrease and leveled off at one-half the nor-
mal concentration in liver-specific autophagy-deficient mice (Fig.
4B); and (2) when glucogenic amino acid, serine, was adminis-
tered to wild-type and liver-specific Azg7-deficient mice starved
for 24 h, blood glucose concentrations increased within 20 min
(Fig. 4F), showing that both wild-type and autophagy-deficient
livers possess an equal ability to convert glucogenic amino acids
to glucose via gluconeogenesis.

In wild-type livers, abundant amino acids were released
promptly and transiently at 24 h of starvation. Out of 18 amino
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acids determined, 11 exhibited clear surge responses: valine,
leucine, isoleucine, serine, threonine, methionine, asparagine,
phenylalanine, tyrosine, lysine and arginine (Sup. Fig. 1). With
the exceptions of leucine and lysine, the remaining nine have
the potentiality to be metabolized in order to produce glucose
via gluconeogenesis. Importantly, serine, a potential glucogenic
amino acid, which can be converted to pyruvic acid via a one-step
serine dehydratase reaction, is a major amino acid, which shows
a surge response (Fig. 3A). In contrast, alanine, another impor-
tant glucogenic amino acid, shows a subtle increase (Sup. Fig. 1).
Nevertheless, alanine levels in wild-type livers were significantly
higher than those of Azg7-deficient livers at 24 and 36 h of starva-
tion. The lack of a surge response in alanine may indicate a faster
conversion of alanine to pyruvic acid due to much higher alanine
transferase activity compared with serine dehydratase activity.®
Taken together, these results indicate that the amino acids pro-
duced through liver autophagy were efficiently converted into
glucose under starvation conditions.

Liver autophagy is induced concomitantly with a reduction
in plasma insulin. Liver autophagy is controlled differently by
plasma amino acids and hormones, such as insulin and gluca-
gon'l6,18,25,26

have been investigated mostly in perfusion experiments using

The suppressive effects of amino acids on autophagy

isolated rat livers or cultured hepatocytes.'®**¥ However, either
loss of insulin action or stimulation by glucagon appears to play
a more important role in autophagy induction in vivo, because
plasma amino acid concentrations do not fluctuate enough in
vivo to induce or suppress autophagy, in contrast with ex vivo
experiments.'®%

The data from the present study show that autophagy was
induced concomitantly with a fall in plasma insulin levels, as
well as with depletion of liver glycogen, after 24 h of starvation.
As plasma glucagon was maintained at a high and stable level,
the drop in insulin appears to be a key event in the induction of
autophagy. These data are consistent with the previously reported
result that administration of streptozotocin to rats, which
depressed plasma insulin, induced significant liver autophagic
degradation.’® This result indicates that loss of insulin action is a
sufficient signal for the induction of liver autophagy. This mech-
anism is further supported by the observation that Akt, P70k-
S6kinase and the S6 ribosomal subunits were dephosphorylated,
showing that the mTor/S6-kinase pathway was inactivated in the
livers of mice subjected to 24 h of starvation, whereas they were
phosphorylated or activated in the livers of fed mice (Fig. 2E).

It is particularly interesting that pre-administration of glu-
cose to mice after 18 and 21 h of starvation inhibited autoph-
agy, resulting in a significant reduction in the amino acid surge
(Fig. 5). During the course of this experiment, glucagon levels
remained constant (Sup. Fig. 4C), whereas insulin increased
promptly, but transiently, to high levels, which surpassed the
normal level observed in fed mice (Fig. 2). These results indi-
cate that the glucose-induced increase in plasma insulin exerted
a strong suppressive effect on autophagy in mice. Thus, insulin
plays a principal role in controlling liver autophagic protein deg-
radation, which is closely connected to the maintenance of blood
glucose levels.
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A portion of the amino acids released in the liver is excreted
into the blood. In parallel with the amino acid surge in the liver,
free amino acids in plasma and skeletal muscles increased tran-
siently in wild-type mice. As this increase was absent in liver-
specific Atg7-deficient mice, the data indicate that in addition to
use by the liver, a portion of the released amino acids was excreted
from the liver into circulation for use in peripheral tissues, such
as skeletal muscle (Fig. 3A and B). During 24 h of starvation,
liver weight was reduced by -25% of its initial weight to -1 g.
At this time point, the total blood volume was about 2 ml, which
means that the plasma volume was about 1.5 ml. Therefore,
we speculate that in the midst of the amino acid surge, the net
release of amino acids in the liver was actually much greater than
that depicted in Figure 3A. It is interesting that, in autophagy-
deficient liver, a delayed slow increase in amino acids occurred
between 24 and 36 h of starvation (Fig. 3B and Sup. Fig. 1).
A similar increase was also observed in both plasma and skel-
etal muscles (Fig. 3B and Sup. Figs. 2 and 3). Interestingly, the
increase began at earlier periods of starvation (12 h) in skeletal
muscles than in liver. Immunoblotting data show that LC3-II
in skeletal muscles of liver-specific autophagy-deficient mice
increased transiently between 3 and 12 h of starvation, whereas a
similar but subtle increase in LC3-1II was found in control wild-
type muscles between 12 and 24 h (Sup. Fig. 5). In contrast,
MuRF]1, a representative ubiquitin E3 ligase in skeletal muscle,
is more abundantly present in wild-type muscles than in the
muscles of liver-specific Atg7-deficient mice (Sup. Fig. 5). These
results may indicate that amino acids released by muscle autoph-
agy are secreted to the circulation to be transported to the liver in
liver-specific Atg7-deficient mice.

In summary, the present study is the first to show that the
amino acids released as a result of starvation-induced autophagic
proteolysis in the liver of mice are metabolized, in part, via hepatic
gluconeogenesis to glucose, which is excreted into the circulation
to maintain blood glucose concentrations. The amino acids were
also excreted from the liver into the blood and transported to
skeletal muscle. In view of the fact that the liver is virtually the
only organ that supplies blood glucose, the use of amino acids to
produce blood glucose can be considered a liver-specific meta-
bolic contribution of starvation-induced autophagy.

Materials and Methods

Animals. C57BL/6] mice were used as the wild-type mice. Liver-
specific conditional Azg7 knockout mice (Azg7”F:Mx1 mice) were
generated as described previously in reference 20. To delete Atg7
from the liver, Cre expression in the liver was induced by i.p.
injection of polyinosinic acid-polycytidilic acid (pIpC, Sigma-
Aldrich, P1530). Specifically, 0.3 ml of a pIpC solution (1 mg/
ml in water) was injected intraperitoneally three times at 48-h
intervals. Atg7 is a long-lived protein with a half-life of about
one week.”’ Complete deletion of Atg7 protein in the liver was
verified using immunoblotting analyses. In each experiment
described herein, the conditional Azg7-knockout mice were used
at 10 days after the last pIpC injection. All mice were maintained
in an environmentally controlled room (lights on 8:00 to 20:00)
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and were fed a pelleted laboratory diet and tap water ad libitum,
unless otherwise stated.

For synchronous induction of autophagy in the liver, mice
previously fasted for 24 h were fed a pelleted laboratory diet for
2 h (20:00-22:00) in the dark to suppress autophagic activity
to a minimum. The diet was then withdrawn and the mice were
again starved. In separate experiments, it was confirmed that the
stomach and intestine were filled with digested diet at the end of
the 2 h feeding period. For leupeptin administration, a leupeptin
solution (1.25 mg/ml in 0.15 M NaCl) was injected intraperito-
neally at a dose of 15 mg/kg body weight 1 h prior to euthanasia.
In the experiments shown in Figure 4C and D, 0.3 ml of serine
(100 mg/ml) was orally administered to wild-type and liver-spe-
cific Atg7-deficient mice starved for 24 h. The experimental pro-
tocol was approved by the Ethics Review Committee for Animal
Experimentation of Juntendo University.

Analysis of free amino acids of plasma and tissues. Plasma
samples were mixed with 50% TCA to give a final concentration
of 3.3%. After centrifugation at 10,000x g and 4°C for 20 min,
the free amino acids in the supernatants were analyzed using a
L8500 amino acid analyzer (Hitachi, Ltd.). For determination of
free amino acid concentrations in tissue, liver and muscle samples
were homogenized with five volumes of 10% TCA and centri-
fuged at 10,000x g and 4°C for 20 min. The supernatants (0.5
ml) were mixed with an equal volume of 0.02 N HCl and ana-
lyzed using a L8500 amino acid analyzer.

Analytical methods. Mouse livers were homogenized with
five volumes of 10 mM Hepes-NaOH (pH 7.4) containing 0.25
M sucrose and a protease inhibitor cocktail (Roche Diagnostics,
1836170), using a motor-driven glass/Teflon homogenizer
(5 up-down strokes at 800 rpm). The liver homogenates were
centrifuged at 500x g and 4°C for 5 min to obtain postnuclear
supernatants. The postnuclear supernatants were separated by
SDS-PAGE according to the published method in reference 39.
Separated polypeptides were analyzed by immunoblot analyses
according to the published procedure,® with the exception that
Super Signal West Pico Chemiluminescent Substrate (34080) or
Supersignal West Dura Extended Duration Substrate (34075)
(Thermo Fisher Scientific, Inc.,) was used as the substrate for
the horseradish peroxidase-conjugated secondary antibodies.
The antibodies against Atg7 and LC3 were prepared as described
previously in reference 20. The antibodies against S6 ribosomal
protein (2317), phospho-S6 ribosomal protein (Ser235/236,
2211), p70 S6 kinase (2708), phospho-p70 S6 kinase (Thr
389, 9205), phospho-p70 S6 kinase (Thr421/Ser424, 9204),
Akt (9272), phospho-Akt (Ser473, 9271) and MuRF1 (4305)
were purchased from Cell Signaling Technology. The antibody
against actin (clone C4, MAB1501) was obtained from Millipore
Corporation. For quantitative densitometry, immunoblotting
data were scanned and analyzed using a calibrated densitometer
(BioRad Laboratories, GS-800) with a 200 mm resolution at the
highest sensitivity setting. The scanned raw data were processed
for quantification using the gel analysis software Quantity One
(BioRad Laboratories).

The glycogen levels of liver and muscle were measured using
the Lo method.”" The concentrations of insulin and glucagon
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in plasma were determined using an ELISA kit (Shibayagi Co.,
Lid., AKRIN-011) and a glucagon enzyme-immunoassay kit
(Yanaihara Institute Inc., YK090), respectively. Plasma gluca-
gon levels determined by an ELISA kit are reportedly one order
of magnitude larger than that determined by radioimmuno
assay.*** The concentrations of glucose, non-esterified fatty acids
and triacylglycerol in plasma were determined using an auto-
matic biochemical analyzer JCA-BM8000 (JEOL Ltd.,) with
a hexokinase-coupled spectrophotometric assay kit (Sino-Test
Corporation, 326023042 and 326023059), an acyl-CoA syn-
thetase/acyl-CoA oxidase-coupled colorimetric assay kit (Eiken
Chemical Co., Ltd., G-HE99) and a lipoprotein lipase-coupled
colorimetric assay kit (Wako Pure Chemical Industries, 412-
37494 and 418-37594), respectively. In the experiments shown in
Figure 4C and D, total blood samples were collected via tail tip
bleeds and examined for glucose concentration using a glucom-
eter (Glutest Pro; Sanwa Kagaku Kenkyusho). The protein con-
centration was determined using a BCA protein assay, according
to the manufacturer’s protocol (Thermo Fisher Scientific Inc.,
23228).

Electron microscopy. Autophagic vacuoles (autophago-
somes plus autolysosomes) exist in a rapid equilibrium between
autophagosome formation and the subsequent maturation/deg-
radation of autophagosomes; only a small number of autophagic
vacuoles can be detected, unless leupeptin is administered to the
animals.'***® In preliminary experiments, it was confirmed that
in the absence of leupeptin administration, the number of vacu-
oles was too low to assess statistical significance in the quantifica-
tion of autophagic vacuoles. In the livers of mice that had been
administered leupeptin, many more autophagic vacuoles were
counted, so that quantification of the vacuoles was feasible. Liver-
specific conditional Azg7 knockout mice and control littermates
were administered leupeptin (15 mg/kg) 1 h before use.

The livers were fixed by cardiac perfusion using 0.1 M phos-
phate buffer (pH 7.4) containing 2.5% glutaraldehyde. They
were post-fixed with 1% OsO4, embedded in Epon812 and sec-
tioned. Morphometric analyses were performed according to the
published procedure in reference 46. Specifically, for each liver
slice, 20 digital electron micrographs were taken with systematic
random sampling at a primary magnification of 3,000x. These
original electron micrographs were enlarged 2.6-fold and printed
on projection paper. The cytoplasmic (perikaryal) volume frac-
tions of electron-dense organelles that corresponded to auto-
phagic vacuoles, mitochondria and peroxisomes were calculated
by point counting, using a double-lattice test system with 1.5 cm
spacing.

Statistical analysis. All data are means + SEM. Statistical
differences between the two groups were evaluated using a two-
tailed Student’s t test. A p value of less than 0.05 was considered
statistically significant.
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