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Autophagy is essential for maintaining both survival and
health of cells. Autophagy is normally suppressed by amino
acids and insulin. It is unclear what happens to the autophagy
activity in the presence of insulin resistance and hyperinsuline-
mia. In this study, we examined the autophagy activity in the
presence of insulin resistance and hyperinsulinemia and the
associated mechanism. Insulin resistance and hyperinsulinemia
were induced in mice by a high fat diet, followed by measure-
ments of autophagy markers. Our results show that autophagy
was suppressed in the livers of mice with insulin resistance and
hyperinsulinemia. Transcript levels of some key autophagy
genes were also suppressed in the presence of insulin resistance
and hyperinsulinemia. Conversely, autophagy activity was in-
creased in the livers of mice with streptozotocin-induced insulin
deficiency. Levels of vps34, atgl2, and gabarapll transcripts
were elevated in the livers of mice with insulin deficiency. To
study the mechanism, autophagy was induced by nutrient dep-
rivation or glucagon in cultured hepatocytes in the presence or
absence of insulin. Autophagy activity and transcript levels of
vps34, atgl2, and gabarapll genes were reduced by insulin. The
effect of insulin was largely prevented by overexpression of the
constitutive nuclear form of FoxO1. Importantly, autophagy of
mitochondria (mitophagy) in cultured cells was suppressed by
insulin in the presence of insulin resistance. Together, our results
show that autophagy activity and expression of some key autoph-
agy genes were suppressed in the presence of insulin resistance and
hyperinsulinemia. Insulin suppression of autophagy involves
FoxO1-mediated transcription of key autophagy genes.

Macroautophagy (autophagy) is a catabolic process whereby
long lived large molecules and cellular organelles, such as mito-
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chondria and endoplasmic reticulum (ER),? are degraded by
lysosomes for an alternative energy source during starvation (1,
2). Autophagy is normally activated by glucagon or deprivation
of amino acids during starvation (1) but inhibited by amino
acids and/or insulin through the mTOR- or/and Akt-depend-
ent pathways after food intake (3, 4). Thus, autophagy activity
fluctuates with food intakes and fasts. Importantly, autophagy
is also essential for maintaining cellular health by removing
misfolded large molecules and aged/dysfunctional cellular
organelles, such as mitochondria and ER (1, 5). In other
words, decreased autophagy will inevitably slow the removal
of misfolded large molecules and aged/dysfunctional cellular
organelles. Accumulation of these molecules and dysfunc-
tional cellular organelles may not only contribute to the
development of cancers (1) but also contribute to the devel-
opment of metabolic diseases, such as insulin resistance. For
example, the accumulation of dysfunctional mitochondria
will most likely cause increased mitochondrion-derived oxi-
dative stress, which is known to contribute to the develop-
ment of insulin resistance (6 —10).

Insulin resistance is either a precursor or a key component
of numerous diseases including obesity, metabolic syn-
drome, T2DM, cardiovascular disorders (including strokes),
Alzheimer disease, depression, asthma, chronic inflamma-
tory diseases, cancers, and aging (11-19). Insulin resistance
is primarily caused by the positive energy imbalance between
the intake and expenditure of calories. The mechanisms of
insulin resistance have been under intense investigation but
remain unestablished.

However, it is known that the induction of insulin resist-
ance in mice by obesity or high fat diet (HFD) is prevented or
reversed when production of the mitochondrion-derived
reactive oxygen species (mtROS) is blocked (6 —8). Induc-
tion of insulin resistance in cultured cells is also blocked
when mtROS is scavenged (6). It has been clearly shown that
oxidative stress is a precursor of insulin resistance (9).

3 The abbreviations used are: ER, endoplasmic reticulum; HFD, high fat diet;
mtROS, mitochondrion-derived reactive oxygen species; mtDNA, mito-
chondrial DNA; ND, normal rodent chow diet; STZ, streptozotocin; GFP,
green fluorescent protein; EBSS, Earle’s balanced salt solution; QUICKI,
quantitative insulin sensitivity check index; HOMA, homeostasis model
assessment; T1DM, type1 diabetes mellitus.
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Therefore, mtROS plays a critical/necessary role in the
development of insulin resistance.

The level of mtROS production may be influenced by many
factors, such as mitochondrial mass and integrity. Much atten-
tion has been paid to the production of mitochondria via bio-
genesis. Numerous studies have shown that mitochondrial
mass may be decreased in the subjects with insulin resistance/
hyperinsulinemia due to reduced mitochondrial biogenesis. It
is well known that decreased mitochondrial number is a cardi-
nal feature of insulin resistance (20-22). The ratio between
mitochondrion-rich (type I) muscle fibers and glycolytic (type
II) muscle fibers is decreased in subjects with insulin resistance
(23, 24). Mitochondrial DNA (mtDNA) copy number is de-
creased in subjects with insulin resistance (25). Suppression of
mitochondrial biogenesis by antiretroviral nucleoside ana-
logues is associated with the development of insulin resistance
in patients with AIDS (26). We have recently shown that mito-
chondrial production is decreased by prolonged exposure to
insulin, which resembles insulin resistance and hyperinsuline-
mia (10, 27, 28). However, little attention has been paid to the
removal of aged/dysfunctional mitochondria in the presence of
insulin resistance and hyperinsulinemia, probably due to the
current perception that insulin is not functional in the presence
of insulin resistance. Obviously, the removal of aged/dysfunc-
tional mitochondria can affect both the mass and integrity of
mitochondria and, hence, influence the production of mtROS.
There is no doubt that the removal of mitochondria and other
cellular organelles, such as ER, is autophagy-dependent (1, 2).
Thus, in this study, we have examined the level of hepatic auto-
phagy in the presence of insulin resistance/hyperinsulinemia
and the associated mechanism.

MATERIALS AND METHODS

Antibodies and Reagents—Antibodies against LC3 and p62
were from MBL International (Woburn, MA). The monoclonal
antibody against B-actin, the antibody against ubiquitin, the
recombinant human insulin, and glucagon were from Sigma.
Antibodies against total and phospho-Akt (serine 473/308) or
phospho-FoxO1 were from Cell Signaling Technology (Dan-
vers, MA). Antibodies against IRS1(Tyr(P)*'®) was from Abcam
(catalog number ab66153). Antibodies against PARP1 were
from Santa Cruz Biotechnology (catalog number SC-7150).
LY294002 was from Calbiochem. Blood glucose concentrations
were measured using a Breese® 2 glucose meter (Bayer Health-
Care). Plasma insulin levels were measured with a Linco insulin
enzyme-linked immunosorbent assay kit. Protein assay kits
were from Bio-Rad. The plasmid LC3-GFP and the recombi-
nant adenoviruses encoding a constitutively nuclear FoxO1
mutant (ADA-FoxO1) were kind gifts from Dr. Tamotsu Yoshi-
mori (Osaka University, Osaka, Japan) and Dr. Domenico Accili
(Columbia University, New York, NY), respectively. Other
materials were all obtained commercially and are of analytical
quality.

Animal Experiments—All animal studies were approved by
the Institutional Animal Care and Use Committee of The Ham-
ner Institutes for Health Sciences and fully complied with the
guidelines from the National Institutes for Health. Animals
were housed under the usual day (12-h daylight) and night
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(12-h darkness) circadian and fed ad libitum. The following
animal experiments were included: 1) C57BL/6 (B6) mice were
fed with either the HFD (Research Diets catalog number
D12330: 58.0 kcal % fat, 16.0 kcal % protein, and 26 kcal %
carbohydrate) or the normal rodent chow diet (ND) for 8 weeks
(28); 2) B6 mice were treated with streptozotocin (STZ; 60
mg/kg/day) for 7 days via intraperitoneal injection to induce
T1DM as previously described (28); 3) to study the effect of
insulin signaling blockade, B6 mice were similarly fed with
either ND or HFD as described above for 4 weeks. During the
last week of the ND or HFD, some mice were administered the
phosphatidylinositol 3-kinase inhibitor LY294002 (10 mg/kg
body weight, intraperitoneal injection, once a day at 9 a.m., 7
days) during day time, when mice normally sleep and do not eat.

Cells—Mouse primary hepatocytes were isolated from B6
mice that were fed with the ND and cultured in Williams’
medium E supplemented with 10% fetal bovine serum as previ-
ously described (10, 29 —35). Mouse hepatoma 1c1c7 cells were
maintained in high glucose Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum.

Calculation of Insulin Sensitivity—Insulin sensitivity was
evaluated by measuring levels of blood glucose and plasma
insulin and calculated as previously described (36): quantitative
insulin sensitivity check index (QUICKI) = 1/log(I0 + log(G0))
and homeostasis model assessment (HOMA) = (GO X 10)/22.5),
where I0 represents fasting insulin (microunits/ml) and GO repre-
sents fasting glucose (mg/dl) for QUICKI, and for HOMA, GO is in
mmol/liter.

DNA Transfection and Adenoviral Infection—DNA plasmids
were introduced into the indicated cells by Lipofectamine 2000
transfection agents (Invitrogen). Adenoviruses encoding the
nuclear form of FoxO1l (ADA-FoxO1) or empty adenovirus,
amplified in HEK-293 cells, were applied to infect primary
hepatocytes at 10® plaque-forming units/well in 6-well plates as
described (35).

Immunoblotting—Cells were lysed in Nonidet P-40 lysis
buffer (1% Nonidet P-40, 150 mm NaCl, 10% glycerol, 2 mm
EDTA, 20 mMm Tris (pH 8.0), 1 muM dithiothreitol, 1 mM sodium
orthovanadate, 1 mm phenylmethylsulfonyl fluoride, 2 ug/ml
leupeptin, and 10 ug/ml aprotinin). Cell lysates (10-15 ug/
lane) were resolved in 4 —20% Tris-glycine gels (Invitrogen) and
transferred to nitrocellulose membranes (Bio-Rad). Target pro-
teins were detected by immunoblotting with primary antibod-
ies as indicated and alkaline phosphatase-conjugated second-
ary antisera. Fluorescent bands were visualized with a Typhoon
9410 variable mode Imager from GE Healthcare and then quan-
tified by densitometry analysis using ImageQuant version 5.2
software from GE Healthcare.

RNA Extraction and Real-time PCR—Total RNAs were
extracted from cells or tissues with an RNeasy minikit (Qiagen)
and reverse transcribed into cDNAs, which were quantified by
TagMan® real-time PCR with specific primers listed in Table 1
and normalized to levels of 36B4 transcripts.

Confocal Microscopy—Hepatoma 1clc7 cells were plated
onto glass bottom cell culture chamber (MatTek, Ashland,
MA). The next day, LC3-GFP or GFP was introduced into cells
by Lipofectamine 2000 transfection reagent (Invitrogen). Some
cells were then cultured in regular Dulbecco’s modified Eagle’s
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medium with 10% fetal bovine serum at 37 °C. Cells were next
pretreated with 1 nm insulin for 30 min, followed by incubation
in the nutrient starvation medium (Earle’s balanced salt solu-
tion (EBSS)) (Invitrogen) (37) or regular medium plus 100 nm
glucagon for 8 h. To test whether insulin suppresses the forma-
tion of mitochondrial autophagy (mitophagy) in the presence of

TABLE 1

Full names and sequences of primers for real-time PCR used in this
study

insulin resistance, some cells were pretreated with insulin (10
nM) for 24 h to induce insulin resistance as described (27). Mito-
chondria were labeled with the mitochondrion-specific dye
(tetramethylrhodamine methyl ester, 25 nm) (catalog number
T668, Invitrogen) at room temperature for 30 min. Cells were
subsequently imaged live at room temperature in Dulbecco’s
modified Eagle’s medium without phenol (Invitrogen) using a
Zeiss LSM 510Meta confocal imaging system with a 30-milli-
watt argon laser and a X63 1.4 numerical aperture oil immer-
sion objective at X2 zoom. GFP was detected using a 488-nm

Gene name DNA sequence . .
beclind argon laser and detected with a 515-540-nm band pass filter.
Forward 5'-ggccaataagatgggtctga-3' Tetramethylrhodamine methyl ester fluorescence was excited
Reverse 5'-cactgectecagtgtettea-3’ with a 563-nm helium-neon laser attenuated and detected at
vps34 , , >570 nm. The images were manipulated with Zeiss LSM
Forward 5'-tgtcagatgaggaggctgtg-3
Reverse 5'-ccaggcacgacgtaacttct-3’ software.
wlk2 Statistical Analyses—Data are presented as mean * S.E. Data
f{orwafd ;’—cag ECCtggatgagatg ttt‘gi were compared by Student’s ¢ test with GraphPad Prism version
¢ - _
# 1e;le = ggazgggrgacagasceaad 4.0 for Windows (San Diego, CA). Differences at values of p <
atg . s
Forward 5'_ggccteggaacagttgttta—3' 0.05 were considered significant.
Reverse 5'-cagcaccgaaatgtctctga-3’
gabarapll (GEC1) RESULTS
Forward gC;i;gg;ggggiiggi;;i;;:g, Autophagy Is Suppressed. in the Livers of Mice with Insulin
36B4 Resistance and Hyperinsulinemia Induced by the HFD—It is
Forward 5'-gcagacaacgtgggetccaageagat-3/ known that autophagy is normally suppressed by insulin (1, 2).
Reverse > ~ggtectecttggtgaacacgaagece s However, it is unknown whether autophagy is increased or
. D. 1.3 in Liver
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FIGURE 1. Autophagy was suppressed in the livers of mice on the HFD. B6 mice were fed with either the ND (n = 10) or HFD (n = 11) for 8 weeks. A, levels
of blood glucose and plasma insulin were measured. B, insulin sensitivity was analyzed by HOMA and QUICKI. C, levels of basal phospho-Akt and total Akt in the
livers were evaluated by immunoblotting. D, levels of LC3I and LC3lIl in the liver were determined by immunoblotting and normalized to levels of B-actin.
E, levels of p62 in the liver were determined by immunoblotting and normalized to levels of B-actin. F, levels of polyubiquitin (Poly-Ub) in the liver were
measured and normalized to levels of B-actin. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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decreased in the presence of hyperinsulinemia and insulin
resistance. The current general perception is that insulin is not
properly functional in the presence of insulin resistance due to
the fact that the response to acute insulin challenge is blunted in
the presence of insulin resistance. Thus, some have speculated
that autophagy may be increased in the presence of insulin
resistance (38). To address this issue, mice were fed with the
HED for 8 weeks, followed by measuring markers of autophagy.
As shown in Fig. 1, A and B, fasting plasma glucose levels were
not yet altered by the 8-week HFD, whereas plasma insulin
levels were significantly increased. As a result, insulin sensitiv-
ity evaluated by HOMA and QUICKI was significantly de-
creased, suggesting the presence of insulin resistance. The basal
level of Akt phosphorylation in the liver after a 12-h fast was
increased by the HED (Fig. 1C). To examine the level of auto-
phagy in the liver, three autophagy markers were measured.
First, the ratio of LC3-1I over LC3-I is normally increased when
autophagy is activated, and vice versa (1, 2). As shown in Fig. 1D,
the hepatic ratio of LC3-II/LC3-I was decreased by the HFD,
suggesting that hepatic autophagy was suppressed by the HFD.
Second, the level of p62, another autophagy marker (long lived
protein), is normally increased when autophagy is suppressed
(39). Our results clearly show that the hepatic level of p62 pro-
tein was indeed increased by the HFD (Fig. 1E), also suggesting
that hepatic autophagy was decreased by the HFD. Third, levels
of polyubiquitin are normally elevated when autophagy is sup-
pressed (40). Results in Fig. 1F showed that levels of polyubiq-
uitin in the liver were increased by the HFD. These results from
multiple aspects all show that the autophagy activity in the liver
was decreased in the presence of insulin resistance and hyper-
insulinemia induced by the HFD.

Hepatic Expression of Key Genes Involved in Activation of
Autophagy Is Suppressed in the Presence of the HFD-induced
Insulin Resistance and Hyperinsulinemia—The autophagy
machinery includes two main ubiquitin-like complexes (1, 2).
In complex I (Fig. 2), Atgl2 is activated by Atg7 and then trans-
ferred by Atgl0 to Atg5. The Atgl2-Atg5 dimer will be joined
by Atglé to form an Atgl2-Atg5-Atgl6é multimer complex,
which is localized to membranes of early autophagosomes and
will be subsequently joined by the complex II. The formation of
autophagy complex II is initiated when LC3-I (a mammalian
homologue of Atg8) is cleaved by Atg4 to produce LC3-IL
LC3-II will then be conjugated to phosphatidylethanolamine by
Atg7 and Atg3. The unconjugated LC3-I stays in the cytosol,
but the conjugated LC3-II binds to the autophagosomal mem-
brane, following the formation of the complex I. Complex I will
eventually detach from mature autophagosomes, whereas
LC3-1II stays on the membrane until it is degraded by the lyso-
somes. That is why LC3-II has been widely used as a marker for
monitoring activation of autophagy. Additionally, several other
proteins are required for the initiation of autophagy. These pro-
teins include at least Ulks (a mammalian homologue of Atg6),
Beclinl (another homologue of Atg6), and Vps34 (a class III
phosphatidylinositol 3-kinase).

To further examine the autophagy process in the presence of
insulin resistance/hyperinsulinemia, mRNA levels of some of
the above described autophagy genes were examined in the liv-
ers of the mice detailed in Fig. 1. As shown in Fig. 3, the mRNA

NOVEMBER 6, 2009 +VOLUME 284 +NUMBER 45

Nutrienfsflnsulin

Class | PIBKIMTOR

Atg1 (Ulk2) complex

c
=]
P rin l Beclin 1 (Atg6 -
B VPS4 2
Phagophore -
I |
- CPro-LCI/ALGD>
Atg7 Atgd
= Atgd —
E- v 2
o
§ Atg3 l Atg7 :
Atg16 O
x v PE l
(’ m
Atg5-12- 16
LC3-lI-PE
Autophagosome
\
Lysosome
Autophagolysosome

FIGURE 2. Diagram of the autophagy pathway.

levels of vps34, atgl2, and gabarapll (protein name GEC,
another homologue of Atg8 (41)) genes were significantly
decreased by the HFD, although Beclinl and Ulk2 gene tran-
scripts were not affected. Because vps34, atgl2, and gabarapll
genes are involved in the initiation and formation of complexes
I .and I of autophagy, respectively, these results further demon-
strate that hepatic autophagy level is decreased in the presence
of insulin resistance/hyperinsulinemia induced by the HFD.
To explore whether or not insulin signaling was responsible
for the suppressed autophagy in the presence of insulin resist-
ance/hyperinsulinemia, insulin resistance in mice was induced
by the HFD (4 weeks) as we previously described (28). Some
mice were administered the phosphatidylinositol 3-kinase in-
hibitor LY294002 during day time (once a day for the last week),
when mice normally sleep and do not eat. The basal level of
insulin signaling was evaluated by measurements of Akt phos-
phorylation. Autophagy markers were detected as detailed
above. Results showed that the basal level of Akt phosphoryla-
tion was increased by the HFD as we previously described (28)
but reversed by the treatment with LY294002 (supplemental
Fig. 1, A and B). The autophagy marker p62 in the liver was
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FIGURE 3. Expression levels of some key autophagy genes in the livers of mice were suppressed by the
HFD. mRNAs from the liver samples of mice described in Fig. 1 were extracted, converted into cDNA, and used

for quantifications of target genes. Transcripts of ulk2 (A), beclin1 (B), vps34(C), a
measured by using real-time PCR and normalized to the level of 36B4 transcript.
10) versus HFD (n = 11).

autophagy through inhibiting ex-
pression of key autophagy genes. To
further examine the effect of insulin
on expression of key autophagy
genes, insulin secretion in mice was
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FIGURE 4. Autophagy was increased in the livers of mice with TIDM. T1DM was induced in B6 mice by using

STZ (60 mg/kg body weight, once a day, intraperitoneally, 7 days). Levels of

plasma insulin (A, bottom), and blood glucose during the fed state (B) were measured. Levels of LC3-I and -l

(C), p62 (D), and polyubiquitin (Poly-Ub) (E) in the liver were measured by imm
the level of B-actin. **, p < 0.01; ***, p < 0.001; STZ group (n = 5) versus vehicl

increased by the HFD, and the increase was largely prevented by
LY294002 (supplemental Fig. 1C). Transcript levels of key auto-
phagy genes (vps34, atgl2, and gebarapll) in the liver were
decreased by the HFD but reversed by the treatment with
LY294002 (supplemental Fig. 1, D—F). These results imply that
insulin is responsible for the suppressed autophagy in the pres-
ence of insulin resistance and hyperinsulinemia.

Autophagy and Expression of Key Autophagy Genes Are
Increased in the Livers of Mice with Insulin Deficiency Induced

31488 JOURNAL OF BIOLOGICAL CHEMISTRY

insulin deficiency. These results fur-
ther support the notion that insulin
suppresses autophagy by inhibiting
expression of key autophagy genes
directly or indirectly.

Insulin Inhibits Autophagy and Expression of Key Autophagy
Genes in Cultured Hepatocytes—To investigate the mechanism
of insulin suppression of autophagy, we used a cellular system
(primary hepatocytes). Autophagy was activated by either
nutrient starvation or glucagon, followed by evaluating the
expression levels of key autophagy genes. As shown in Fig. 6, A
and B, the LC3-II/LC3-I ratio was significantly increased by the
nutrient starvation, indicating increased autophagy. The
increased LC3-1I/LC3-I ratio was reversed by the treatment

fasting blood glucose (A, top),

unoblotting and normalized to
e group (n =5).
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FIGURE 5. Expression of key autophagy genes in the livers of mice with
T1DM was increased. mRNAs in the liver samples from the mice described in
the legend to Fig. 4 were extracted, converted into cDNA, and used for quan-
tifications of target genes. Transcripts of vps34 (A), atg12 (B), and gabarapl1 (C)
were determined by using real-time PCR and normalized to the level of 3684

with insulin. The effect of insulin was largely prevented by the
pretreatment with the phosphatidylinositol 3-kinase inhibitor
LY294002. Akt phosphorylation was significantly elevated by
the treatment with insulin but largely prevented by LY294002.
Similarly, in Hepalclc7 hepatoma cells stained by immunoflu-
orescence, both nutrient starvation and treatment with gluca-
gon stimulated LC3-II aggregation as intense immunofluores-
cence dots, and the aggregation of these dots was reduced by
insulin (Fig. 6, C-I). These results demonstrate the induction and

transcript. ¥, p < 0.05; **, p < 0.01; STZ group (n = 5) versus vehicle group (n =

5).
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FIGURE 6. Autophagy is suppressed by insulin in cultured hepatocytes. A and B, primary hepatocytes
isolated from mice were incubated in either the regular Dulbecco’s modified Eagle’s medium or nutrient-
deprived starvation medium (EBSS) for 8 h. Insulin (1 nm) was added into some cells for 8 h as noted. The
phosphatidylinositol 3-kinase inhibitor LY294002 (100 nm) was added to some cells prior to insulin as noted.
Levels of LC3-l and I, phospho-Akt and total Akt, and B-actin were measured by immunoblotting, quantified,
and normalized. * and #, p < 0.05. C-H, Hepalc1c7 cells were plated onto glass slips in culture chambers for
12 h, followed by the introduction of GFP-labeled LC3 (LC3-GFP) into the cells via transfection. Cells were
incubated in either the starvation medium (EBSS) or regular medium with glucagon (100 nm) in the presence or
absence of 1 nm insulin for 8 h. LC3-GFP was visualized with confocal microscopy as detailed under “Materials
and Methods.” Scale bar, 10 um. I, quantification analysis of autophagy dots in hepatocytes. Data represent
mean = S.E. from three independent experiments of C-H. ***, p < 0.001.
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FIGURE 7. Expression of key autophagy genes (vps34 (A), atg12 (B), and gabarapl1 (C)) was suppressed by
insulin in cultured cells. Primary hepatocytes were treated as detailed in the legend to Fig. 6A. Transcript
levels of target genes were determined by real-time PCR and normalized to the level of 3684 transcript. Results
represent mean = S.E.from three independent experiments. *, p < 0.05 insulin plus starvation versus starvation
only. #, p < 0.05 LY294002-treated cells versus cells treated with insulin plus starvation.
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inhibition of autophagy in our culture system.
Next, we examined the effect of insulin on the expression

level of key autophagy genes. As
shown in Fig. 7, mRNA levels of
vps34, atpl2, and gabarapll were
elevated by nutrient starvation, but
the elevations were significantly
reversed by insulin. The effect of
insulin was largely prevented by the
phosphatidylinositol 3-kinase inhibi-
tor LY294002. Together, these results
show that insulin suppresses expres-
sion of key autophagy genes in cul-
tured hepatocytes.

Insulin Inhibits Autophagy and
Expression of Key Autophagy Genes
in a FoxOl-dependent Manner—To
examine the mechanism by which
insulin inhibits expression of autoph-
agy genes, the constitutive nuclear
form of FoxO1 was introduced into
Hepalclc7 cells prior to the treat-
ment with insulin as noted (34), fol-
lowed by measurements of LC3-II
and mRNA levels of key autophagy
genes. As shown in Fig. 84, nutrient
starvation increased the autophagy
marker, LC3-II, but the increase was
reversed by insulin, which stimu-
lated Akt phosphorylation. How-
ever, in the presence of the overex-
pressed constitutive nuclear form of
FoxO1, the effect of insulin was pre-
vented, suggesting that insulin sup-
pression involved FoxO1-mediated
gene transcription. To determine
the role of FoxO1 in insulin-medi-
ated suppression of autophagy
genes, the effect of the constitutive
nuclear form of Foxol was exam-
ined. As shown in Fig. 8B, nutrient
starvation-induced expression of
vps34, atgl2, and gabarapll was
blocked by insulin. Nevertheless, in
the presence of the overexpressed
constitutive nuclear form of FoxO1,
insulin failed to suppress expression
of vps34, atgl2, and gabarapll
genes. Together, these results dem-
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FIGURE 8. Insulin-suppressed expression of key autophagy genes was mediated by FoxO1. The constitu-
tive nuclear form of FoxO1 (ADA-FoxO1) encoded by the recombinant adenovirus or the empty adenoviruses
was introduced into Hepalc1c7 cells via infection. Thirty-six hours later, cells were cultured in the starvation
medium (EBSS) in the presence or absence of insulin (1 nm) for an additional 8h. A, levels of LC3, phosphorylated
Akt, and B-actin were measured by immunoblotting. Levels of FoxO1 and PARP1 in nuclear protein extracts
were measured by immunoblotting with the antibodies as noted. *, p < 0.05. B, transcripts of vps34, atg12, and
gabarapl1 genes were determined by using real-time PCR and normalized to the level of 36B4 transcript.
Results represent mean = S.E. from three independent experiments. *, p < 0.05; **, p < 0.01 insulin plus
starvation versus starvation only. #, p < 0.05; ###, p < 0.001 ADA-FoxO1 infection plus insulin plus starvation

group versus starvation only group.

onstrate that the FoxO1-mediated transcription of key auto-
phagy genes is an intricate part of insulin suppression of
autophagy.

Autophagy of Mitochondria (Mitophagy) Was Suppressed in
the Presence of Insulin Resistance in Cultured Cells—To exam-
ine the level of autophagy in cultured cells in the presence of
insulin resistance, insulin resistance was induced in some hep-
atoma cells by the prolonged exposure to insulin as described
(10), followed by evaluation of mitophagy induced either by
starvation or glucagon. As shown in Fig. 94, prolonged expo-
sure to insulin blunted the response of cells to the acute chal-
lenge of insulin in terms of IRS1 tyrosine phosphorylation and
Akt phosphorylation, indicating the presence of insulin resist-
ance. Under the same conditions, autophagy of mitochondria
(mitophagy) was examined by confocal microscopy. As shown
in Fig. 9, D-E and H, nutrient starvation significantly induced
mitophagy formation (yellow dots from merging of green GFP-
LC3-II and red mitochondria), which was significantly attenu-
ated by chronic exposure to insulin. Similarly, glucagon stimu-
lated mitophagy, but the stimulation was significantly inhibited
by the chronic presence of insulin (Fig. 9, E, G, and H).
Together, these results show that mitophagy in cultured cells is
decreased in the presence of insulin and insulin resistance.

DISCUSSION

Autophagy is not only important for cell survival by provid-
ing fuel through the self-digestion of large molecules and cellu-
lar organelles but also essential for maintaining cellular health
by removing and cleaning up the misfolded molecules and
aged/dysfunctional cellular organelles, such as mitochondria
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lin are low and the plasma glucagon
level is high. Thus, the autophagy
activity fluctuates with activities of
food intake and fast every day. This
fluctuation has been established in
humans through the evolution for
millions of years and become a
necessity for cell survival and
health. In the presence of insulin
resistance/hyperinsulinemia primarily caused by the positive
energy imbalance due to overeating and/or physical inactivity,
this fluctuation may be lost due to the continuous presence of
insulin in the blood. The continuous increase in plasma insulin
level can presumably inhibit autophagy continuously. How-
ever, the general perception now is that insulin is not functional
in the presence of insulin resistance. As a result, some have
speculated that autophagy level may be increased in the pres-
ence of insulin resistance and hyperinsulinemia (42). Results
from this study clearly show that the autophagy level (including
mitophagy) in the liver is actually decreased by continuous
exposure to insulin in animals. The suppressed autophagy will
evidently lead to various problems that are associated with the
retention of misfolded large molecules and aged/dysfunctional
cellular organelles.

The retention of large molecules due to suppressed autoph-
agy may contribute to the development of many health prob-
lems. It is well known that the decreased autophagy is closely
associated with the development of various cancers due to the
retention of large molecules (2). Retention of some large mole-
cules, such as amyloid and Tau proteins, may contribute to the
development of Alzheimer disease, which is characterized by
intracellular neurofibrillary tangles and extracellular deposits
in the form of senile plaques (43— 46). That may be why hyper-
insulinemia and insulin resistance is inseparable from Alzhei-
mer disease (12, 13). Retention of large molecules may contrib-
ute to the hypertrophy of tissues/organs. For example,
retention of myoglobins and other large molecules may lead to
the hypertrophy of organs like the heart and smooth muscles.
That may be why subjects with insulin resistance/hyperinsu-
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FIGURE 9. Mitophagy is suppressed in the presence of insulin and insulin resistance in cultured cells.
A-G, LC3-GFP or GFP was introduced into hepalcic7 cells via transfection. After a 24-h culture in the presence
of 10 nminsulin (chronicinsulin treatment), cells were then incubated in either the starvation medium (EBSS) or
regular medium with glucagon (100 nm) in the presence or absence of 10 nm insulin for 8 h. Cells were labeled
with the mitochondria-specific dye tetramethylrhodamine methyl ester (25 nm) at room temperature for 30
min. LC3-GFP co-localization with mitochondria (mitophagy) was immediately analyzed with confocal micros-
copy as detailed under “Materials and Methods.” Scale bar, 10 um. H, quantification of mitophagy (yellow dots).
Data represent mean = S.E. from three independent experiments of A-G. **, p < 0.01.

linemia usually have cardiac hypertrophy (47). The thickened
vascular wall due to the retention of large molecules may con-
tribute to hypertension, which is a frequent companion of insu-
lin resistance and hyperinsulinemia. Retention of large mole-
cules in the airway may contribute to the thickened airway
smooth muscles, render the airway hyper-responsive, and lead
to asthma. That may be why subjects with obesity have
increased prevalence and severity of asthma (16, 48).

Retention or delayed removal of cellular organelles due to
suppressed autophagy may contribute to the development of
metabolic diseases. For example, delayed removal of mito-
chondria (mitophagy) may cause accumulation of aged/dys-
functional mitochondria. It is conceivable that the aged/dys-
functional mitochondria are less efficient in converting the
proton gradient into ATP without producing much reactive
oxygen species. In other words, the accumulation of aged/
dysfunctional mitochondria may contribute to or aggravate
the increased oxidative stress in subjects with insulin resist-
ance and hyperinsulinemia. Similarly, the accumulation of
aged/dysfunctional ER may cause increased production of
misfolded large proteins, such as Tau protein, seen in Alzhei-
mer disease (43) and cause the so-called ER stress. ER stress
is known to be associated with insulin resistance and hyper-
insulinemia (49).
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Starvation

It is known that insulin can sup-
press autophagy through mTOR (1).
mTOR inhibits autophagy via Akt/
S6K (50). It has recently been shown
that insulin can also inhibit autoph-
agy through the Akt/FoxO3 path-
way in skeletal muscles (41, 50).
Specifically, insulin can inhibit
expression of several autophagy
genes, which are mediated by
FoxO3 (41, 50). In this study, we
show that insulin can inhibit auto-
phagy by blocking the expression of
vps34, atgl2, and gabarapll genes.
VPS34 is involved in the initiation of
autophagy (1). ATGI12 is required
for the formation of Complex I (see
Fig. 2). GEC1 is a part of Complex II
G. (Fig. 2). Our results show that the
expression of these genes is FoxO1-
dependent in hepatocytes. Thus, our
results provide new insight into the
mechanism by which insulin sup-
presses autophagy.

In summary, results from this
study demonstrate that in the pres-
ence of insulin resistance and
hyperinsulinemia, autophagy is sup-
pressed. The reduced autophagy
will lead to delayed removal of mis-
folded large molecules and aged/
dysfunctional cellular organelles.
Thus, the reduced autophagy level
may be a major contributor to the
development of various major diseases that are associated with
modern lifestyles characterized by overeating and/or physical
inactivity. Our results also shed new light on the mechanism of
insulin regulation of autophagy. Therefore, results from this
study may provide new approaches for the prevention and
treatment of many modern major diseases, such as metabolic
syndrome (including insulin resistance), Alzheimer disease,
asthma, cancers, and aging.

Insulin

Starvanon + insulin

Glucagon + insulin
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