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Advanced glycation end products (AGE) accumulate in dia-
betic patients and aging people because of high amounts of
three- or four-carbon sugars derived from glucose, thereby
causing multiple consequences, including inflammation, apo-
ptosis, obesity, and age-related disorders. It is important to
understand the mechanism of AGE-mediated signaling leading
to the activation of autophagy (self-eating) that might result in
obesity. We detected AGE as one of the potent inducers of
autophagy compared with doxorubicin and TNF. AGE-medi-
ated autophagy is inhibited by suppression of PI3K and poten-
tiated by the autophagosome maturation blocker bafilomycin. It
increases autophagy in different cell types, and that correlates
with the expression of its receptor, receptor for AGE. LC3B, the
marker for autophagosomes, is shown to increase upon AGE
stimulation. AGE-mediated autophagy is partially suppressed
by inhibitor of NF-kB, PKC, or ERK alone and significantly in
combination. AGE increases sterol regulatory element binding
protein activity, which leads to an increase in lipogenesis.
Although AGE-mediated lipogenesis is affected by autophagy
inhibitors, AGE-mediated autophagy is not influenced by lipo-
genesis inhibitors, suggesting that the turnover of lipid droplets
overcomes the autophagic clearance. For the first time, we pro-
vide data showing that AGE induces several cell signaling cas-
cades, like NF-kB, PKC, ERK, and MAPK, that are involved in
autophagy and simultaneously help with the accumulation of
lipid droplets that are not cleared effectively by autophagy,
therefore causing obesity.

Because of non-enzymatic glycosylation (glycation) of cellu-
lar proteins, advanced glycation end products (AGE)? are
formed by reducing sugars or their reactive carbonyl metabo-
lites, such as methylglyoxal (MGO) and glycolaldehyde. Accu-
mulation of AGE in the aging tissues leads to several patholog-
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ical consequences (1-3). The subsequent increase in AGE leads
to oxidant stress and tissue damage (4). AGE are known to
interact with their specific receptors, RAGE (receptors for
AGE), which results in cell signaling that induces various ail-
ments like retinopathy, neuropathy, nephropathy, and athero-
sclerosis (5, 6). Chronic inflammation affects the tissue envi-
ronment, especially in age-related diseases like diabetes,
atherosclerosis, cancer, etc. (7). Diabetic patients are often
prone to obesity because of the activation of lipogenesis.

The inability of peripheral tissues to take up glucose in insu-
lin resistance leads to altered metabolic conditions associated
with obesity, type 2 diabetes, and cardiovascular diseases. High
amounts of glucose increase lipogenesis and autophagy (8, 9).
Lipid accumulation is a marker for nutrient excess in cells.
Autophagy/autophagocytosis is an intracellular degradation
system that delivers cytoplasmic constituents to the lysosome
and regulates intracellular energy homeostasis and metabolism
(10-12). Although autophagy is a simple process, it plays an
important role and has physiological and pathophysiological
consequences. TNF, a monokine, has been reported previously
to be one of the major immune regulators of macroautophagy
in skeletal muscles (13). On the other hand, doxorubicin, a
potent anti-cancer drug, has been shown to increase autophagy
flux in cardiomyocytes (14). Half of the autophagy genes (Atg),
discovered in yeast, have mammalian counterparts, such as
Beclinl and DNA-damage regulated autophagy modulator 1
(DRAM1). These genes are required for the activation of
autophagy and are under the control of different transcription
factors. Mammalian microtubular light chain protein 3 (LC3B),
the counterpart of yeast Atg8, has been shown to be cleaved,
modified, and attached to the autophagosome membrane (15).
p62, a signaling multidomain scaffold protein, binds to LC3B
and is accumulated, followed by degradation in autophago-
somes (16). LAMP2 encodes three variants, LAMP-2A, LAMP-
2B, and LAMP-2C. These are lysosomal membrane proteins
implicated in the measurement of autophagy turnover (17).
AGE have been shown to increase NF-«B activation upon inter-
action with their receptor, RAGE, and induce inflammatory
responses (18, 19). Recruitment of the molecules in the cyto-
plasmic milieu upon this AGE-RAGE interaction is still
unknown. Many molecules involved in autophagy are depen-
dent on NF-kB (20-22). Although autophagy is regulated by
activation of the Ras-Raf kinase-MAPK pathway (23, 24), the
AGE-mediated induction of these molecules is still unknown.
There might be a correlation between the activation of the
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NF-kB and Ras pathways for AGE-mediated autophagy.
Diminished metabolic activities often lead to an increase in
sugar level and, later on, lipogenesis, especially in aged persons
and diabetic patients. High sugar levels increase AGE under
these conditions. In this study, we clearly show that the
increased amount of AGE leads to lipid accumulation in cells.
Sterol regulatory element binding protein (SREBP) is a basic
helix-loop-helix transcription factor that expresses several
genes involved in cholesterol, fatty acids, phospholipids, and
triglycerides synthesis (25, 26). The statin group of com-
pounds is known to block lipogenesis by inhibiting the
HMG-CoA pathway (27). Because AGE increase lipogenesis
via activation of SREBP on one hand and autophagy on the
other, there might be a correlation between AGE-mediated
autophagy and lipogenesis.

Autophagy is beneficial to cells and individuals. However,
AGE mediate several deleterious effects, and lipogenesis is one
of them. To nullify this effect, autophagy might start immedi-
ately upon AGE stimulation. Clearance of these lipids is ideal
for autophagy. Surprisingly, we found that AGE-mediated
autophagy is unable to clear the lipids. For the first time, we
provide data showing that AGE-mediated autophagy is unable
to reduce the lipid load in cells that arises because of a high
amount of AGE in cells. Obesity has typical adverse effects in
these scenarios. This study will help to design therapeutics that
will help to reduce obesity by targeting the signaling cascade
that helps to reduce lipogenesis in addition to the classical ther-
apeutic medicines like the statin group of compounds or per-
oxisome proliferator-activated receptor analogs, which are
used as anti-diabetes drugs and often have obesity as a side
effect.

Experimental Procedures

Reagent and Cell Culture—Unless noted otherwise, all chem-
icals and anti-tubulin antibody were obtained from Sigma-Al-
drich (St. Louis, MO). TRIzol was purchased from Invitrogen.
DMEM, FBS, and Lipofectamine transfection reagent were
obtained from Life Technologies. DAPI was purchase from
Molecular Probes (Eugene, OR). Novastatin was obtained from
Lupin Laboratories Ltd. (Mumbai, India). Anti-RAGE antibody
was from Santa Cruz Biotechnology (Santa Cruz, CA). All other
antibodies were from Cell Signaling Technology (Beverly, MA).
The LC3B-GFP clone was a gift from Dr. Noboru Mizushima
(University of Tokyo, Japan). Dr. Annapurni Rangarajan
(Indian Institute of Science) provided Atg7 and Atgl2 shRNA.

The human cell lines used in this study were HepG2 (hepa-
tocellular carcinoma), HeLa (epithelial adenocarcinoma), U-87
(glioblastoma), A-431 (epidermoid adenocarcinoma), U-937
(histiocytic lymphoma), HCT116 (colorectal carcinoma),
HaCaT (keratinocyte), Hep3B (hepatocellular carcinoma),
MDA-MB-231 (breast adenocarcinoma), and Saos-2 (osteosar-
coma) and were obtained from the ATCC. The PC3 (prostatic
adenocarcinoma) cell line was obtained from the National Cen-
tre for Cell Science (Pune, India).

Preparation of AGE and Assay for Measuring Their Con-
centration—Human serum albumin (HSA) was dissolved in
saline solution (4 mg/ml) and incubated with MGO for 7 days
under sterile conditions at 37 °C. HSA was glycated nonenzy-
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matically by MGO. The mixture was dialyzed and the concen-
tration of glycated HSA was measured by the Periodate method
as described earlier (28). The amount of glycated HSA was 4
nmol/mg of HSA (equivalent to 0.3 mol/mol of HSA). This
MGO-incorporated HSA was considered AGE and used fur-
ther in this study.

MDC Staining—Cells were washed three times with PBS (pH
7.4) and stained with MDC for 10 min at 37 °C after their
respective treatments. Thereafter, intracellular MDC was mea-
sured by fluorescence photometry/fluorimetry (excitation at
380 nm and emission at 525 nm) as described previously (29).
Similarly, treated cells were used for fluorescence microscopy
for qualitative analysis of autophagy. Autophagy was measured
by determining the increased intensity of fluorescence in
MDC-stained autophagosomes. The amount of autophagy is
represented as -fold increase per relative fluorescence units.

RT-PCR—The TRIzol method was used to isolate total RNA
from treated cells. 1 pg of total RNA (quantified by absorbance
at 260 nm) was reverse-transcribed into cDNA by the ONE-
Step-Access RT-PCR kit (Promega, Madison, W1), followed by
amplification of the gene of interest using gene-specific primers
for Beclin-1, DRAM]1, and tubulin. PCR was performed by inac-
tivating avian myeloblastosis virus and RNA primer denatur-
ation for 4 min at 94 °C and by repeating the cycles at 94, 55, and
72 °C. Amplified products were separated on agarose gel by gel
electrophoresis (2%) and visualized by ethidium bromide
staining.

Transfection with GFP-LC3B—To visualize AGE-mediated
autophagosome formation/induction, HepG2 cells were tran-
siently transfected with vector control GFPand GFP-LC3B con-
structs using the Lipofectamine reagent kit according to the
instructions. After 5 h, cells were incubated in rich DMEM for
the next 12 h. Cells were used further to determine the amount
of LC3B by fluorescence microscopy or Western blot by ana-
lyzing whole-cell extracts.

EMSA—The DNA binding activity of NF-«B and SREBP was
determined by EMSA as described before (30). Briefly, nuclear
extract proteins (10 ug) were incubated with **P end-labeled,
double-stranded oligonucleotides, and the DNA-protein com-
plexes were separated from free oligonucleotides on 7.5% native
polyacrylamide gel and visualized in an image reader using
Multi-Gauge software 3.0 (Fuji, Japan).

Immunofluorescence Staining—Treated cells were washed
gently three times and fixed by 4% paraformaldehyde for 15 min
at 37 °C, followed by 0.1% Triton-mediated permeabilization at
30 °C for 15 min. This was followed by gentle washing with PBS
three times, followed by blocking using 1% BSA at room tem-
perature for 30 min and incubation with primary antibody for
90 min at 4 °C. This procedure was followed by washing three
times with PBS and incubation with secondary antibody in the
dark for 90 min. After washing and air-drying the slide, DAPI
was applied, and a coverslip was placed gently to avoid bubbles.

Oil Red Staining—Oil Red O staining was carried out to
determine lipogenesis in cells (31). Cells were first fixed in 4%
formaldehyde for 30 min and washed with PBS three times,
followed by staining with freshly diluted Oil Red O stain (6:1 in
water) from 0.5% stock solution in isopropanol for 15 min. After
gentle washing with PBS three times, cells were observed under
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FIGURE 1. The effect of AGE on induction of autophagy. A7, HepG2 cells were stimulated with AGE (100 wg/ml), TNF-« (1 nm), or doxorubicin (DOX, 1 um) for
different times in triplicate. After treatments, cells were fixed with paraformaldehyde (4%), washed three times with PBS, stained with MDC (50 um) for 15 min,
and washed three more times with PBS. Cells were collected, and fluorescence was measured and indicated as —fold, considering the unstimulated cell value as 1-fold
from three independent experiments. A2, cells were stimulated with AGE, doxorubicin, or TNF for 12 h and stained with MDC. The fluorescence of stained cells was
visualized under a fluorescence microscope. B, cells were stimulated with different concentrations of AGE for 0, 12, and 24 h in triplicate, and data are represented as
-fold of induction, as determined from two independent experiments. C, cells were pretreated with anti-RAGE antibody (Ab) for 6 h and then stimulated with AGE for
12 h. The autophagy index was measured by fluorescence photometry, and data extrapolated from three independent experiments are represented as induction in
mean -fold. D, representative images are shown for the level of autophagy induction in cells pretreated without or with anti-RAGE antibody, followed by AGE for 6 and
12 h, respectively (D). Error bars represent mean = S.E. (Student’s t test). ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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FIGURE 2. The effect of AGE on induction of autophagy in various cell types. A, different cells were incubated without or with AGE (100 wg/ml) for different
times. The fluorescence photometry experiment was performed in triplicate, and data extrapolated from three independent experiments are represented as
-fold of induction (mean = S.E.), taking the unstimulated cell value as 1-fold. B, the basal amount of RAGE was measured from WCEs of various cell lines (100 ng
of protein) by Western blot analysis. C, the amount of RAGE was determined from WCE in AGE-stimulated cells for different times (t) by Western blot analysis.

GE

a microscope. For subsequent quantification of lipid droplets,
Oil Red O-stained cells were dissolved in isopropanol, and ab-
sorbance was recorded at 500 nm.

Western Blot Analysis—After various treatments, whole-cell
extracts (WCEs) were prepared, and 50 ug of protein was used
for this procedure. The same gel was stripped and used to detect
tubulin.
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Statistical Analysis—The data were plotted as mean =
S.D. from one experiment of triplicate samples. Statisti-
cally significant differences were determined by unpaired
Student’s £ test or one-way analysis of variance followed by
the appropriate post hoc test (Tukey’s multiple comparison
test) using GraphPad Prism5. p < 0.05 was considered to be
significant.
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FIGURE 3. The effect of AGE on autophagy in HepG2 cells. A, semiquantitative PCR analysis of autophagy genes in AGE-stimulated cells for various time (t)
periods. M, marker lane. B, WCEs were prepared from AGE-stimulated cells for different times, and Western blot analysis was performed to detect DRAM1,
Beclin1,LC3B, and p62. C, the amounts of LC3B and p62 were determined by Western blot analysis in rapamycin (RAP) and AGE-stimulated cells. D, HepG2 cells
were transfected with GFP-LC3B and stimulated with AGE. Western blot analysis was performed from WCEs prepared from these cells, stimulated with different
concentrations of AGE for 24 h. ET and E2, representative fluorescence images from GFP-LC3B transfected cells stimulated without or with different concen-
trations of AGE for 24 h (E2), and the LC3B puncta counts are plotted as well (E7). F1,immunofluorescence images were captured using ant-LC3B antibody for
bafilomycin A1 (BafAT) or WM treatment in the presence or absence of AGE. F2, LC3B dots were counted and plotted.

Results

HSA coupled with methylglyoxal was used as the AGE for
this study. Various reagents, especially inhibitors, used for this
study did not show any cytolysis as determined by lactate dehy-
drogenase release by the treated cells (data not shown).

AGE Induces Autophagy—To understand the effect of AGE
on autophagy, HepG2 cells were incubated with TNF (1 nm),
doxorubicin (1 um), or AGE (100 ug/ml) for different times.
Cells were then stained with MDC, and the fluorescence inten-
sity was measured and indicated in -fold of induction from
three independent experiments (Fig. 1A1). All three inducers
increased MDC fluorescence kinetically, but AGE-mediated
enhancement was more compared with doxorubicin and TNF.
MDC-stained HepG2 cells consistently showed increased fluo-
rescence intensity as a result of autophagosome formation by
AGE (Fig. 1A2). These data suggest that AGE potently increase
autophagy. Furthermore, AGE-mediated autophagy was as-
sessed by fluorescence photometry in a dose-dependent man-
ner (Fig. 1B). AGE are known to bind RAGE and initiate down-
stream signaling cascades. To confirm this, HepG2 cells were

1484 JOURNAL OF BIOLOGICAL CHEMISTRY

blocked by anti-RAGE antibody, and then the status of
autophagy upon AGE treatment was examined by fluorescence
photometry and microscopy. Interestingly, these experiments
showed that recruitment of RAGE is essential in AGE-mediated
autophagy (Fig. 1, C and D).

AGE Induces Autophagy Irrespective of Cell Type—AGE
treatment in HepG2 cells resulted in an increase in autophagy
in a time- and concentration-dependent manner, but this effect
may be cell type-specific. By fluorescence photometry, AGE
was found to exemplify autophagy in different cell lines, follow-
ing a similar pattern as in HepG2 cells, as determined by the
fluorescence intensity of MDC-stained cells. The experiments
were repeated three times and are indicated in mean -fold
increase (Fig. 2A4). The amount of RAGE was determined by
Western blot analysis of WCE (Fig. 2B). The variation in the
level of autophagy in different cell types can be justified by the
difference in RAGE expression in these cells. Upon stimulation
of AGE for different times, the amount of RAGE was not altered
in HepG2 cells (Fig. 2C). This result suggests that AGE are
unable to increase the expression of their receptor, RAGE. Col-
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FIGURE 4. The effect of various inhibitors on AGE-mediated autophagy. A, Western blot analysis was performed from WCEs prepared from cells pretreated
with the IKKB/a inhibitor BAY11-7082 (2 um) for 3 h, followed by AGE (100 wg/ml) stimulation for 12 h. The amounts of LC3B, LAMP2B, p62, phospho-ERK1/2,
and phospho-p38 MAPK were determined by Western blot analysis. B, the amounts of phospho-ERK1/2 and phospho-p38 MAPK along with LAMP2B, p-62, and
LC3B were determined by Western blot analysis in SR-pretreated cells (10 um for 3 h) followed by AGE-stimulated (100 wg/ml for 12 h) cells. C7, cells were
pretreated with PKC inhibitor (PKC /) (2 um for 3 h), followed by stimulated with AGE for 12 h. The WCE was used to perform the Western analysis blot to
determine the amounts of phospho-ERK1/2, phospho-p38 MAPK, p62, and LC3B. C2, WCE from cells stimulated with AGE for 12 h and pretreated with PD98059
(PD, 2.5 umfor 5 h) or SB202190 (2.5 um for 5 h) were collected, and we determined the amounts of LC3B, p62, and phopho-ERK1/2 or phospho-p38 MAPK by
Western blot analysis. D, HepG2 cells were pretreated with BAY, SR, or PKC | and all together for 3 h, followed by stimulation with AGE for 12 h. Data from one
fluorescence photometry experiment of three independent experiments are represented as -fold increase, considering the unstimulated/untreated cell value
as 1-fold. Error bars represent mean = S.E., Student’s t test. Inset, NF-xB DNA binding assayed from NE. E, cells transfected with /kBa-DN for 6 h were incubated
for 12 h. Cells were stimulated with AGE for 12 h, and the amounts of Bectlin1, LC3B, p62, and phospho-ERK were determined by Western blot analysis. F7 and
F2, transfected cells stimulated with AGE were stained with MDC, and fluorescence images are shown (F7) along with quantification (F2). t, time. Error bars

represent mean = S.D. ns, not significant; ***, p < 0.001.

lectively, these results support our hypothesis that AGE-medi-
ated autophagy is independent of cell type.

AGE Increase Autophagy—Autophagy markers (LC3B, an
indicator of autophagy induction; p62, a marker for autophagic
clearance; and Beclinl and DRAMI, proteins for autophagy
initiation) were determined in AGE-stimulated cells. Total
mRNA for DRAM1 was increased and stabilized with time. On
the other hand, Beclinl expression was increased and then
decreased slightly (Fig. 3A). These data were supported further
by determining the amount of proteins as detected by Western
blot analysis (Fig. 3B). LC3B expression was found to be
dynamic, indicating the induction of autophagy. The decrease
in the amount of p62 (Fig. 3C) well complemented our data
showing that autophagy was maintained upon AGE treatment.

AGE, like rapamycin, a positive inducer of autophagy,
increased autophagy, as shown by an increased amount of
LC3B (Fig. 3C). Evidence from the GFP-LC3B transfection
study confirmed the formation and accumulation of GFP-LC3B
puncta in cells upon AGE treatment, as shown by fluorescent
cells (Fig. 3E2) and the number of puncta (Fig. 3E1) and the
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amount of LC3B from transfected cells (Fig. 3D). Autophago-
somes accumulated in cells pretreated with bafilomycin A1, an
inhibitor of autophagosome-lysosome fusion, and in AGE-
stimulated cells, although wortmannin (WM), an inhibitor of
PI3K treatment, decreased this accumulation, as shown by im-
munofluorescence images (Fig. 3FI) and the number of LC3B
puncta (Fig. 3F2). These data suggest that AGE-mediated
autophagy might be proceeding through activation of PI3K and
that interfering with autophagosome-lysosome fusion protects
the autophagosome and prevents further maturation or
degradation.

Inhibitors of NF-kB and Raf Kinase Potently Inhibit AGE-
mediated Autophagy—Treatment with AGE alone strongly
enhanced the amounts of phospho-ERK1/2, phospho-p38
MAPK, and LC3B, with a notable decrease in p62 and LAMP2B
proteins. Conversely, BAY11-7082 (an IKK inhibitor) partially
inhibited AGE-mediated autophagy and reduced phosphoryla-
tion of ERK1/2 and p38 MAPK (Fig. 44). Subsequently, the
effect of sorafenib (SR) (a Raf kinase inhibitor), PKC I (a PKC
inhibitor), and MAPK inhibitors (SB202190 for p38 MAPK and
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PD98059 for MEK1) on phosphorylation of its target proteins
and autophagy was examined by Western blot analysis. The
results showed a marked reduction in autophagy and efficient
blocking of ERK1/2 and p38 MAPK phosphorylation (Fig. 4, B,
C1,and C2). Taken together, these findings clearly indicate that
the activation of ERK1/2 and p38 MAPK directed by upstream
kinases Raf and PKC is under surveillance of NF-«B and con-
trols autophagy. Overall, the quantitative representation of
autophagy, as determined from MDC-stained cell fluorescence,
supported the similar activity with various inhibitors, as deter-
mined from three independent experiment (Fig. 4D). Subse-
quently, upon AGE stimulation in /kBa-DN (IkBa dominant
negative)-transfected cells, there was a significant reduction in
the amount of Beclinl, LC3B, p62, or phospho-ERK (Fig. 4E)
and autophagy, as determined by MDC-stained cells (Fig. 4F1I)
and fluorescence intensity (Fig. 4F2).

NF-kB Plays an Important Role in AGE-mediated Auto-
phagy—To gain more insights into the mechanism, we investi-
gated the time-dependent activation of NF-«B by AGE. AGE
increased NF-«kB DNA binding in a time-dependent manner
(data not shown). From previous results (Fig. 4, A-D), we sug-
gested the existence of NF-kB-driven MAPK activation via Raf
kinase in autophagy. We also found that the amount of nuclear
p65 was decreased in BAY-pretreated cells and partially inhib-
ited in SR- or PKC I-pretreated cells, as determined by an im-
munofluorescence study (data not shown). A gel shift assay
demonstrated a similar result with all of these inhibitors (Fig.
4D, inset). The effect of these inhibitors on ERK1/2 phosphor-
ylation strengthened our data by pointing out the existence of a
complex cascade involving NF-«kB, Raf kinase, PKC, and MAPK
in AGE-mediated autophagy regulation.

Autophagy Promotes Lipogenesis, and Autophagy Inhibitors
Decrease Its Activation—To explore the contribution of
autophagy in lipogenesis, Oil Red O staining was done in AGE-
treated HepG2 cells. This further correlated with MDC-stained
fluorescence images of autophagosomes. As shown in Fig. 54,
both lipogenesis and autophagy were enhanced remarkably
upon AGE stimulation in a time-dependent manner. Mangife-
rin was used as a known inhibitor of AGE-mediated lipogenesis.
To validate the probable role of autophagy in lipogenesis, Oil
Red O staining was again done in the presence of autophagy
inhibitors and mangiferin and showed a dramatic drop in lipid
droplets, as indicated by microscopic viewing (Fig. 5B), and the
mean -fold of induction, as determined from absorbance data of
three independent experiments (Fig. 5C).

AGE-mediated Lipogenesis Is Inhibited Partially by Inhibitors
of PKC or MAPK but Significantly by Raf Kinase or IKKs—AGE-
mediated lipid accumulation, as detected by Oil Red O staining,
was inhibited to almost 50% by PKC I or SB and PD98059. BAY
or SR inhibited almost 80% of lipid accumulation in AGE-stim-
ulated cells, as shown by microscopic viewing of cells with Oil
Red O-stained particles (Fig. 6A4) or the absorbance of Oil Red O
stain in cells (Fig. 6C). Almost complete inhibition of lipid
accumulation was observed in AGE-stimulated cells pre-
treated with novastatin, a known inhibitor of the HMG-CoA
pathway or SR and BAY (Fig. 6B). These data suggest that the
NE-«B and Raf kinase pathways are involved in AGE-medi-
ated lipid accumulation.
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FIGURE 5. The effect of AGE on autophagy and lipogenesis. A, bottom row,
HepG2 cells were stimulated with 100 mg/ml AGE for different times (t). Cells
were stained with MDC, followed by visualization under a fluorescence micro-
scope. Top row, stimulated cells were incubated with Oil Red O stain and
visualized under a microscope. B, HepG2 cells were pretreated with mangife-
rin (10 wg/ml) and WM (100 nm) for 3 h or bafilomycin A1 (BafA1, 10 nm) for 5 h,
followed by stimulation with AGE (100 ug/ml) for 12 h. Images of Oil Red
O-stained cells are shown. C, quantification of Oil Red O-stained particles in
HepG2 cells was done by measuring absorption at 500 nm and is represented
as-fold, considering the unstimulated cell value as 1-fold. Error bars represent
mean = S.E. (Student’s t test). ***, p < 0.001.

AGE-mediated Autophagy and Lipogenesis Are Not Inter-
linked Mechanistically—To detect the role of AGE-mediated
autophagy in lipogenesis, we determined the amount of molec-
ular markers of autophagy. The AGE-mediated increases in the
amounts of Beclinl, DRAMI, and fatty acyl synthase were
decreased substantially in BAY-pretreated cells as determined
by RT-PCR (Fig. 6D). BAY- and SR-pretreated cells showed
inhibition of the AGE-mediated increase in the amount of
Beclinl, p62, and LCB I and II as determined by Western blot
analysis (Fig. 6E). Suppression of AGE-mediated lipid accumu-
lation (Fig. 6, F1 and F2) and SREBP expression, as determined
by Western blot analysis (Fig. 6G), was observed in /kBa-DN-
transfected cells. These data suggest that NF-«B plays an
important role in the regulation of AGE-mediated autophagy.
BAY, in combination with SR, completely inhibited AGE-me-
diated lipogenesis, as shown by the absorbance of Oil Red
O-stained particles in cells (Fig. 6H1), and NF-«B and SREBP
DNA binding activity (Fig. 6/). Although novastatin completely
inhibited AGE-induced SREBP DNA binding (Fig. 6K) and lipo-
genesis (Fig. 6H1), the amounts of LC3B and Beclinl (Fig. 61)
and MDC fluorescence (Fig. 6H2) were not decreased signifi-
cantly. These data suggest that NF-kB and Raf kinase are major
determinants for AGE-mediated lipogenesis and autophagy.
Lipogenesis may not induce autophagy, and novastatin did not
significantly affect autophagy. However, lipogenesis was re-
duced in the case of autophagy inhibition. Suppression of NF-
kB shows significant inhibition of AGE-mediated autophagy and
lipogenesis.

AGE Kkinetically increased SREBP DNA binding (Fig. 7A).
Unlabeled SREBP DNA and antibody against SREBP, but not
cyclin D1 or p65, suppressed SREBP DNA binding in AGE-
induced NE, suggesting the specificity of the SREBP gel shift
band (Fig. 7B). Brefeldin A (BR), a blocker of vesicular transport
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of proteins to the Golgi apparatus, suppressed nuclear trans-
location of SREBP, as evident from the gel shift assay (Fig.
7C). AGE increased the amount of SREBP, and BR was
unable to suppress this, as determined by semiquantitative
PCR (Fig. 7D). BR inhibited AGE-mediated SREBP activa-
tion, as determined by Western blot analysis (Fig. 7E). These
data suggest that AGE increase SREBP at the transcriptional
level. Inhibiting autophagy upon Atg7 and Atgl2 shRNA
transfection and subsequent stimulation with AGE resulted
in an increase in the accumulation of lipid droplets in cells
(Fig. 7F).

Glucose increased lipogenesis and autophagy almost
4-fold. Compared with glucose, AGE increased both of these
almost 8-fold (Fig. 8, A and B). Wortmannin and novastatin did
not increase lipogenesis or autophagy. Rapamycin increased
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autophagy but not lipogenesis. The lipolytic activators caffeine
and epigallocatechin gallate also showed reduced lipid accumu-
lation. Novastatin inhibited both glucose- and AGE-mediated
lipogenesis (Fig. 8C, top panel), but it inhibited glucose- but not
AGE-mediated autophagy (Fig. 8C, bottom panel). Cells, when
incubated with 25 mwm glucose or 100 ug/ml AGE for different
times, showed an accumulation of lipid droplets prior to
autophagy induction in the case of glucose, but autophagy was
preceded by accumulation of lipid droplets in the case of AGE
stimulation (Fig. 8D). Novastatin completely inhibited AGE-
mediated lipogenesis but not autophagy, further suggesting
that AGE-mediated lipid accumulation is independent of
autophagy. These data further suggest that lipogenesis is inde-
pendent of autophagy in the case of AGE but that it might
induce autophagy in the case of glucose.
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FIGURE 7. The effect of AGE on SREBP expression and the role of
autophagy in lipid accumulation. A, HepG2 cells were stimulated with AGE
(100 pg/ml) for different times, and SREBP DNA binding was assayed. B, the
Nes of AGE-induced cells were incubated with 2 pg of anti-cyclin D1, anti-
SREBP, or anti-p65 antibody or unlabeled SREBP DNA (200 ng, double-
stranded) for 1 h at 4 °C, and SREBP DNA binding was assayed. C, cells were
treated with BR for 3 h and then stimulated with AGE for 12 h. SREBP DNA
binding was determined from NE from 50% cells. CE, cytoplasmic extract. D,
the remaining 50% cells were used for semiquantitative PCR to determine the
amounts of SREBP mRNA and actin. E, the amount of SREBP was determined
from BR-pretreated and AGE-stimulated cells by Western blot analysis. F,
HepG2 cells, transfected with Atg7 and Atg12 shRNA were stimulated with AGE
for 12 h. Cells were stained with Oil Red O and visualized under a microscope.

Discussion

Accumulated advanced glycation end products have been
shown to aggravate several ailments in aged people and diabetic
patients. An understanding of the molecular mechanism for
these deleterious effects because of high levels of AGE is
required for future effective therapy. Obesity is one of the key
phenomena under these conditions because of decreased met-
abolic activities. Presently, several peroxisome proliferator-ac-
tivated receptor analogs, like glitazones, are in use to treat dia-
betes and often have obesity as a side effect (32). Autophagy
(self-eating) is the “self-consumption” mechanism whereby
cells try to remove the unwanted materials inside and renew
this debris as a source of energy. Obesity might be triggered by
this autophagy mechanism. We found a role of AGE in
autophagy and lipogenesis, so the detection of detailed mecha-
nisms between them might help to regulate AGE-mediated del-
eterious effects like obesity. The role of peroxisome prolifera-
tor-activated receptors in obesity and the correlation with
autophagy has yet to be studied.

We used glycated HSA, which is made by methylglyoxal, and
the amount of HSA used for this study was within the limit of
the physiological concentration in the serum. HSA is an inert
molecule in terms of cell signaling, but HSA-MGO induces cell
signaling via RAGE and acts as AGE. AGE increase autophagy
more potently than known inducers like TNF or doxorubicin,
as determined by the increase in autophagy markers like
beclinl, DRAM1, and LC3B and fluorescence-labeled autopha-
gosomes. Induction of autophagy by AGE is not restricted to
specific cell types, but the potency depends on the amount of its
receptor, RAGE. When inhibiting type III PI3K by wortmannin,
AGE-mediated autophagy is inhibited significantly. AGE-
RAGE interaction leads to activation of PI3K, and this might
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activate downstream signaling molecules to exert AGE-medi-
ated functions (33). Whether RAGE recruits PI3K, a mem-
brane-anchoring enzyme, in its milieu upon ligand interaction
needs to be studied further. RAGE has an Ig domain at the
N-terminal region and C-terminal region (34) that can act as a
binding site for various adaptor molecules. However, the mol-
ecules that lead to activation of PI3K or Raf kinase are still
unknown. Bafilomycin Al, a known inhibitor of autophago-
some maturation (35), potentially protected the AGE-mediated
autophagosome from degradation, further suggesting AGE-
mediated autophagy.

AGE is known to induce NF-kB through an increase in reac-
tive oxygen species generation followed by IKK activation (36).
BAY 11-7082, an IKK complex inhibitor and potent suppressor
of NF-kB activation and transfection, with dominant negative
IkBa has been shown to inhibit autophagy. NF-«B is known to
control several cellular processes. Beclinl, DRAM1, and LCBs
are involved in autophagy (15—17). The expression of Beclin1 is
dependent on NF-«B (21), and inhibition of NF-kB subse-
quently suppresses autophagy. AGE mediates NF-«B activa-
tion, which regulates autophagy. Sorafenib, a Raf kinase inhib-
itor, suppressed downstream kinases like ERK and p38 MAPK,
followed by reduced autophagy. Even the PKC inhibitor,
which suppressed ERK and p38 MAPK, partially inhibited
autophagy. Together with the NF-«B inhibitor, the PKC
inhibitor and Raf kinase inhibitor have been shown to com-
pletely inhibit AGE-mediated autophagy. We found that
inhibitors of ERK and p38 MAPK completely inhibited AGE-
mediated autophagy in combination with the NF-«B inhibi-
tor (data not shown). Therefore, upstream signaling mole-
cules, either PKC and/or Raf kinase, are involved in inducing
AGE-mediated autophagy via activation of the downstream
molecules p38 MAPK and ERK.

AGE increases lipogenesis, as shown by the accumulation of
lipid droplets, and this is correlated with the autophagic event.
Although we are getting these events simultaneously upon
AGE-stimulation, exactly how autophagy enhances lipid accu-
mulation needs to be studied further. An autophagy maturation
inhibitor, bafilomycin A1, sustained the levels of autophago-
somes and also maintained the amount of lipid particles in the
cells. The clearance of unwanted cellular content, such as mis-
folded proteins, non-functional organelles, and lipids, might be
regulated tightly by the pathway mediated by various upstream
signaling cascades. Several reports have suggested that lipid
degradation is preceded by autophagy (37, 38), although we did
find sustained lipid droplets in AGE-stimulated autophagy.
Caffeine and epigallocatechin gallate clear lipid droplets by
activating autophagy. We found that glucose-mediated lipo-
genesis dictates cells for autophagy, whereas AGE increase
autophagy prior to lipid accumulation. This observation illus-
trated that AGE-mediated autophagy is assisting lipogenesis on
one hand and lipolysis on the other and that the end result is
accumulation. AGE might induce lipogenesis and autophagy
independently, but the amount of lipid generated is more than
the utilization in the cells via autophagy. AGE have been shown
to induce cell death (28). Accumulated lipid particles might
increase AGE-mediated cell death and need to be studied fur-
ther. Lipogenesis and lipolysis are interlinked phenomena and
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depend on the expression of SREBP. Processing of SREBP via
the Golgi-endoplasmic reticulum network is required for its
transcriptional activation, followed by lipogenesis. We found
that AGE do not interfere in SREBP processing but increase
SREBP expression via NF-«B activation. Statins (e.g. novastatin)
are a group of compounds that competitively block the activa-
tion of enzymes involved in lipogenesis. Novastatin is known to
inhibit SREBP transcriptional ability, thereby disrupting lipo-
genesis, but this has not interfered significantly with AGE-me-
diated autophagy. However, the inhibitors of NF-«B, PKC, or
Rafkinase partially inhibited lipid accumulation. We found that
the PKC inhibitor inhibited Raf kinase (data not shown). There-
fore, partial inhibition of AGE-mediated autophagy and lipo-
genesis by the PKC inhibitor further suggests the involvement
of Raf kinase. The inhibitors of Raf kinase and IKKs in combi-
nation completely suppressed lipid accumulation, suggesting
that these two pathways are involved in AGE-mediated lipo-
genesis. Downstream inhibitors were also able to reduce AGE-
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mediated lipogenesis to some extent. However, upstream
inhibitors such as BAY and sorafenib were able to block lipo-
genesis effectively and comparably with the effect of novastatin.
However, we provide data suggesting that the AGE-RAGE
interaction leads to activation of cell signaling cascades: PKC,
Raf kinase, MEK1/2, ERK, p38, MAPK, and IKKs. These events
ultimately enhance transcriptional activity of NF-«kB and
SREBP which lead to increase in lipogenesis and autophagy
(Fig. 9). AGE-mediated lipid accumulation and SREBP expres-
sion have been shown to be reduced in /kBa-DN-transfected
cells, supporting the notion that NF-«B indeed is the master
regulator in AGE-mediated lipogenesis.

Suppression of autophagy by transfection with Atg7 and
Atgl2 shRNA led to a significant increase in AGE-induced
lipid accumulation, suggesting partial clearance of lipids by
autophagy. Simultaneous activation of both pathways resulted
in the disturbance of the balance of the overall cytoplasmic lipid
droplets. The accumulated lipids generate signals to clear them
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FIGURE 9. Schematic of AGE-mediated autophagy and lipogenesis.
Shown is a proposed model for the role of AGE-mediated autophagy in lipid
homeostasis. ROS, reactive oxygen species.

up by autophagy, but the AGE-mediated induction of lipogen-
esis dominates their accumulation. Therefore, AGE-mediated
deleterious effects are often observed in aged persons or dia-
betic patients because of the accumulation of high amounts of
AGE. This needs to be targeted by designing suitable therapeu-
tics to regulate these signaling pathways and to nullify adverse
effects such as lipogenesis or to stimulate the autophagy mech-
anism to control the unwanted consequences.

Author Contributions—N. V. designed and performed the experi-
ments and prepared the figures. S. K. M. designed the experiments
and wrote the manuscript.
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