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and decreased mitophagy.
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(Background: AMPXK senses energetic changes and regulates glucose metabolism.
Results: AMPK o2 deficiency aggravated the glucose deprivation and necrosis of the hepatocytes via increased ROS production

Conclusion: AMPK a2 is essential for attenuation of liver injury during tumor metastasis.
Significance: This is the first time to reveal the mechanism by which glucose/energy competition induced tissue damage in
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Itis well known that tumors damage affected tissues; however,
the specific mechanism underlying such damage remains elu-
sive. AMP-activated protein kinase (AMPK) senses energetic
changes and regulates glucose metabolism. In this study, we
examined the mechanisms by which AMPK promotes metabolic
adaptation in the tumor-bearing liver using a murine model of
colon cancer liver metastasis. Knock-out of AMPK a2 signifi-
cantly enhanced tumor-induced glucose deprivation in the liver
and increased the extent of liver injury and hepatocyte death.
Mechanistically, we observed that AMPK «2 deficiency resulted
in elevated reactive oxygen species, reduced mitophagy, and
increased cell death in response to tumors or glucose depriva-
tion in vitro. These results imply that AMPK a2 is essential for
attenuation of liver injury during tumor metastasis via hepatic
glucose deprivation and mitophagy-mediated inhibition of
reactive oxygen species production. Therefore, AMPK a2 might
represent an important therapeutic target for colon cancer
metastasis-induced liver injury.

Tumor-mediated tissue damage, such as cachexia, can result
in death. Moreover, reports suggest that tumor-bearing tissues
are subjected to energetic stress. The Warburg effect was
described decades ago, aerobic glycolysis has recently been
accepted as a metabolic hallmark of cancer, and the concomi-
tant increase in glucose uptake has been demonstrated in vari-
ous tumor types (1, 2). Consequently, increased uptake and
metabolization of extra glucose by tumors result in reduced
glucose availability for neighboring tissue. The liver is essential

for the regulation of glucose metabolism and is the most com-
mon site of cancer metastasis. Previous reports have shown an
imbalance of glucose and energy metabolism conditions in the
livers of tumor-bearing patients and animals (3-5). However,
how the redistribution of glucose between tumors and neigh-
boring tissues regulates or affects the function of tumor-bear-
ing tissue remains unclear.

AMPK? is a heterotrimeric serine-threonine protein kinase
thatis conserved from yeast to mammals. AMPK is activated by
environmental or nutritional stress factors, such as hypoxia,
glucose deprivation, and inhibition of mitochondrial oxidative
phosphorylation that deplete intracellular ATP levels (6-38).
The a subunit of AMPK is the catalytic subunit, which has at
least two isoforms (al and «2) that can be phosphorylated by
several upstream kinases (CaM-dependent protein kinase
kinase (9), liver kinase B1 (LKB1) (10), cAMP-dependent kinase
(PKA) (11), and Ca®>*/CaM-dependent protein kinase II (12).
The enrichment of AMPK «al or o2 is tissue and cell specific,
particularly for the AMPK «2 isoform (13). Activated AMPK
maintains cellular energy homeostasis by activating energy pro-
duction and inhibiting energy expenditure in numerous tissues
(14). However, the role of AMPK in the regulation of tumor-
bearing tissue injury remains unknown.

Similar to AMPK activation, autophagy is also initiated
under stress conditions such as nutrient limitation or low
energy states. Autophagy acts as a survival mechanism that
eliminates damaged organelles and restores the availability of
critical metabolic intermediates (15, 16). Autophagy-defective
cells accumulate reactive oxygen species (ROS), resulting in cell
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death (17). Mitochondria produce excessive ROS and release
pro-death proteins in response to changes in the intracellular
environment, which results in disrupted ATP synthesis and
activation of cell death pathways. Mitophagy is mitochondria-
specific autophagy that clears damaged mitochondria prior to
activation of cell death. Previous studies have shown that
AMPK provides a link between energy sensing and mitophagy
(18, 19).

In the present study, we investigated the relationship
between glucose/energy competition caused by tumors and
tumor-bearing liver injury as well as the role of AMPK o2 in this
process. We found that liver metastasis was associated with
glucose deprivation and necrosis of liver hepatocytes. Knock-
out of AMPK a2 significantly aggravated the glucose depriva-
tion and necrosis of hepatocytes via increased ROS production
and mitophagy.

MATERIALS AND METHODS

MitoTracker Red CMxRS, chloromethyl-H2DCF-DA, and
dihydroethidium (DHE) were purchased from Invitrogen.
Antibodies against AMPK a1 and AMPK «2 were from Abcam
(Cambridge, MA); antibodies against p-AMPKa (threonine
172), p-mTOR, mTOR, p-4ebpl, 4ebpl, and cytokeratin 18
were from Cell Signaling Biotechnology (Danvers, MA); anti-
bodies against Galectin-3 (Mac-2) and GAPDH were obtained
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-
body against LC-3 was from Medical & Biological Laboratories
International (Woburn, MA).

Mouse Tumor Models—A liver metastasis model was carried
out as described previously (20). SL4, a mouse colon carcinoma
cellline with high incidence of experimental hepatic metastasis,
was used for this model (20). We transfected the SL4 cell line
with a vector expressing luciferase, and G418 was used for
screening the stably transfected cell strain. Thus, the intraperi-
toneal injection of D-luciferin can show the tumor location.
Briefly, after the mice were anesthetized by intraperitoneal
injection with pentobarbital (100 mg/kg), a longitudinal cut was
made below the left flank, and the spleen was exposed; then SL4
cells of the indicated quantity in 100 ul of DMEM/F12 medium
were intrasplenically injected into the spleen with a 26-gauge
needle. A visible “paling” in the spleen and the lack of bleeding
were criteria for successful inoculation. Mice were euthana-
tized at the indicated day, and the blood, spleen, and liver with
tumor were harvested after heart perfusion.

To initiate subcutaneous tumors, the left hind flank region of
each mouse was shaved and disinfected. Approximately 107
SL4 cells in 100 ul of DMEM/F12 medium were injected sub-
cutaneously in pentobarbital-anesthetized mice. Mice were
euthanatized at the indicated day, the blood and tumor-bearing
livers were harvested after heart perfusion.

Glucose Enrichment on Tumor Analysis—Fluorescent probe
XenoLight RediJect 2-DeoxyGlucosone 750 (Caliper Life Sci-
ences, Hopkinton, MA) was injected through mouse tail vein.
p-Luciferin (15 mg/ml) was intraperitoneal injected at a dose of
10 ul/g of mouse body weight just before analysis. The tumor
location and glucose accumulation was analyzed by Xenogen-
IVIS® Lumina II device (Caliper Life Sciences) 30 min after
injection of 2-DeoxyGlucosone 750.
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Liver Glucose Assay—The analysis of liver glucose concentra-
tion was performed referred to the report (21) with minor mod-
ification. A glucose assay kit was used (Sigma-Aldrich) to mea-
sure glucose content in liver remnant. The samples were
treated following the kit instructions. Briefly, the remnant liver
was weighed and ground with deionized water to aid glucose
extraction. Cell lysis fragments were removed by centrifugation
at 10,000 X g for 10 min, and the glucose in supernatant was
analyzed followed the manual with BioTek Synergy™ 4 multi-
mode microplate reader (BioTek Instruments Inc., Winooski,
VT). The data were normalized to the weight of the liver.

Glucose Mass Spectrometry Imaging—Fresh frozen tumor-
bearing liver tissue was cryosectioned at 10-um thickness. The
slices of WT and AMPKa2 ™/~ were transferred onto the same
conductive side of indium tin oxide (ITO) slides. Desiccate the
slide in vacuum for 30—60 min. After drying, matrix was
applied by the Bruker ImagePrep device (Bruker Daltonics, Bre-
men, Germany). MALDI mass spectra were acquired at nega-
tive ion mode using a reflectron geometry MALDI-TOF mass
spectrometer (Ultraflextreme; Bruker Daltonics) equipped
with a neodymium-doped yttrium aluminum garnet (Nd:
YAG)/355-nm laser as the excitation source. Imaging data were
analyzed using FlexImaging v3.0 and FlexAnalysis v3.4. The
intensity of glucose was shown as false color of image from
the mass spectrometry peak at m/z 215.03 (glucose + *°Cl) .
The intensity of the peak at m/z 70.75 (H**Cl + ?*Cl)~ from
matrix was as an internal reference.

Cell Culture and Isolation of Primary Mouse Hepatocyte Cells—
SL4 cells were maintained in 1:1 mixture of DMEM/F12 con-
taining 10% heat-inactivated FCS in a humidified atmosphere
of 95% air and 5% CO, at 37 °C. Primary hepatocytes were iso-
lated from 8 —10-week-old C57BL/6] mice using the collagen-
ase perfusion technique as described previously (22).

Histological Analysis—Livers from control mice and SL4-in-
jected mice were harvested and then paraffin-sectioned and
stained with hematoxylin and eosin for morphological observa-
tion. For immunohistochemistry, the livers sections were fixed
with 4% paraformaldehyde in PBS, incubated with the primary
antibodies, and then incubated with the Dako ChemMate™
EnVision System (Dako, Glostrup, Denmark) for 30 min. Stain-
ing was visualized with use of diaminobenzidine and counter-
staining with hematoxylin.

For immunofluorescence, cells on slides were fixed in 4%
paraformaldehyde for 30 min at room temperature; permeabi-
lized; blocked with 0.1% Triton X-100, 0.2% bovine serum albu-
min, and 5% normal donkey serum in PBS; incubated with the
primary antibodies overnight at 4 °C; and then incubated with
FITC- or TRITC-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories) at room temperature for 1 h in
the dark. After being washed with PBS, the slides were mounted
with DAPI-containing medium.

Western Blot Analysis—Samples of liver tissues or cells were
homogenized in lysis buffer (Thermo Scientific) with the HALT
protease and phosphatase inhibitor cocktails (Thermo Scien-
tific), and then the homogenates were centrifuged at 12,000 X g
for 30 min at 4 °C. After protein concentration was determined
in supernatants by using the Bio-Rad protein assay based on the
method of Bradford, protein samples were loaded on 10% SDS-
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PAGE and then transferred to a nitrocellulose membrane. Non-
specific proteins were blocked by incubating the membrane
with 5% nonfat dried milk in TBS-T for 1 h at room tempera-
ture with agitation. The nitrocellulose membrane was incu-
bated with the primary antibodies of anti-AMPK «1 (1:1000
dilution), anti-AMPKa2 (1:1000 dilution), anti-p-AMPK
(threonine 172) (1:1000 dilution), anti-p-mTOR (1:1000
dilution), anti-mTOR (1:1000 dilution), anti-p-4ebpl
(1:1000 dilution), anti-4ebpl (1:1000 dilution), and anti-
GAPDH (1:2000 dilution) overnight at 4 °C and then fluores-
cent secondary antibodies (Alexa Fluor 800; Rockland
Immunochemicals, Gilbertsville, PA) for 1 h at room tem-
perature. Protein expression was analyzed with the Odyssey
infrared imaging system and Odyssey software and normal-
ized to GAPDH expression.

Alanine Aminotransferase (ALT)/Aspartate Aminotrans-
ferase (AST) Activity Measurement—Fasting blood was col-
lected from the heart of mice and then centrifuged at the speed
of 1000 X g for 5 min at room temperature. The serum were
harvested and stored at —80 °C until analyzed. The activities of
AST and ALT were measured by Automatic Analyzer 7020
(Hitachi) with the ALT, AST assay kit (BioSino Biotechnology
& Science Inc., Beijing, China).

Measurement of Cell Survival Rate—Hepatocyte death in
tumor-metastasized liver was analyzed by using the Dead-
End™ fluorometric TUNEL system (Promega, Madison, W)
according to the manufacturer’s instructions. The determina-
tion of primary hepatocyte survival rates was performed
according to the methods used in a previous study (23) by flow
cytometry with the parameter: plasma membrane integrity.
The plasma membrane integrity was tested by the ability of cells to
exclude propidium iodide (PI; Sigma) and Hoechst 33342 (Sigma).
Briefly, the primary cultured hepatocytes were trypsinized,
washed with PBS, stained in PBS containing 5 ug/ml PI and 10
png/ml Hoechst 33342 for 10 min, and then analyzed by flow
cytometry (MoFlo XDP; Beckman Coulter). The dead cells
included the PI-positive cells and the double negative cells of PI
and Hoechst 33342 (ghost cells). Manually counting was carried
out to confirm the results obtained by flow cytometry.

Electron Microscope—Normal liver and tumor-metastasized
liver were harvested and fixed in 2% glutaraldehyde solution
buffered with 0.1 mol/liter sodium cacodylate (pH 7.4). All the
samples were embedded in Durcupan ACM. Ultrathin sections
were viewed under the transmission electron microscope
(JEOL-1230; JEOL, Tokyo, Japan) to observe the necrosis and
mitophagy of hepatocytes in tumor-bearing liver.

ROS Detection—The oxidative fluorescent dye DHE (Invitro-
gen) was employed to examine in situ production of superoxide
from 7-um frozen tissue sections (24). Briefly, serial sections of
control livers and tumor-metastasized livers were first equili-
brated with Krebs-HEPES buffer for 30 min at 37 °C. Fresh
buffer containing DHE (2 wmol/liter) was added to each tissue
section and incubated for 30 min at 37 °C in a light-protected,
humidified chamber. Then the sections were stained with
Hoechst 33342 to detect the cell nucleus and viewed by fluores-
cent microscopy.

The 5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluores-
cein diacetate, acetyl ester (CM H2DCFDA) (Invitrogen) was
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used to detect the ROS production in cultured cells (5 wmol/
liter). Its intensity was analyzed by fluorescent microscopy or
flow cytometry (FACSCalibur; BD Biosciences).

Adenoviral Infection—The constitutively active AMPK
mutant (Ad-AMPK-CA) adenoviral vector was kindly offered
by Ming-Hui Zou (25). Briefly, a rat cDNA encoding residues
1-312 of AMPK, which contained an aspartic acid residue sub-
stituted for threonine 172 (T'172D), was subcloned into a shut-
tle vector (pShuttle cytomegalovirus; Stratagene, La Jolla, CA).
An adenoviral vector expressing green fluorescent protein (Ad-
GFP) served as a control. The primary hepatocytes were
infected with Ad-GFP or Ad-AMPK-CA overnight in medium
supplemented with 2% FCS. The cells were then washed and
cultured in medium containing 5% FCS with or without glucose
for another 36 h.

Statistical Analysis—The data are expressed as means = S.D.
Statistical analyses involved use of GraphPad Prism v5.00 for
Windows (GraphPad Software Inc., San Diego, CA). Compari-
sons among more than two groups were analyzed by one-way
analysis of variance followed by Student-Newman-Keuls test.
p < 0.05 was considered statistically significant.

RESULTS

Liver Metastasis of Colon Cancer Resulted in Glucose Depri-
vation in Liver Remnants—Changes in the glucose/energy stor-
age level between the liver and tumor metastasis was examined
in a murine model of liver metastasis (26). Luciferase-express-
ing mouse colon cancer SL4 cells were injected into the spleens
of mice, which were then monitored for tumor development
and metastasis. Tumors were detected in liver and spleen sites
(Fig. 1, A and B), and they developed in the liver as time pro-
gressed (Fig. 1A4). Luciferin and 2-DeoxyGlucosone 750 were
then injected into the same mice to assess glucose uptake by the
tumors. Glucose significantly accumulated in the tumor sites of
the liver and spleen of injected versus normal mice, rather than
in the brain and heart (Fig. 1, B-D), implying that the Warburg
effect was present in our liver metastasis model. Glycogen pro-
vides the major energy source in the liver before gluconeogen-
esis is exploited (27). As shown in Fig. 1E, glycogen storage in
tumor-bearing livers was decreased on day 10 after SL4 cell
injection and was markedly reduced on day 12. The glucose
levels in the liver remnants were then analyzed and were found
to decrease over time following tumor metastasis (Fig. 1F).
Decreased glucose content in tumor-bearing livers was further
confirmed by mass spectrometry imaging on days 8 and 12 after
SL4 injection (Fig. 1, G and I). Thus, our results suggested that
liver metastasis of colon cancer resulted in glucose/energy dep-
rivation in liver remnants.

Glucose Deprivation in Tumor-bearing Livers Was Associ-
ated with Liver Injury and Hepatocyte Necrosis—We then
investigated the role of glucose deprivation in liver injury after
liver metastasis and found that the activities of AST and ALT
were slightly elevated during the early stages and markedly
increased by 12 days after SL4 injection (Fig. 2A4), indicating the
presence of liver damage. However, AST and ALT activity
declined rapidly at 16 days (Fig. 2A4), corresponding with the
limited liver remnant (Fig. 14). In addition, zonal necrotic cell
masses with nucleus loss (thus becoming dead “ghost” cells)
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FIGURE 1. Liver metastasis of colon cancer resulted in energy deprivation of liver remnant. A, the spleens of C57 BL/6 WT mice (n = 12) were injected with
5 X 10° SL4 tumor cells that stably expressed luciferase. Tumor-bearing livers and spleens were harvested at 10, 12, 14, and 16 days after injection. B,
bioluminescence imaging after p-luciferin injection on 12 day after SL4 injection showed luciferase activity from SL4, indicating the tumor location and size. C,
the same mice as B (above) were intravenously injected with a 10-nmol 2-DeoxyGlucosone (DG) 750 probe and imaged at 45 min with IVIS spectrum (excitation,
745 nm; emission, 820 nm) to show the extra accumulation of glucose by the tumor. D, the corresponding tumor-bearing liver and spleen of mice in Band C.
E, glycogen staining of liver sections, in feeding condition, 10 and 12 days after SL4 injection and of normal (control) liver. Glycogen storage decreased as the
tumor developed in the liver. The dashed line indicates the tumor region. Scale bar, 50 um. F, glucose levels in liver remnants on days 10 and 14 after SL4
injection and in normal (control) livers. The hepatic glucose level decreased as the tumor developed in the liver (n = 6 each group). G, mass spectrometry
imaging of glucose in tumor-bearing liver on days 8 and 12 after SL4 injection. Green is the false color from (glucose + 3°Cl)". It also shows that the hepatic
glucose level decreased as the tumor developed in the liver. The blue line indicates the scanned area. The arrow indicates the tumor region. Scale bar, 5 mm. H,
the corresponding tumor-bearing liver of G was imaged, whereas the fresh frozen slide was cryosectioned. /, the representative mass spectrometry spectrum

of G. * indicates the peak of (glucose + 3°Cl)~, m/z 215.03, and # indicates the internal reference peak of (H**Cl + 3>Cl)~, m/z 70.75. d, day(s).

were observed in the liver remnants after 12 days (Fig. 2B). These
cells were cytokeratin 18-positive, suggesting that they were hepa-
tocytes (Fig. 2C). The ghost-like hepatocytes were also observed
among cultured primary hepatocytes under glucose deprivation
conditions (see Fig. 4, E and F). Some of these necrotic hepatocytes
could still be detected by TUNEL staining (Fig. 2D). Hepatocyte
necrosis was further confirmed by electron microscopy (Fig. 2E).
The necrotic cells were surrounded by Mac-2-positive macro-
phages (Fig. 2, Fand G). Thus, liver metastasis caused both serious
liver glucose deprivation and liver injury.

AMPKa2 Deficiency Aggravated Both Liver Glucose Depriva-
tion and Liver Injury under Tumor Stress Conditions—It is well
known that AMPK can decrease energy consumption and pro-
mote energy production to maintain energetic balance under
stress conditions (28). AMPK also plays a positive and impor-
tant role in promoting cell survival under numerous types of
cell stress, including glucose deprivation (29). Thus, we exam-
ined whether AMPK regulates glucose/energy imbalance and

9452 JOURNAL OF BIOLOGICAL CHEMISTRY

protects against liver injury in response to tumor metastasis.
First, it was confirmed that the liver and hepatocytes enrich
AMPK a2, but not AMPK a1 (Fig. 3A). Liver AMPK a2 is pri-
marily expressed in hepatocytes, and the level of AMPK a1 was
just slightly increased in the liver and primary cultured hepato-
cytes after AMPK a2 knock-out (Fig. 34). AMPK phosphory-
lation in the liver remnant increased as the tumor developed
(Fig. 3C). Obvious zonal phosphorylation of AMPK and a
necrotic mass were also detected in the paracarcinomatous
liver of primary hepatocellular carcinoma (Fig. 3D). The AMPK
a2~'~ mouse model was then used to investigate the role of
host AMPK «2 in liver metastasis. SL4 cells were injected into
WT and AMPK «2/~ mice, and then blood and tissues were
harvested. To avoid the effect of tumor size on liver injury, we
analyzed tumor-bearing livers with similar gross weights (Fig.
3E). The hepatic glucose level was lower in AMPK o2/~
tumor-bearing mice (Fig. 3F), but the serum ALT and AST
activities were significantly higher relative to those of WT
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FIGURE 2. Energy deprivation in the tumor-bearing liver is positively asso-
ciated with liver injury and hepatocyte necrosis in colon cancer liver metas-
tasis. A, the serum ALT and AST activity mice were determined by immune com-
plex kinase assays at the time indicated in both mice injected with SL4 and mice
not injected with SL4. The injury to the liver worsened as the tumor developed in
the liver (n = 8). B, the livers were harvested 12 days after SL4 injection, paraffin-
sectioned, and subjected to hematoxylin and eosin staining. The dashed line and
letter N indicate the necrotic mass with weak staining of cell nuclei. Scale bar, 100
um. G, the livers were frozen-sectioned and subjected to immunohistochemistry
with a specific antibody against cytokeratin 18 that recognized hepatocytes. The
dashed line and letter Nindicate the necrotic cells of hepatocytes with weak stain-
ing of cell nuclei. Scale bar, 100 wm. D, a tumor-bearing liver that was paraffin-
sectioned on day 12 was subjected to TUNEL staining to indicate the dead cells.
The dashed line indicates the tumor region. Scale bar, 100 wm. E, electron micros-
copy images show necrotic hepatocytesin the tumor-bearing liveronday 12.The
arrowhead indicates the cell border. Scale bar, 100 um. F and G, hematoxylin and
eosin (HE) and IHC staining with Mac-2 antibody show the necrotic masses and
the accumulation of macrophages around the masses in the tumor-bearing liver
onday 12.The dashed lineindicates the necrotic mass. Scale bar, 200 wm. d, day(s).
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tumor-bearing mice (Fig. 3G). It has been reported that severe
liver damage is associated with more compensatory cell prolif-
eration (24). Our results showed that compensatory cell pro-
liferation was present in the tumor-bearing liver and was
enhanced by AMPK o2 deficiency (Fig. 3, H and I). AMPK can
exploit numerous pathways to decrease energy consumption,
including inhibition of gluconeogenesis and protein synthesis
(30). Increased activation of mTOR signaling, which enhanced
protein synthesis in the tumor-bearing livers of AMPK a2/~
mice, was also confirmed (see Fig. 5D). Furthermore, the
mRNA level of G6Pase, an important gluconeogenic enzyme,
was higher in the tumor-bearing livers of AMPK o2/~ mice
(Fig. 3]), corresponding to the higher blood glucose levels found
in these mice prior to the late stage (Fig. 3K). These results
imply that AMPK «2 contributes to glucose regulation during
liver tumor metastasis in remnant liver tissue.

AMPK o2 Deficiency Exacerbated Hepatocyte Death via ROS
Elevation—Increased ROS production is a major contributor to
liver damage and/or failure (31). Therefore, the association
between the contribution of AMPK a2 to hepatocyte survival
and ROS production was examined. An increase in ROS pro-
duction in tumor-bearing livers was first detected by hydroethi-
dine oxidation (DHE), and cells with a DHE-positive signal
showed zonal scattering (Fig. 4A4). It was then confirmed that
glucose deprivation resulted in ROS accumulation (Fig. 4B) and
cell death in cultured primary hepatocytes (Fig. 4E), indicating
that ROS is involved in glucose deprivation-induced hepatocyte
death. Electron microscopy showed that most of these cells died
via necrosis, and treatment with Z-VAD, an apoptosis inhibitor,
did not inhibit hepatocyte necrosis (Fig. 4F). Furthermore, AMPK
a2 deficiency resulted in increased ROS levels (Fig. 4C) and hepa-
tocyte death (Fig. 4G) under conditions of glucose deprivation.
WT or AMPK a2/~ primary hepatocytes were infected with Ad-
GEFP or Ad-AMPK-CA,; then the cells were glucose-starved. Over-
expression of Ad-AMPK-CA, but not Ad-GFP, markedly reduced
the ROS in primary hepatocytes from AMPK o2/~ mice (Fig.
4D), suggesting that activation of AMPK can effectively suppress
ROS production. The ROS inhibitor N-acetyl-L-cysteine partially
rescued both WT and AMPK «2-deficient hepatocytes (Fig. 4G).
These results suggest that AMPK «2 deficiency enhances glucose
deprivation-induced ROS accumulation in hepatocytes, leading to
increased cell death.

AMPK a2 Deficiency Enhanced ROS Accumulation via
Decreased Mitophagy—Mitochondria are major ROS produc-
ers when cells are under energetic stress (32). Mitophagy is
initiated as a survival mechanism under starvation conditions,
thus eliminating damaged organelles such as mitochondria and
reducing ROS production (19, 33). We then examined whether
mitophagy is involved in the mechanism of AMPK «a2-induced
ROS clearance in hepatocytes under tumor stress. Mitophagy
was initially detected in tumor-bearing hepatocytes using elec-
tron microscopy (Fig. 54). LC3-II associates with both the outer
and inner membranes of the autophagosome (34). As expected,
the LC3-II level was decreased in the AMPK a2/~ tumor-
bearing liver (Fig. 5B). AMPK activation inhibits mTOR signal-
ing, which inhibits autophagy (35). Increased phosphorylation
of mTOR and 4ebp1 were also detected in the AMPK a2/~
tumor-bearing liver (Fig. 5, C and D). Obvious mitophagy was
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FIGURE 3. AMPK «2 deficiency aggravated the glucose deprivation in livers under tumor stress and was associated with more serious liver injury. A, lysates
of mouse primary hepatocytes and mouse bone marrow-derived macrophages were analyzed by Western blot using antibodies against the AMPK a1 and AMPK a2
proteins, and AMPK a2 was found to be enriched in the liver, especially in hepatocytes. The spleens and mouse bone marrow-derived macrophage lysates of WT mice
were used as controls for AMPK a1 and AMPK a2 expression. B, the tumor-bearing livers of WT and AMPK 2™/~ mice were harvested 12 days after SL4 injection and
subjected to IHC staining with AMPK a2 antibodies. The results show that mouse AMPK a2 isoform was express predominantly in hepatocytes but not in SL4 or other
liver cells. The dashed line shows the tumor region. Scale bar, 50 um. C, lysates of tumor-bearing liver were analyzed 10 and 12 days after SL4 injection by Western blot
using antibodies against the p-AMPKa threonine 172 and GAPDH. AMPK phosphorylation in the liver remnant was elevated as the tumor developed. D, analysis of a
human paraffin-sectioned paracarcinomatous liver with HCC. Panel D1, IHC with AMPK a2 antibody shows the expression of the AMPK a2 isoform in human
hepatocytes. Panel D2, IHC with p-AMPKa threonine 172 antibody shows the zonal activation of AMPK in the paracarcinomatous liver with HCC. Panel D3, TUNEL-
stained paraffin-sectioned paracarcinomatous liver with HCC. Panel D4, hematoxylin and eosin (HE) staining shows the necrotic mass in the paracarcinomatous liver
with HCC. £, a different dose of SL4 was injected into WT (4 X 10° cells/mouse) and AMPK a2/~ (5 X 10° cells/mouse) mice, and the tumor-bearing livers, with similar
gross weights, were harvested for subsequent glucose analysis (n = 6). F, the liver glucose assay of WT and AMPK a2/~ mice, with similar gross tumor liver weights
on 12 day after SL4 injection, shows that AMPK a2 deficiency aggravated the glucose level in tumor-bearing livers (n = 6). G, analysis of serum ALT and AST in WT and
AMPK a2/~ mice, with the similar gross tumor liver weights 12 days after SL4 injection, indicates that the AMPK a2 deficiency aggravated the injury in tumor-bearing
livers (n = 6). H and I, proliferating cell nuclear antigen (PCNA) IHC and Western blot staining were used to determine compensatory hepatocyte proliferation in
tumor-bearing livers. J, the mRNA of liver remnants were prepared 14 days after injection of SL4 and sequenced by BGl-shenzhen. The mean number of reads/kb/
million reads of WT was 1-fold (n = 2). K, mice were fasted for 6 h, and the blood glucose was measured using a blood glucose monitor on the days indicated after SL4
spleen injection (n = 8). The plasma glucose level and the G6Pase mRNA level in the tumor-bearing liver after AMPK «:2 deficiency were both higher than in WT mice.
d, day(s).

also observed on electron microscopy in glucose-starved pri- somes and mitochondria, implying the existence of mitophagy
mary hepatocytes (Fig. 5E). The autophagy inhibitor 3-methyl-  (Fig. 5G). It was also found that the ROS consistently colocal-
ladenine (3-MA) reduced such mitophagy (Fig. 5E). AMPK a2  ized with MitoTracker-labeled, hepatocytic mitochondria after
deficiency also decreased the LC3-II level in primary cultured  glucose deprivation (Fig. 5H), and 3-MA treatment boosted the
hepatocytes under glucose deprivation (Fig. 5F). Furthermore, ROS level in response to glucose starvation (Fig. 5, I and ),
there was obvious colocalization of LC3-labeled autophago- indicating that mitophagy is involved in ROS depletion in hepa-
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FIGURE 4. AMPK «2 deficiency exacerbated hepatocyte death and elevated ROS. A, fresh liver cryosections were prepared on 12 day after SL4 injection and
incubated with 2 wmol/liter DHE for 30 min at 37 °C. Positive staining of the oxidized dye was identified by fluorescence microscopy, indicating the level of ROS in the
tumor-bearing liver. Dashed lines show the tumor region. Scale bar, 100 um. B, the primary hepatocytes were cultured in Williams's medium E with 5% FBS for 24 h and
then transferred to 5% FBS DMEM medium with or without glucose and incubated for 36 h. Cells were trypsinized and oxidized to the FITC-CM H2DCFDA for 20 min.
The oxidized dye was identified by fluorescence microscopy, indicating the ROS level in cultured hepatocytes after glucose starvation. DCF indicates FITC-CM
H2DCFDA; DIC, differential interference contrast. Scale bar, 50 um. C, the primary hepatocytes were treated as Band then analyzed using a FACSCalibur flow cytometer.
AMPK o2 deficiency aggravated the production of ROS after glucose starvation. D, the WT or AMPK a2/~ primary hepatocytes were infected with Ad-GFP or
Ad-AMPK-CA overnight. The cells were then glucose-starved for an additional 36 h and then analyzed by flow cytometer. E, the primary hepatocytes were double
stained by Pl and Hoechst 33342 after glucose starvation for 36 h, indicating hepatocyte death after glucose starvation. Dead cells included ghost hepatocytes and
Pl-positive cells. The blue arrow indicates a viable cell, the yellow arrow indicates a Pl-positive dead cell, and a white arrow indicates the ghost cell. Scale bar, 50 um. F,
the primary hepatocytes were harvested for analysis by electron microscopy after glucose starvation for 36 h with or without the apoptosis inhibitor, z-VAD. Necrotic
death of the primary hepatocytes can be observed. G, the primary hepatocytes were trypsinized, washed with PBS, incubated with Pl and Hoechst 33342 for 20 min,
and analyzed on MoFlo XDP flow cytometer. AMPK o2 deficiency aggravated hepatocyte death after glucose starvation and N-acetyl-L-cysteine (NAC) partially rescued
the cells.

tocytes. These results suggest that AMPK «2 deficiency
increases ROS production in hepatocytes through inhibition of
mitophagy under tumor metastatic stress and glucose depriva-
tion both in vivo and in vitro; this is positively related to activa-
tion of the mTOR signaling pathway.

DISCUSSION

The Warburg effect results in extra energy consumption by
tumor cells, which confers a significant growth advantage. How-

MARCH 28, 2014 +VOLUME 289-NUMBER 13

ever, normal cells also exploit a variety of mechanisms to keep the
rates of catabolism and anabolism in balance with energy metab-
olism. Abnormal glucose/energy metabolism always results in cell
death, including apoptosis and necrosis (23, 36). Numerous stud-
ies have focused on how tumor cells exploit the Warburg effect to
deal with energetic stress, but only a few have analyzed energetic
stress and its consequences in tumor-bearing tissues. In the pres-
ent study, the signaling mechanism of liver injury in response to
tumor metastasis was investigated.
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FIGURE 5. AMPK a2 deficiency enhanced ROS accumulation by decreasing mitophagy, which was related with mTOR signaling pathway. A, liver tissue
was harvested 12 days after SL4 injection. Electron microscopy shows the mitophagy in hepatocytes from the tumor-bearing liver. B, the livers were harvested
12 days after SL4 injection, lysed, and subjected to Western blot with antibodies against LC3 and GAPDH. The LC3 Il levels decreased in the tumor-bearing livers
of AMPK a2/~ mice. C and D, the livers were harvested 10 and 13 days after SL4 injection, lysed, and subjected to Western blot with antibodies against
AMPK a2, p-mTOR, mTOR, p-4ebp1, 4ebp1, and GAPDH. The phosphorylation level of mTOR and its substrate, 4ebp1, both increased in AMPK a2-de-
ficient tumor-bearing livers. E, primary hepatocytes underwent 36 h of glucose starvation, with or without autophagy inhibitor (3-MA) treatment, and
were harvested for electron microscopic analysis. The mitophagy was reduced by the 3-MA. F, the lysate from primary hepatocytes was analyzed with
LC3 antibody by Western blot, after 3 and 8 h of glucose starvation. AMPK «2 deficiency decreased the level of LC3 Il. G, primary hepatocytes were
cultured with or without glucose for 36 h. Cells were incubated with Mito Tracker for 20 min, and the autophagosome level was then detected by
immunofluorescence of the LC3 antibody. Many autophagosomes colocalized with mitochondria, suggesting mitophagy. AMPK «2 deficiency
decreased the colocalization. Scale bar, 10 um. H, localization of ROS and mitochondria were detected by Mito Tracker Red and FITC-CM H2DCFDA. Cells
were incubated with Mito Tracker for 20 min, and the fluorescence was recorded 20 min after FITC-CM H2DCFDA was added. A large amount of ROS
produced after glucose starvation colocalized with mitochondria. DCF indicates FITC-CM H2DCFDA. Scale bar, 10 um./and J, primary hepatocytes were
cultured with or without glucose or 3-MA for 36 h. Hepatocytes were then trypsinized and oxidized to the FITC-CM H2DCFDA for 20 min and analyzed
using a FACSCalibur flow cytometer. The results indicated that 3-MA enhanced ROS production after glucose starvation. d, day(s).
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First, it was demonstrated that glucose levels are significantly
enriched in tumors, including those in the liver, whereas the
levels of glycogen and glucose are significantly reduced in rem-
nant liver (Fig. 1). Several reports have shown that glucose dep-
rivation activates a metabolic signaling amplification loop,
leading to cell death both in vivo and in vitro (37-39). Our study
showed that colon cancer liver metastasis also resulted in glu-
cose deprivation and liver injury during tumor development
(Figs. 1F and 24).

Second, the signaling mechanism that mediates energetic
stress and liver cell death was explored by studying the “energy
sensor” AMPK, because this protein shuts down energy-
consuming processes and facilitates energy-producing processes
during various metabolic stresses (28, 29, 40). The AMPK a2
isoform was enriched in hepatocytes (Fig. 3, A and B). We found
that AMPK a2 seemed to protect against glucose loss in the
tumor-bearing remnant liver, which was associated with
reduced liver injury (Fig. 3, F and G). AMPK exploits multiple
mechanisms to preserve the glucose balance under energetic
stress (6). AMPK inhibits protein synthesis and cell prolifera-
tion to decrease mTOR-related energy consumption (5).
Results of the current study suggested the presence of increased
compensatory cell proliferation (Fig. 3, H and /) and enhanced
activation of mTOR signaling in the tumor-bearing liver (Fig.
5C). It has been reported that gluconeogenesis consumes more
energy to supply glucose after glycogen is consumed, and
hepatic AMPK may reduce this process (27, 41). G6Pase mRNA
expression was ~2.3-fold higher in the tumor-bearing livers of
AMPK a2/~ mice than in WT mice (Fig. 3/). AMPK a2 defi-
ciency also resulted in higher blood glucose levels under fasting
conditions, which lasted until the late stage of liver metastasis
(Fig. 3K), providing further evidence of enhanced gluconeogen-
esis in the tumor-bearing livers of AMPK «2~'~ mice. Thus,
the mechanisms exploited by AMPK «2 for reduce glucose dep-
rivation in the tumor-bearing liver have been elucidated in the
current study. Indeed, glucose deprivation also caused hepato-
cyte death, and AMPK a2 promoted hepatocyte survival under
glucose stress in vitro (Fig. 4, E-G), consistent with previous
studies (29, 42—45). Furthermore, the caspase inhibitor z-VAD
did not block cell death, indicating that the hepatocytes under-
went necrotic death (Fig. 4E).

Inflammation is not only an important causal factor for both
acute and chronic liver injury (46) but also is the result of liver
injury (47). It is known that necrotic hepatocytes activate
Kupffer cells and trigger inflammation, and activated phago-
cytes can damage hepatocytes and other liver cells by releasing
ROS and cytokines (48). Our results showed that colon cancer
liver metastasis resulted in both liver glucose deprivation and
liver injury (Figs. 1, Fand G, and 2A4), whereas AMPK «2 defi-
ciency aggravated these responses (Fig. 3, F and G). We also
demonstrated that glucose deprivation triggered hepatocyte
death, which was enhanced by AMPK «2 deficiency (Fig. 4,
E-G). Thus, liver injury may trigger inflammation, whereas
inflammation further promotes liver injury (47).

It has been reported that energetic imbalances cause cell
damage because of elevated ROS, and elevated ROS is associ-
ated with cell death (23, 24, 49). Increasing evidence suggests
that mitochondria are the main target of stress that leads to cell

ACEVEN
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death, and 90% of ROS are generated from mitochondria (17,
19). ROS-induced cell death during inflammation involves the
promotion of mitochondrial dysfunction through intracellular
oxidative stress in hepatocytes, which results primarily in
oncotic necrosis and secondarily in apoptosis (48). In the cur-
rent study, hepatocyte death occurred via necrosis in the
tumor-bearing liver and under glucose deprivation conditions
in vitro. Mitochondrial autophagy, or mitophagy, reduces ROS
through elimination of injured mitochondria under stress con-
ditions (50, 51). AMPK can promote autophagy/mitophagy by
inhibiting mTOR signaling and phosphorylating the core con-
served autophagy protein, ULK1, in response to nutrient dep-
rivation in mammals (19). In the present study, we observed
that ROS were elevated both in the tumor-bearing liver and in
glucose-starved hepatocytes in vitro (Fig. 4), and AMPK «2
deficiency increased the ROS level (Fig. 4). Moreover, a rela-
tionship exists between ROS, mitophagy, and AMPK «2 in the
tumor-bearing liver and glucose-starved hepatocytes (Fig. 5).
Mitophagy was confirmed using electron microscopy in the
tumor-bearing liver and glucose-starved hepatocytes. Hepato-
cytic ROS, under glucose stress, were produced primarily by
mitochondria. AMPK o2 deficiency impaired the level of
mitophagy in tumor-bearing livers and cultured hepatocytes
under glucose deprivation, which elevated ROS levels (Fig. 5, C,
F, and G). Recently, it was reported that AMPK regulates
NADPH homeostasis to promote cell survival during oxidative
stress caused by glucose deprivation (52). Therefore, it is possi-
ble that NADPH homeostasis could also be involved in a mech-
anism in which AMPK protects against liver injury under liver
metastatic stress.

In summary, colon cancer liver metastasis resulted in
decreased glycogen and glucose storage in the liver remnant,
along with liver damage and hepatocyte death. AMPK a2 atten-
uated glucose deprivation in tumor-bearing livers and antago-
nized hepatocyte death via promotion of mitophagy and reduc-
tion of ROS.
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