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Abstract

Dysregulated epithelial cell death caused by ischemic or hypoxic stress is associated

with malfunction or tumorigenesis in gastrointestinal tract. Previous studies have shown

that enteral glucose uptake confers resistance to epithelial cell death via unknown

mechanisms. Activation of sodium/glucose transporter 1 (SGLT1) prevented epithelial

apoptosis caused by microbial products. In addition, abnormally expressed glucose

transporters (GLUTs) were found colocalized with hypoxia inducible factor (HIF)1la in

peri-necrotic regions in human colorectal carcinoma, suggesting that enhanced glucose

uptake may be linked with anti-necrotic resistance in hypoxic tumor core. The aim of

the first study was to explore whether luminal glucose uptake protects against

mesenteric ischemia-induced epithelial cell death and intestinal barrier dysfunction, and

to explore the glucose-mediated cellular survival pathways in vivo. The aim of the

second study is to investigate signaling pathways of hypoxia-induced necroptosis and

explore the role of glucose pyruvate metabolite in mechanisms of death resistance in

human colorectal cancer cells.

In the first part of study, ischemic challenge by occlusion of superior mesenteric

artery caused rapid onset of enterocyte apoptosis in rat jejunum. Ischemia-reperfusion

(I/R) triggered rise of intestinal permeability, augmentation of bacterial translocation



(BT) and mucosal inflammation in a caspase-dependent manner. SGLTI1-mediated

enteral glucose attenuated I/R-induced epithelial apoptosis, barrier damage, and

mucosal inflammation via activation of anti-apoptotic PI3K/Akt signaling, including

phosphorylation of mTOR and Bad, and dephosphorylation of p38 MAPK.

In the second part of study, human colorectal carcinoma cells hypoxia exposed in

glucose-free media displayed signs of necroptosis, including receptor interacting protein

(RIP)-dependent lactodehydrogenase leakage and RIP-1/3 complex formation.

Generation of mitochondrial superoxide was noted after hypoxic challenge; its reduction

by antioxidants inhibited RIP signaling and cell necroptosis. Addition of glucose and

pyruvate derivative, but not non-metabolizable analogs, diminished RIP-dependent

necroptosis. Hypoxic cells with glucose showed HIF 1a activation and hypoxia-targeted

gene (GLUT-1 and -4) expression. Glycolytic pyruvate scavenging of hypoxia-induced

mitochondrial superoxide was involved in anti-necrotic mechanisms in an

energy-independent manner.

In conclusion, we found that enteral glucose uptake attenuated both type of cell

death, apoptosis and necroptosis in gut epithelial cell under hypoxic stress via either

anti-apoptotic PI3K/Akt signaling pathway or through pyruvate scavenging of

mitochondrial free radical, respectively.



Chapter 1 INTRODUCTION

Human gut mucosa serves as a barrier between external environment and internal milieu.
The mucosal barrier includes a single layer of columnar epithelial cells connected by
apical tight junctional complex, a hydrated gel layer formed by mucin covering the
epithelial cells, and immune cells in lamina propria (Turner, 2009). The epithelial cells
that prevents abnormal influx of noxious luminal contents is also responsible for
nutrient uptake through apically expressed transporters (Laukoetter et al., 2006). In
physiological conditions, commensal bacteria (~100 trillions) are restricted in the gut
lumen and separated from the lamina propria by epithelial cells and mucus layers.
However, abnormal translocation of bacteria to sterile extraintestinal visceral organs
may occur under inflammatory situation and metabolic stress, resulting in sepsis and
life-threatening complications(Yu et al., 2012).

1.1 Physiological hypoxia in the gut

The gut epithelium is anatomically positioned between an anaerobic lumen and a highly
vascularized lamina propria. Despite rich blood supply to the intestine, a steep oxygen
gradient was found along the crypt-villus axis where low oxygen concentration was

seen at the villous tips. The term “physiological hypoxia” was used to describe gut



epithelial cells under an extremely low level of oxygenation acquire regulatory

mechanisms to adapt to the shifted oxygen gradient (Colgan et al., 2010).

1.2 Pathological hypoxia in the gut

Mesenteric ischemia/reperfusion (I/R) is seen in patients with mesenteric artery

embolism, strangulated hernias, and in neonatal necrotizing enterocolitis. It also seen in

the case of major abdominal and vascular surgery or collapse of systemic circulation

occurred by traumatic or hemorrhage shock (Mallick et al., 2004; Yasuhara, 2005; Yu,

2010). The disruption of blood supply during ischemia reduces oxygen and nutrient

supply to mucosal cells. The production of free radicals stimulated by subsequent

restoration of blood flow causes further oxidative stress, which increases inflammation

and aggravates tissue damage (Nilsson et al., 1994; Mallick et al., 2004; Yu, 2010). One

of the major consequences of mesenteric I/R is heightened mucosal cell death and gut

barrier damage, leading to enteric bacterial translocation and septic complications. Both

modes of cell death, apoptosis and necrosis, were observed in the gut mucosa upon

mesenteric I/R injury (Wu et al., 2004; Aban et al., 2005; Chang et al., 2005).

1.3 Hypoxia in colorectal cancer

Rapid cell growth and poorly formed vasculature characterized in malignant cancers are

often accompanied by a hypoxic microenvironment in the tumor core (Brown and



Giaccia 1998; Milosevic, Fyles et al. 2004). Necrotic cell death has been reported in the

hypoxic core in colorectal tumors due to depletion of oxygen and nutrients, However,

malignant cells may develop adaptive mechanisms by metabolic reprogramming to

survive under extremely deprived conditions, which is also related to tumor resistance

to anticancer drugs (Hawley et al., 1992).

1.4 Modes of cell death

Cell apoptotis (programmed cell death) is characterized by caspase-dependent signaling

pathways and nuclear DNA fragmentation. The signaling pathway of apoptosis may be

triggered extrinsically via Fas or TNF receptors, or intrinsically via mitochondrial

pathways, leading to caspase-3 cleavage and ultimately, endonuclease activation for

oligonucleosome formation (Ramachandran et al., 2000). The Bcl-2 family (e.g.,

anti-apoptotic Bcl-2, Bcl-X;, and pro-apoptotic Bax) are important regulators of

mitochondrial-dependent apoptosis (Mayer et al., 2003). The mitochondrial undergo an

increase in membrane permeability and a reduction of membrane potential accompanied

by cytosolic release of cytochrome c. The release of cytochrome ¢ from mitochondria

can be blocked by anti-apoptotic protein Bcl-2, while the translocation of pro-apoptotic

Bax from cytosol bound to mitochondria induces cytochrome C release during apoptosis.

The released cytochrome c binding to an apoptosis binding factor-1 forms apoptosomes



to activate caspase-9. (Shimizu et al., 1999; Zheng et al., 2004). Morphological changes,

such as cell shrinkage, membrane blebbing, and chromatin condensation, are seen in

cells that undergo apoptosis (Ramachandran et al., 2000).

On the other hand, necrotic cell death has been traditionally regarded as an

uncontrolled form of cell death. Cell necrosis is characterized by morphological

alteration, i.e. cytoplasmic swelling, subcellular organelle breakdown, loss of plasma

membrane integrity and release of cellular contents. Most research of necrotic death in

enterocytes is based on morphological and biochemical analysis (Chakrabarti et al.,

2003; Jilling et al., 2006; Higa et al., 2007; Kalischuk et al., 2007; Hunter et al., 2008;

Vincenti et al., 2010). Recent data from human intestinal epithelial HT-29 cells,

lymphocytes, monocytes and fibroblasts have indicated that signaling molecules such as

receptor-interacting proteins (RIPs) are involved in necrotic mechanisms triggered by

cytotoxic agents such as tumor necrosis factor (TNF) (Meurette et al., 2007; Declercq et

al., 2009; He et al., 2009). The formation of RIP1-RIP3 complex followed by auto- or

mutual phosphorylation of RIP proteins is associated with mitochondrial bioenergetic

alterations and intracellular ATP decline in cells undergoing programmed necrosis

(Temkin et al., 2006; Cho et al., 2009; Zhang et al., 2009; Berghe et al., 2010). Reactive

oxygen species (ROS) derived from the mitochondrial respiratory chain has also been

implicated in necrotic mechanisms (Declercq et al., 2009; Zhang et al., 2009). To date,
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the involvement and cascading order of these necrotic effectors in ischemic or hypoxic

enterocytes remain unclear.

1.5 Role of glucose in death resistance

Several lines of evidence indicated that presence of glucose may inhibit cell death in
intestinal epithelial cells. Previous studies demonstrated that sodium-dependent glucose
uptake protects intestinal cells against apoptosis caused by bacterial lipopolysaccharide
and parasitic products (Yu et al., 2005; Yu et al., 2006; Yu et al., 2008). Increased levels
of anti-apoptotic Bcl-2 and Bcl-xL were noted following activation of apically
expressed sodium-glucose transporter (SGLT)-1 (Yu et al., 2005). A more recent report
showed that initiation of Na -glucose cotransport by SGLT1 triggered downstream Akt
signaling for regulation of cellular functions (Shiue et al., 2005). A critical role of
PI3K/Akt signaling in resistance to apoptosis has been reported in multiple cell types
(Chang et al.,, 2003; Bouchard et al., 2008). Studies have shown that PI3K/Akt
phosphorylates and thereby inactivates Bad (a pro-apoptotic mitochondrial Bel-2 family
protein) or phosphorylates mTOR that then activates p70°° to phosphorylate Bad
(Chang et al., 2003; Bouchard et al., 2008). Other downstream targets of Akt that are
involved in regulating cell survival and cell cycle progression include IkBo/NF«B,

glycogen synthase kinase 3 (GSK3), and Forkhead family of transcription factors



(FoxOs) (Liang et al., 2003; Urbich et al., 2005; Dan et al., 2008; Bai et al., 2009).

One of the pro-survival mechanisms in tumor cells is by metabolic reprogramming

for high levels of glycolysis. The term “Warburg’s effect” describes the phenomenon

that over fifty percent of cellular energy is produced by glycolysis in the tumor in

compared to that ninety percent of energy is produced by mitochondrial oxidative

phosphorylation in normal tissues (Warburg, 1956). Moreover, a large body of evidence

shows that upregulation of glycolytic enzymes and glucose transporters (GLUTs) are

linked to transcription activity of hypoxia inducible factor (HIF) la triggered by low

oxygen condition (Yeh et al., 2008; Chiacchiera et al., 2009; Marin-Hernandez et al.,

2009). Recent reports documented that HIF1a and GLUT-1 colocalize at peri-necrotic

regions in human colorectal tumors (Greijer et al., 2008; Airley et al., 2010), suggesting

that glucose metabolism may confer anti-necrotic resistance to hypoxic stress. Glucose

is catalyzed to ATP and pyruvate by a cascade of glycolytic enzymes, such as

glucokinase and glyceraldehyde-3-phosphate dehydrogenase (GPD)(Fleming et al.,

1997). The final glycolytic product pyruvate is also the starting substrate for

tricarboxylic acid (TCA) cycle after being transported across inner mitochondrial

membrane by mitochondrial pyruvate carrier (MPC) (Hildyard et al., 2005; Herzig et al.,

2012). Aside from its critical role as the link between glycolysis and mitochondrial

respiration, pyruvate also scavenges ROS through a non-enzymatic reaction (Kao et al.,

10



2010). Numerous studies have suggested that chemoresistance may be due in part to

glycolytic ATP as a preferential energy source for promoting cancer cell survival (Xu et

al., 2005), (Zhou et al., 2012).

To date, whether enteric glucose uptake prevents epithelial cell death caused by

mesenteric I/R or hypoxic stress remains unclear. Moreover, molecular mechanisms of

glucose-mediated resistance to cell apoptosis and necrosis have yet to be explored.

1.6. Aim of the study

In the current study, we explored whether enteral glucose confer anti-death signaling

against hypoxic stress in rat intestinal I/R or in human colorectal cancer line.

11



Chapter 2 MATERIAL & METHODS

Intestinal ischemia/reperfusion

Male Wistar rats (250-300 g) were raised in a temperature-controlled room with
12-hr light-dark cycles, and fed regular rat chow and water. Rats were fasted overnight
with free access to water, and subjected to sham operation or mesenteric I/R challenge.
In I/R rats, the superior mesenteric artery (SMA) was occluded with an atraumatic
microvascular clamp for 20 minutes and then released for up to 60 minutes. Ischemia of
the bowel was verified by the loss of mesenteric pulsations and bluish discoloration of
the jejunum. Sham controls rats received mock manipulation of SMA without occlusion.
All animals were placed on heating pads to maintain body temperature at 37°C during
the operation, and the heart rate was closely monitored. All protocols used in this study
were approved and monitored by the Institutional Animal Care and Use Committee,

National Taiwan University.

Experimental design
The experimental protocols were carried out under aseptic conditions. After
anesthetization with urethane (1.2 g/kg, intraperitoneal injection; Sigma-Aldrich, MO),

all rats were subjected to midline laparotomy and a 10-cm jejunal sac was created by

12



thread ligature at both ends, beginning 10 cm distal to the ligament of Treitz in each

animal. Care was taken not to occlude or puncture mesenteric vessels during the ligation.

A 1 ml syringe with a PE-10 catheter was intubated to one end of the jejunal sac and 0.5

ml of Krebs buffer with the pancaspase inhibitor ZVAD (EMD Chemicals Inc.,

Darmstadt, Germany) or glucose (Sigma) was carefully injected into the lumen. The

formula for Krebs buffer was 115 mM NaCl, 8 mM KCI, 1.25 mM CaCl,, 1.2 mM

MgCl,, 2.0 mM KHPOy, 25 mM NaHCOs, pH 7.33 - 7.37. Animals were then subjected

to sham operation or I/R challenge as described above.

Rats were randomly assigned to six groups (n = 6-8 / group): Group 1, sham

controls that underwent laparotomy and whose jejunal lumen was instilled with Krebs

buffer before sham operation; Group 2, sham+Z rats that underwent laparotomy and

whose jejunal lumen was instilled with 120 uM ZVAD in Krebs buffer 30 minutes prior

to sham operation; Group 3, sham+G rats that were enterally administered 25 mM

glucose in Krebs buffer immediately before sham operation; Group 4, I/R rats that were

enterally instilled with Krebs buffer before SMA occlusion for 20 minutes and

reperfusion for 60 minutes; Group 5: I/R+Z rats that were enterally instilled with 120

uM ZVAD in Krebs buffer 30 minutes prior to the same I/R procedure; and Group 6:

I/R+G rats that were enterally administered 25 mM glucose in Krebs buffer immediately

before I/R challenge. The concentrations of ZVAD and glucose used here have been

13



previously shown to inhibit cell apoptosis induced by microbial products in epithelial

cell cultures (Yu et al., 2005; Yu et al., 2008).

In some experiments, phloridzin (a SGLT1 inhibitor; 0.5 - 2.5 mM) and phloretin

(a GLUT2 inhibitor; 1.5 and 2.5 mM) were added to the glucose solution for enteral

instillation prior to the I/R procedure. In addition, to investigate the involvement of

PI3K in the signaling pathways of glucose-mediated rescue mechanism, LY294002 (10

mg/kg) and wortmannin (7.5 pg/kg) were administered intraperitoneally and

intravenously, respectively, 30 minutes before I/R challenge in the presence of luminal

glucose. At the end of the surgical procedures, the jejunal tissues, the liver, and the

spleen were collected for experimental analysis.

Histopathological scoring

Jejunal segments were fixed in 4% paraformaldehyde, and care was taken to ensure

proper orientation of the crypt to villus axis during embedding. Sections of 4 um

thickness were stained with hematoxylin and eosin (H&E). The degree of intestinal

injury was evaluated using a light microscope and graded by two independent persons

blind to the actual treatment. Briefly, intestinal injury was scored from 0 to 5 according

to the following criteria: grade 0, normal mucosal villous structure; grade 1, presence of

subepithelial space at villous tips; grade 2, scattered epithelial denudation on villous tips;

14



grade 3, denuded tips with exposed lamina propria and villous blunting; grade 4,

epithelial shedding from both the apex and mid-region of the villi associated with

shortened and widened villous structure; grade 5, complete destruction of villi and

disintegration of lamina propria with ulceration.

TUNEL assay

Paraffin-embedded jejunal sections were deparaffinized and in situ detection of

cells with DNA-strand breaks was performed by the TUNEL labeling method using a

TdT-FragEL™ DNA fragmentation detection kit (Oncogene Research Products, Boston,

MA) following the manufacturer's protocol. Negative controls were performed by

substituting tris-buffered saline (TBS) for the TdT enzyme.

Caspase-3 activity assay

Scraped jejunal mucosa was lysed and the protein concentration of the lysate was

adjusted to 50 pg/ml to test for caspase-3 activity (Anaspec, San Jose, CA). The assay is

based on spectrophotometric detection of the chromophore rhodamine 110 (Rh110) after

cleavage from the labeled substrate DEVD-Rh110. The caspase-3 activity of samples

was measured in relative fluorescence units (RFUs) at Ex/Em = 496 nm/520 nm for 60

minutes in S5-minute intervals. The level of caspase-3 activity was expressed as

15



RFU/min/mg.

Ussing chamber studies and macromolecular flux assay

Intestinal segments were excised and immediately placed in warm Krebs buffer. The
external muscle layers were stripped off, leaving the submucosal plexus and mucosa
intact. From each rat, two pieces of the muscle-stripped tissues (cut longitudinally into
flat sheets along the mesenteric border) were mounted in Ussing chambers (WPI
Instruments, Sarasota, FL). Care was taken to avoid tissues containing Peyer's patches.
The opening area (2 cm?) of the chamber exposed the tissue to 5 ml of circulating
oxygenated Krebs buffer. The serosal buffer contained 10 mM glucose that was
osmotically balanced with 10 mM mannitol in the mucosal buffer. A circulating water
bath maintained the temperature of the buffer at 37°C. The serosal and mucosal tissue
baths were clamped at 0 V using a voltage clamp feedback amplifier (WPI Instruments).
The short-circuit current (Isc, pA/cm?) of the tissue was recorded continuously on line.
At 5-minute intervals, the voltage between the two baths was stepped to 1 mV for one
second, and the change in the Isc caused by the pulse was used to calculate the tissue
conductance (mS/cm?) according to Ohm's law (Yu et al., 2003).

The intestinal epithelial permeability was determined by the level of

mucosal-to-serosal flux of horseradish peroxidase (HRP type II, MW = 44 kD, Sigma).

16



Tissues in the Ussing chambers were allowed to equilibrate until the Isc stabilized
before HRP was added to the luminal buffer at a final concentration of 5 x 10° M.
Samples (300 pl) of serosal buffer were collected at 0, 30, 60 and 90 minutes after
luminal addition of HRP, and were replaced with Krebs buffer. The concentration of
HRP was determined by a kinetic enzymatic assay. Fluxes were calculated according to

standard formulae and were expressed as pmol/cm”/hr (Yu et al., 2003).

Fluorescein-based gut permeability assay

To assess gut permeability in vivo, a fluorescein-based assay was performed as
described previously with slight modification (Wang et al., 1998). The 4-kDa
fluorescein isothiocyanate-conjugated dextran (FD4, Sigma) dissolved in Krebs buffer
was administered into the lumen of ligated jejunal sac to a final concentration of 0.5
mg/ml immediately after the release of the artery clamp. The jejunal sac was placed
back into the peritoneal cavity, and the open abdomen was covered with a saline-wetted
gauze and foil to prevent evaporation and direct light. Arterial plasma from 0.5 ml of
blood was taken at 60 minute post-reperfusion. Fluorescence intensity in arterial plasma
was measured at Ex/Em = 496/520 nm using a plate reader. The concentration (ug/ml)

of FD4 in plasma was calculated using a standard curve.

17



Magnetic Resonance Imaging (MRI)-based gut permeability assay

To assess gut permeability in vivo, the contrast agent gadodiamide (Omniscan, GE
Healthcare) was instilled into the lumen of the ligated jejunal sac to a final
concentration of 0.25 M immediately after the release of the artery clamp, and the signal
intensity of this agent in the liver and kidney was quantified using abdominal MRI as
described previously (Hsiao et al., 2009). In sham controls, gadodiamide was injected
into the jejunal sac after mock manipulation. The rats were placed in a home-made
resonance coil with inner diameter of 6 cm, and abdominal MRI was performed at
various time points (0, 5, 10, 15, 30, 45 and 60 minutes) using a clinical 1.5 T MR
System (Signa Excite; GE Healthcare). Two dimensional T1-weighted fast spin echo
MRI pulse sequences were used, with the following parameter set: TR/TE = 140/4.2
msec, FOV = 12 x 84 cm’ and NEX = 4. The signal intensity produced by
gadodiamide in the region of interest (ROI), liver and both kidneys, was measured.
Signal-to-noise ratio (SNR) was calculated by dividing the signal intensity of the ROI
by that of the background. To quantify the gadodiamide delivered to the systemic
circulation, samples of plasma from 0.5 ml of blood taken before (t = 0 minutes) and 15,
30, and 60 minutes after injecting gadodiamide were prepared. A known concentration
(0.5 M) of gadodiamide solution was serially diluted with neat plasma to prepare

standard solutions for the calibration curve. Plasma and standard solutions were

18



subjected to MRI scan, and imaging parameters were: TR/TE = 550/67.50 msec, FOV =
14 x 0.5 cm?, and NEX = 4. The SNRs of the standard solutions of gadodiamide were
plotted against their respective concentrations to establish a standard curve. The plasma
gadodiamide concentrations were calculated from the standard curve (Hsiao et al.,

2009).

Analysis of bacterial translocation

The liver and spleen tissues were homogenized, sonicated and adjusted to a protein
concentration of 0.1 g/ml with sterile PBS. Each homogenate was inoculated onto fresh
blood agar plates (200 ul per plate; Scientific Biotech Corp., Taipei, Taiwan) and the
plates were incubated at 37°C overnight. The number of bacterial colony forming units

(CFU) was normalized per gram of tissue (CFU/g).

Myeloperoxidase (MPO) activity assay

Intestinal samples were homogenized and sonicated in 10 volumes of potassium
phosphate buffer (PPB, 50 mM, pH 6.0) containing 0.5% HTAB (Sigma). Lysates were
centrifuged and supernatants were diluted in PPB containing 0.167 mg/ml of
O-dianisidine dihydrochloride (Sigma) and 0.0005% of H>O,. The enzyme

concentration was determined from the absorbance at 460 nm measured every 30

19



seconds over a 5 minute period. One unit of MPO activity was defined as the quantity of

enzyme degrading 1 pmol of H,O, per minute, and MPO activity of the gut was

expressed in U/mg of tissue.

ELISA for TNFa and MIP-1«

Scraped jejunal mucosa were homogenized and sonicated in PBS and the lysate

was centrifuged. The protein concentration in the supernatant was quantified. The levels

of TNFa and MIP-1a in mucosal samples were measured by using ELISA development

kits (PeproTech, NJ) according to the manufacturer's instructions. To measure cytokine

levels, microplates were coated overnight with capture antibodies. The plates were

blocked with PBS containing 1% BSA for 1 hour and washed. The sample and standard

solutions were added and incubated for 2 hours. The biotinylated antigen-affinity

detection antibodies were incubated for another 2 hours. After washing, avidin-HRP

conjugate was added for 30 minutes followed by incubation with ABTS liquid substrate

for color development. Absorbance was measured at 405 nm with correction set at 650

nm. The cytokine levels in jejunal mucosa were expressed in pg/mg of protein.

Immunohistochemical and immunofluorescence staining for rat jejunal tissue

Tissue sections were incubated with 3 % H,O, to block endogenous peroxidase for

20



immunohistochemical staining and were quenched with 50 mM NH4Cl in PBS for

immunofluorescence staining, and then blocked with 2% normal goat serum. Tissue

sections were incubated with anti-cleaved caspase-3 (1:1000 Cell signaling, Danvers,

MA), anti-proliferating cell nuclear antigen (PCNA) (1:100, Lifespan biosciences,

Seattle, WA), anti-SGLT1 (1:200, Millipore, Billerica, MA), anti-Akt (1:100, Cell

signaling), or isotype control antibodies. After washing with PBS, tissues stained for

SGLT1 were incubated with biotin-conjugated goat anti-rabbit IgG (1:1000, Molecular

Probes, Carlsbad, CA) for one hour, followed with a streptavidin-conjugated Alexa

Fluor® 488 fluorescent probe (1:1000, Molecular Probes) for one hour; tissues stained

for Akt were incubated with goat anti-mouse IgG conjugated to Alexa Fluor® 488

fluorescent probe (1:1000, Molecular Probes) for one hour. All tissues were stained with

Hoechst dye to visualize cell nuclei. Tissues stained for cleaved caspase-3 and PCNA

were incubated with HRP-conjugated SignalStain® Boost anti-rabbit THC detection

reagent (Cell signaling) and developed with a DAB peroxidise substrate followed by

counterstain with hematoxylin. The slides were mounted with aqueous mounting media

and viewed under a Zeiss fluorescence microscope.

Western blotting for jejunal mucosa

Scraped jejunal mucosa was homogenized in ice-cold complete RIPA buffer, and
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the lysate was sonicated and centrifuged. The protein concentration of the supernatant

was adjusted to 5 mg/ml and diluted at a 1:1 vol:vol ratio in 2x electrophoresis sample

buffer containing 2% (w/v) SDS, 100 mM DTT, and 62.5 mM Tris/HCI] (pH 6.8).

Samples were then heated to 95°C in a heat block for 5 minutes, and stored at —20°C

until used for immunoblotting.

The extracted proteins were separated by SDS-PAGE, and the resolved proteins were

electrotransferred onto membranes. After blocking with 5% non-fat milk in TBS, the

membrane was incubated with anti-occludin (1:1000, Invitrogen), anti-Akt (1:500, Cell

signaling), anti-phospho-Akt (1:1000, Cell signaling), anti-IkBo (1:1000, Santa Cruz,

Santa Cruz, CA), anti-phospho-IxBa (1:1000, Santa Cruz), anti-phospho-Bad (1:500,

Cell signaling), anti-phospho-mTOR (1:500, Cell signaling), anti-phospho-GSK3a/3

(1:1000, Cell signaling), or anti-phospho-FoxO1/3a (1:1000, Cell signaling) at 4°C

overnight. A monoclonal mouse anti-f-actin (1:10000, Sigma) was also used to control

for equal loading in each sample. Membranes were washed with 0.1% Tween 20 in TBS

and incubated with either horseradish peroxidase-conjugated goat anti-rabbit or

anti-mouse IgG (1:1000, Cell signaling). The antigens were revealed and band density

quantified by photoimage analysis.
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Akt kinase activity

The kinase activity of Akt was determined using a non-radioactive Akt kinase

assay kit (Cell signaling) according to the manufacturer’s instruction. Briefly, scraped

jejunal mucosa was homogenized in ice-cold lysis buffer, and the lysate was sonicated

and centrifuged. For immunoprecipitation, 20ul of immobilized antibody beads

conjugated to anti-phospho-Akt was added to 200ul of cell lysate (the protein

concentration was 2.25 mg/ml) with gentle rocking overnight at 4°C. After washing

with lysis buffer and kinase buffer, the pellet was incubated with ATP and GSK3 fusion

protein for 30 minutes for kinase reaction. Exogenous GSK3, a downstream target of

Akt, served as the substrate of phospho-Akt in this assay. The reaction was terminated

by addition of 2x SDS sample buffer. The Akt kinase activity was determined by

Western blot using anti-phospho-GSK30/f antibody.

Cell culture models

Human colonic carcinoma Caco-2 and HT29 cells were grown in Dulbecco's

modified Eagle's medium (DMEM; Invitrogen, Grand Island, NY, USA) containing 5

mM glucose and without pyruvate (Kles et al., 2002; Yu et al., 2005). The media was

supplemented with 10% fetal bovine serum, 15 mM HEPES, 100 U/mL penicillin, and

0.1 mg/mL streptomycin (Sigma, St. Louis, MO, USA). Cells were seeded in 96- well

(105 cells/well) or 24-well (106 cells/well) tissue culture plates (Costar, Corning, NY,
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USA). Cells were grown to confluency for one week at 37 °C with 5% CO2 and 96%

humidity. In all studies, cells were used between passages 21 and 27.

Hypoxic challenge and glucose deprivation

Cells were deprived of oxygen and glucose as previously described (Kalda et al.,

1998; Kles et al., 2002; Shahrzad et al., 2005). Hypoxic (Hx) challenge was conducted

using a modular incubator chamber (Billups-Rothenberg, CA, USA) by infusion of 5%

CO2 and 95% N2 at 10 L/min for 5 minutes; normoxic (Nx) controls were kept at 5%

CO2 and 95% air (Kalda et al., 1998; Kles et al., 2002; Shahrzad et al., 2005). In some

groups, cells were pretreated with necrostatin-1 (Nec-1; a specific RIP1 inhibitor), BHA

(200 uM; a free radical scavenger), apocynin (1 mM; an inhibitor to NADPH oxidase),

or vehicle controls prior to hypoxic challenge to examine cell death pathways.

In additional experiments, cells were incubated in glucose-free and pyruvate-free

DMEM media (Invitrogen) supplemented as above plus 0-25 mM glucose. To verify the

role of glycolysis in death resistance, cells were pretreated with inhibitors to the cascade

of glucose metabolic pathways such as IA (1 mM; a glycolytic inhibitor to GPD) and

UK (10 uM; a MPC inhibitor), or with vehicle controls prior to hypoxic challenge in the

presence of glucose. In another set of experiments, equimolar concentrations of

substances were apically instilled in place of glucose to verify cellular metabolic status,
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such as 3-O-methyl-glucopyranoside (3-OMG; a non-metabolizable sugar analog taken

up by glucose transporters), mannitol (a non-absorbable and non-metabolizable sugar

used as an osmolarity control), or glutamate (an amino acid used as an oxidative fuel

control) before hypoxic challenge. The anti-necrosis effect of a cell-permeable pyruvate

derivative, ethyl pyruvate (25 mM), was also examined in hypoxic cells. All reagents

were purchased from Sigma.

Lactodehydrogenase (LDH) leakage assay

The leakage of intracellular enzyme LDH into the surrounding environment

indicates rupture of plasma membrane, which is a hallmark of cell necrosis. The cell

culture supernatant was collected after hypoxic challenge for the measurement of LDH

activity. Briefly, a reaction mixture of 0.2 mM NADH and 0.36 mM sodium pyruvate

was dissolved in Krebs-Henseleit (K-H) buffer containing 2% BSA. The K-H buffer is

composed of 118 mM NaCl, 4.8 mM KCI, 1.2 mM MgSO04, 1.25 mM CaCl2, 1.2 mM

KH2PO4, 24 mM NaHCO3 (pH7.4). Ten ul of cell supernatant and 190 ul of reaction

mixture were mixed well in 96-well plates prior to spectrophotometric kinetic readings.

Owing to the differences in the absorption spectra of NADH and NAD+, changes in the

NADH concentration can be detected at 340 nm. The decrease in absorbance measured

every minute over a 10-min period represents the activity of LDH. One unit of LDH
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activity is defined as the quantity for oxidation of 1 pmole NADH per minute; the LDH

activity of cell supernatant was expressed in Units per liter (Unit/L).

Analysis of mitochondrial functions by time-lapse microscopy

Mitochondrial transmembrane potential changes and ROS production were

measured by using cell-permeant cationic fluorescent dyes, including

5,5°,6,6’-tetrachloro-1.1°,3,3’-tetracthylbenzimidazolylcarbocyanine  iodide  (JC-1)

reagents and MitoSOX (Invitrogen, CA, USA) . The JC-1 reagent emits red

fluorescence in its aggregated form when it accumulates in the negatively charged

mitochondrial matrix of viable cells. The monomeric form of JC-1 emits green

fluorescence when the dye is dispersed in the cytoplasm due to the loss of mitochondrial

transmembrane potential. MitoSOX Red, which selectively targets functional

mitochondria, exhibits red fluorescence after oxidization by superoxide. Cells grown on

96-well culture plates or 8-well chamberslides (2 x 105 cells/well, Costar) were

incubated with JC-1 (10 pg/ml) or MitoSOX (5 uM) for 20 min, and washed twice prior

to hypoxic challenge, and then subjected to fluoremetric readings. Alternatively, cells

were analyzed by time-lapse microscopy using Application Solution Multi-Dimensional

Workstation (AS MDW) (Leica Microsystems, Mannheim, Germany). Cells were

loaded with JC-1 (10 pg/ml) for 30 min before infusion of 5% CO2 and 95% N2 into
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the temperature-controlled moisture chamber of the AS MDW for live cell imaging.

Immunoprecipitation of RIP1-RIP3 complex and in vitro kinase assay

Cells lysates were immunoprecipitated with anti-human RIP1 (BD bioscience,

Franklin Lakes, NJ, USA) overnight, and then incubated with protein G agarose beads

for one hour at 4°C followed by centrifugation. The pellet was dissolved in

electrophoresis sample buffer for heat denaturation. The immune complexes were

subjected to reducing SDS/PAGE and the membranes were incubated with anti-RIP1

(1:1000, BD bioscience) or polyclonal rabbit anti-RIP3 (1:1000, Abcam, Cambridge,

UK) for immunoblotting. For in vitro kinase assays, the bead pellets were incubated in

kinase reaction buffer supplemented with 10 uM cold ATP and 1uCi y-32P-ATP for 30

min at 30°C. The samples were resolved by SDS/PAGE and exposed to film for

autoradiography as previously described (He et al., 2009).

RNAi-mediated knockdown of RIP1

RIP1 siRNA and negative control were purchased from Dharmacon, Lafayette, CA,

USA. Cells were transfected with 100 nM siRNA oligonucleotides using

DharmaFECT® siRNA transfection reagents as per manufacturer’s protocol.
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Knockdown efficiency of transfected cells was confirmed by western blotting 96 hrs

post transfection.

Measurement of transepithelial electrical resistance (TER) and paracellular

permeability

Cells grown to confluency underwent normoxia or hypoxia for the indicated times.

The monolayer TER was measured using an electrovoltohmeter (EVOM; World

Precision Instruments, Sarasota, FL, USA). Paracellular permeability was assessed by

apical-to-basal transport of a dextran probe (MW3000) conjugated to fluorescein

(Invitrogen) as described previously (Yu et al., 2005; Wu et al., 2011).

Immunofluorescent staining of tight junction structures

Cells were exposed to normoxia or hypoxia for 16 hrs, fixed with 4%

paraformaldehyde for one hour on ice, and quenched with 50 mM NH4CI in PBS for 10

min at room temperature. After blocking with 0.1% bovine serum albumin (BSA) in

PBS for one hour, monolayers were incubated with a polyclonal rabbit anti-human ZO-1

antibody (1:100, Invitrogen) in a permeabilizing buffer (0.05% saponin, and 0.1% BSA

in PBS) for one hour. Cells were then incubated with secondary antibodies of goat

anti-rabbit IgG conjugated to Alexa 488 (1:1000, Invitrogen) for one hour in the dark,
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and then stained with a Hoechst dye to visualize cell nuclei. The slides were mounted

with aqueous mounting media and viewed under a Zeiss fluorescence microscope.

Measurement of cell apoptosis

DNA fragmentation, which is a final stage of apoptosis, was measured using a cell

detection ELISA kit (Roche) for oligonucleosome amount as previously described (Yu

et al., 2005). The caspse-3 activity assay (Anaspec) was based on spectrophotometric

detection of chromophore rhodamine 110 (Rh110) after cleavage from the labeled

substrate DEVD- Rh110 according to the manufacturer’s instructions (Huang et al.,

2011).

RNA extraction and polymerase chain reaction (PCR) for GLUT transcripts

Total RNA was isolated using Trizol reagent (Invitrogen) according to the

manufacturer's instructions. For semiquantitative PCR analysis, the RNA (2 pg) was

reverse transcribed (RT) with oligo(dT) using RevertAid First Strant cDNA Synthesis

kit (Thermo) in 20 pL reaction volume. The RT product corresponding to 0.1 pg of

initial RNA was subjected to PCR amplification in a thermal cycler. The specific primer

pairs of human GLUTs 1-4 and B-actin and the thermal cycling procedures were

described previously (Noguchi et al., 2000). The amplification conditions were as
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followed: denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec and extension at

72°C for 50 sec in a total of 30 cycles. The PCR products were separated onto 1%

agarose gel containing ethidium bromide, and visualized by ultraviolet

transillumination.

Quantitative real-time PCR analysis was carried out using an Applied Biosystems

7500 Real-Time PCR system (Applied Biosystems). The PCR reaction mixture

consisted of 50 ng of RT product, 10 uL of Power SYBR Green PCR Master Mix

(Applied Biosystems) and 500 nM specific primer pairs in a final reaction volume of 20

puL. The specific primer pairs of human GLUTI1, GLUT4 and B-actin were described

previously (Matsushita et al., 2012; Torres et al., 2012). The PCR conditions were 95

°C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 sec, and annealing

and extension at 56 °C for 1 min. Amplification plots were obtained by using a

Sequence Detection Software (Applied Biosystems).

Western blotting for GLUT proteins in human colonic carcinoma cells

Extracted protein samples were subjected to SDS/PAGE (4-13% polyacrylamide) as

described (Huang et al., 2011; Wu et al., 2011). Briefly, the resolved proteins were

electrotransferred onto PVDF membranes and blocked with 5% (w/v) nonfat dry milk in

Tris-buffered saline (TBS) for 1 hr, washed three times with TBS-T (0.1% (v/v)
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Tween-20 in TBS), and then incubated with primary antibodies at 4°C overnight. After

washing with TBS-T, the membrane was incubated with a secondary antibody for 1 hr

and then washed again. The membranes were incubated with chemiluminescent solution

(ECL, Millipore) and signal was detected on an UVP AutoChemi system (UVP, Upland).

Band density was determined using the software Gel-pro Analyzer 4.0 (Media

Cybernetics).

The primary antibodies used for blotting included anti-GLUT1 (1:2000, Millipore),

anti-GLUT2 (1:1000, Millipore), anti-GLUT3 (1:1000, Millipore), anti-GLUT4 (1:1000,

Millipore), and anti-B-actin (1:10000, Sigma). The secondary antibody used were

horseradish peroxidase-conjugated goat anti-rabbit IgG (1:1000, Cell Signaling).

Measurement of intracellular redox enzyme activities

The activities of catalase, superoxide dismutase (SOD), glutathione reductase (GR),

or glutathione-S-transferase (GST) were measured in cell lysates using commercial

assay kits (Cayman Chemical, MI, USA) following the manufacturer’s instructions.

Measurement of intracellular pyruvate, ATP, and lactate contents

Cell lysates were used for the assessment of intracellular pyruvate (Biovision, CA,

USA), ATP (Invitrogen) and lactate (Biovision) levels using commercial assay kits. To

measure the pyruvate concentration in the cell, pyruvate is served as a substrate
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oxidized by pyruvate oxidase via enzyme reaction to generate color and analysis at OD

570 nm by plate reader. The ATP assay is based on requirement of ATP by luciferase for

light production, and the luminescence is measured using a luminometer. To quantify

lactate content, a chromogenic assay utilizing cellular lactate as a substrate oxidized by

lactate dehydrogenase was measured at 450 nm by a plate reader.

Statistical analysis

All values except for bacterial CFU/g were expressed as mean = SEM and the means

were compared by one-way analysis of variance followed by a Student-Newman-Keul

test. For the data of BT, pairwise ranking of the median of CFU/g values was conducted

using the nonparametric Mann-Whitney U test. Significance was established at P <

0.05.
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Chapter 3 RESULTS
The results of part 1 and part 2 were adopted from Ching-Ying Huang’s papers in
Laboratory Investigation (Huang et al., 2011) and Cell Death and Disease (Huang et al.,

2013).

3.1 Part1

Mesenteric I/R triggers intestinal epithelial apoptosis that accompanies villous
destruction

Compared with non-ischemic tissues in sham controls, rats subjected to mesenteric
I/R showed villous blunting and epithelial denudation in the jejunum (Figure. 1A).
Mucosal destruction was associated with increased number of TUNEL(+) epithelial
cells and enhanced immunoreactivity to cleaved caspase-3 at regions close to the
denuded villous tips in intestines of I/R rats (Figure. 1B and 1C). Decreased
immunoreactivity of PCNA was found in the intestinal crypts in I/R rats compared to
sham controls (Figure. 1D). The severity of mucosal damage caused by I/R was
quantified by histopathological scoring (Figure. 1E).

Enteral instillation of the pancaspase inhibitor ZVAD reduced the degree of
mucosal injury and epithelial apoptosis caused by I/R (Figure. 1A-C, and 1E). Normal

intestinal histology was seen in sham-operated rats enterally administered ZVAD
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(Figure. 1A). The mucosal caspase-3 activity was significantly increased after ischemia

(Table 1). Luminal pretreatment with ZVAD inhibited both baseline and

ischemia-induced mucosal caspase-3 activity (Table 3-1). This parameter was not

measured post-reperfusion owing to the marked destruction of the villous structure.

To assess the changes in the tight junctional structure, the level of occludin was

evaluated by Western blot. Increased cleavage of occludin was seen in the intestinal

mucosa of ischemic intestines compared to that of sham operation (Figure. 2).

Pretreatment with ZVAD diminished the level of occludin cleavage caused by ischemic

challenge (Figure. 2). Occludin levels were not examined post-reperfusion due to severe

epithelial denudation.

Increased intestinal permeability caused by I/R is dependent on epithelial

apoptosis

The intestinal permeability changes caused by I/R were first evaluated using an ex

Vivo assay that measured the luminal-to-serosal flux of a macromolecular probe HRP in

Ussing chambers (Yu et al., 2003). The transmural HRP flux rate in the intestine of I/R

rats was twice that of sham controls. The increase of HRP flux in I/R tissues compared

to sham controls was evident at 30-60 and 60-90 minutes after luminal addition of HRP

to the chambers (Figure. 3A).
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In consideration of the time frame required to detect increased HRP flux and the

extracorporeal setting of high oxygen and glucose supply needed to maintain the

viability of tissues ex vivo — which may produce artificial results of the extent of I/R

injury — we also measured gut permeability changes in vivo by using ligated loops

administered with fluorescein-conjugated dextran (Wang et al., 1998) or a contrast agent

gadodiamide for the newly-developed MRI-based assay (Hsiao et al., 2009). A

significant increase of the lumen-to-blood passage of FITC-dextran was seen in I/R rats

compared to sham controls (Figure. 3B).

The novel MRI-based intestinal permeability assay monitors the portal drainage of

an enterally-administered contrast agent (gadodiamide) by quantifying the signals in the

liver and kidney as the areas of interest (Hsiao et al., 2009). Representative abdominal

images of sham and I/R rats were taken at various time points after the start of

reperfusion (Figure. 3C). The signals in liver and kidney in I/R rats were brighter than

in sham controls (Figure. 3C). The signal-to-noise ratio (SNR) of the areas of interest

was quantified from the MR images (Figure. 3D). The liver SNR values in sham

controls was consistently low throughout these time points, whereas in I/R rats the liver

signals were significantly elevated over time and remained high up to 60 minutes

post-reperfusion (Figure. 3D). The signal intensity in liver was 14 times higher in I/R

rats (SNR = 4.97 £ 0.45) than in sham controls (SNR = 0.35 £ 0.07) as early as 5
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minutes post-reperfusion (Figure. 3D). The kidney SNR wvalues in I/R rats were

significantly higher than that of sham controls within 15 minutes post-reperfusion

(Figure. 3D). The plasma gadodiamide concentration was 68 times higher in I/R rats

than in sham controls (Figure. 3D).

Pretreatment with intraluminal ZVAD partially decreased the gut permeability rise

triggered by I/R, as evidenced by lower fluorescein intensity in plasma samples (Figure.

3B), as well as lower SNR in the liver, kidney, and plasma in I/R+Z rats (Figure. 3C and

3-3D). The gut permeability in sham+Z rats was comparable to that of sham controls

(data not shown).

I/R-induced enteric bacterial translocation and mucosal inflammation are

diminished by pretreatment with a caspase inhibitor

The bacterial counts in liver tissue in I/R rats were significantly higher than sham

controls (Figure. 4A). A similar increase of bacterial CFUs was demonstrated in the

spleen upon I/R insult (Figure. 4B). Intraluminal pretreatment with ZVAD abolished the

increase in bacterial CFUs in the liver and spleen of I/R rats (Figure. 4A and 4B).

The intestinal MPO activity (Figure. 5) and the mucosal levels of TNFa and

MIP-1a (Figure. 6) were higher in ischemic intestines compared to those with sham

operation, suggesting activation of inflammatory cells. Enteral instillation of ZVAD
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diminished the rise of MPO activity (Figure. 5) and the increase of TNFoa and MIP-1a

production induced by ischemia (Figure. 6). The inflammatory parameters in sham+Z

rats were comparable to those of sham controls (data not shown).

Luminal glucose decreased I/R-induced intestinal pathology

Mucosal pathology and epithelial apoptosis

Enteral instillation of glucose significantly alleviated I/R-induced mucosal injury,

whereby the jejunal villi showed better structure and were covered by intact epithelial

layers without cell apoptosis, and the crypt regions showed PCNA immunoreactivity

(Figure. 1A-D). Normal intestinal histology was seen in sham+G rats (Fig. 1A).

Luminal glucose also reduced the increase in mucosal caspase-3 activity caused by

intestinal ischemia (Table 1).

Tight junctional integrity and epithelial permeability

The effect of glucose on intestinal barrier function was examined further. Enteral

instillation of glucose reduced the level of occludin cleavage in ischemic guts (Figure.

2).

Moreover, the presence of luminal glucose during I/R challenge diminished the

lumen-to-blood passage of FITC-dextran (Figure. 3B), as well as the gadodiamide

signals and SNR in the liver, kidney, and plasma samples (Figure. 3C and 3D).
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Bacterial translocation and mucosal inflammation

The I/R-triggered increase of BT was abolished by luminal glucose. The bacterial

counts in liver and spleen were significantly lower in I/R+G rats than in I/R rats (Figure.

4A and 4B). The bacterial counts in sham+G rats were comparable to those of sham

controls (data not shown).

The intestinal MPO activity in I/R+G rats was decreased compared with I/R rats

(Figure. 5). Reduced mucosal levels of TNFa and MIP-1o. were seen in ischemic

intestines instilled with enteric glucose (Figure. 6A and 6B). The intestinal

inflammatory parameters in sham+G rats were comparable to those of sham controls

(data not shown).

Phloridzin blockage of SGLT1 sugar uptake nullifies glucose protection in a

dose-dependent manner

To verify the role of SGLTI in the protective mechanism, pharmacological

inhibitors of specific transporters were instilled into the ligated sac in the presence of

glucose and the gut permeability changes were measured by MRI-based assay. We

found that luminal pretreatment with phloridzin (a specific SGLT1 inhibitor; 0.5-2.5

mM) dose-dependently increased the liver SNR values of I/R+G rats to levels

comparable to those of I/R rats (Figure. 7A). Phloridzin (2.5 mM) also inhibited the
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glucose-mediated reduction of BT (Figure. 7B). On the other hand, pretreatment with

phloretin (an inhibitor of GLUT2; 2.5 mM) did not diminish the protective effect of

glucose on gut permeability (Figure. 7A) and BT (Figure. 7B). Moreover, apical

expression of SGLT1 was confirmed in the jejunal epithelium in sham controls (Figure.

7C). A lack of SGLT1 staining accompanied the epithelial sloughing seen in I/R rat

intestines; the presence of luminal glucose abolished this decrease (Figure. 7C).

PI3K/Akt signaling are involved in the glucose-mediated cell survival mechanism

To wverify the involvement of PI3K/Akt signals in the glucose-mediated

cytoprotective mechanism, I/R+G rats were administered LY294002 (LY) or

wortmannin (W), which partially eliminated the glucose protection against I/R-induced

cell apoptosis and villous destruction (Figure. 8A) as well as permeability rise (Figure.

8B).

The activation status of Akt in gut mucosa was investigated by measuring the

kinase reaction of immunoprecipitated phospho-Akt to phosphorylate exogenous GSK3

in an in vitro assay. Decreased Akt activity in the intestinal mucosa of I/R rats was

evidenced by the lower levels of phosphorylated GSK3 in I/R samples than in sham

groups (Figure. 9A). Enteral instillation of glucose increased the mucosal Akt activity in

both sham and I/R tissues (Figure. 9A). The GSK3 phosphorylation levels in samples
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from I/R+G+LY rats was lower than I/R+G rats (Figure. 9B), indicating that specific

inhibition of PI3K by LY294002 partly diminished the glucose-mediated activation of

Akt. Furthermore, immunofluorescent staining demonstrated the cytosolic expression of

Akt in jejunal epithelial cells in sham controls (Figure. 9C-a). Enteral instillation of

glucose induced the translocation of cytosolic Akt to the brush border and subcellular

organelles of enterocytes in sham+G rats (Figure. 9C-b). The loss of Akt expression was

correlated with the sloughing of intestinal epithelium in I/R rats (Figure. 9C-c), in which

these changes were attenuated by the addition of luminal glucose (Figure. 9C-d). The

phenomenon of Akt translocation to the brush border and to subcellular organelles in

epithelial cells was also seen in I/R+G rats (Figure. 9C-d).

The phosphorylation levels of Akt and downstream signals such as IkB, mTOR, Bad,

and FoxO1/3a in the mucosa of ischemic tissues were investigated by Western blot.

These parameters were not measured post-reperfusion due to severe mucosal denudation.

A significant decrease in phosphorylated Akt level was seen in ischemic tissues

compared to sham controls (Figure. 10A). Increased phosphorylation of Akt was seen

after enteral instillation of glucose in both sham and ischemic tissues (Figure. 10A).

Recent data indicate a link between Akt and IxkBa/NF«B signals in promotion of cell

survival and resistance to apoptosis in enterocytes (Dan et al., 2008; Bai et al., 2009).

On the other hand, IkBo/NF«B signals also play key roles in proinflammatory cytokine
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production in monocytes/macrophages and intestinal epithelial cells (Funda et al., 2001;

Suzuki et al., 2003; Selvaraj et al., 2005; Murphy et al., 2010). Our data showed that the

mucosal level of phospho-IkBa was significantly increased after ischemic challenge

compared to sham controls (Figure. 10B). Enteral instillation of glucose diminished the

increase of IxkBa phosphorylation caused by ischemia (Figure. 10B). Lastly, the

phosphorylation of Akt correlated with the phosphorylation of mTOR, Bad, and

FoxO1/3a in ischemic tissues with glucose instillation (Figure. 10C).
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3.2 Part2

Hypoxic challenge triggers RIP-dependent necroptosis in human colorectal

carcinoma cells

Human colorectal carcinoma Caco-2 cells were exposed to normoxia (Nx) or hypoxia

(Hx) in glucose-free media (®) for various time points, and a time-dependent increase

of LDH leakage was observed in Hx+® but not Nx+® cells (Figure 12A). Live images

revealed cytosolic vacuolation, widening intercellular space, and cell detachment in a

timely order following hypoxic challenge, whereas no morphological change was

observed in normoxic counterparts (Figure 12B). No sign of apoptosis was found after

hypoxic challenge as evidenced by the lack of oligonucleosome formation and

caspase-3 activation (Figure 13). Similar results of hypoxia-induced cell necrosis were

seen in another human colorectal tumor cell line HT29 (Figure 14A and B).

The mitochondrial transmembrane potential was determined by using a cationic

JC-1 dye. Exposure to hypoxia resulted in a transient increase and then decline in red

fluorescence intensity (the aggregated form of JC-1) followed by a display of green

fluorescence (the monomer form of JC-1) in the cytoplasm at later time points (Figure

12C). Quantification results indicated that the ratios of J-aggregate/monomer in cells

after 8- and 24-hr hypoxia were 221.1 £ 49.0% and 20.5 £ 2.8%, respectively, of that of
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the normoxic controls (Figure 12D), suggesting that hypoxia caused a transient

hyperpolarization and a final collapse of mitochondrial transmembrane potential.

Furthermore, plasma membrane disintegration paralleled with loss of tight

junctions in hypoxic cells, evidenced by reduction of transepithelial electrical resistance

(TER), increase of apical-to-basolateral dextran flux, and structural disruption of zonula

occluden-1 (ZO-1) (Figure 12E-G).

Pretreatment with necrostatin-1 (a specific RIP1 inhibitor) and gene silencing of

RIP1 reduced the level of LDH leakage caused by hypoxic challenge (Figure 15A and

3-2B). A ~50% knock down of RIP1 protein by siRNA was confirmed by Western blots

(Figure 15B). Using immunoprecipitation and 32P kinase assays, formation of RIP1/3

complex and phosphorylation of RIP1 were found in Hx+® but not Nx+® cells (Figure

16A), indicating the activation of RIP1/3 signaling. The hypoxia-induced morphological

damage and cell detachment were also inhibited by necrostatin-1 (Figure 15C).

However, the mitochondrial transmembrane potential change was not reverted by

necrostatin-1 (Figure 15D), suggesting that RIP1 activation may not be upstream of

mitochondrial dysfunction. In hypoxic cells treated with necrostain-1, a transient

increase in red fluorescence was seen after 8 hrs followed by a switch to green

fluorescence after 24 hrs (Figure 15D), of which the quantification results of JC-1

staining were 277.2 + 25.2% and 40.2 + 13.6%, compared to normoxic controls with
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necrostain-1 at respective time points.

Glucose uptake abolishes hypoxia-induced RIP signaling and necroptosis

Administration of glucose (25 mM) reduced the RIP1/3 complex formation and

phosphorylation (Figure 16A) and decreased LDH leakage in hypoxic cells in a

dose-dependent manner (Figure 16B). Non-metabolizable sugar analogs (i.e. 3-OMG

and mannitol) or glutamate did not reduce the LDH activity (Figure 17). Moreover,

glucose addition also ablated hypoxia-induced morphological damages (data not shown),

mitochondrial transmembrane potential damage (Figure 16C), and tight junctional

disruption (Figure 16D-F). Addition of glucose did not modify the apoptotic levels in

hypoxic cells (data not shown).

To confirm that cells still perceive hypoxic stress after glucose addition, activation

of HIF1la and hypoxia-targeted genes were examined. Nuclear translocation of HIF1a

(Figure 18A) correlated with increased expression of GLUT-1 and -4 at the

transcriptional and translational levels in hypoxic cells given glucose (Figure 18B-D).

The experiment was not carried out on hypoxic cells in glucose-free media due to cell

necrosis (i.e. plasma membrane disintegration and release of cellular contents).

Moreover, similar results of glucose-mediated death resistance, HIF1a activation, and

GLUT upregulation were also seen in HT29 cells under hypoxic stress (Figure. 19A, C,
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D).

Anaerobic glycolytic metabolism is involved in anti-necrotic resistance to hypoxia

stress

To verify the metabolic process that is involved in death resistance, cells were pretreated

with iodoacetate (IA, a glycolytic inhibitor to GPD) and UK5399 (UK, a MPC inhibitor)

prior to hypoxic challenge in the presence of glucose. Blockade of glucose-mediated

resistance was noted in cells pretreated with 1A, whereas no inhibitory effect was seen

with UK (Figure 20A), suggesting that glycolytic products unrelated to TCA cycles

were involved in anti-necrotic mechanisms. For hypoxic cells in glucose-free media, IA

and UK had no effect on LDH activity (data not shown).

The intracellular ATP, pyruvate, lactate contents were next quantified to examine

the bioenergetic status of cells. A significant reduction of intracellular ATP and pyruvate

levels were seen in hypoxic cells compared to their normoxic controls in glucose-free

media (Figure 20B and C), whereas comparable lactate production was noted between

the two groups (Figure 20D). Addition of glucose partially prevented the drop of ATP

and pyruvate caused by hypoxia, and significantly increased the lactate contents (Figure

20B-D). The effect of IA was confirmed by lower levels of ATP, pyruvate, and lactate

production compared to those given glucose without inhibitors in both normoxic and
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hypoxic conditions (Figure 20B-D). In contrast, UK had no effect on these parameters

(Figure 20B-D).

Pyruvate is involved in death resistance through mitochondrial superoxide

scavenging without restoration of cellular energy

The specific role of pyruvate in the mechanisms of death resistance was examined by

replacing glucose with cell-permeable ethyl pyruvate derivative in hypoxic cells.

Addition of pyruvate derivative significantly reduced the LDH leakage, RIP1/3 complex

formation, and morphological damage in hypoxic cells (Figure 21A-C). However, the

ATP levels in cells given pyruvate were comparable to those without supplementation

(Figure 21D). Presence of pyruvate neither altered cellular ATP contents nor suppressed

dextran flux in hypoxic cells (Figure 21E), indicating that death resistance by pyruvate

was uncoupled with ATP production and energy-dependent processes (e.g. tight

junctional restoration). Unlike glucose, pyruvate did not suppress hypoxia-induced

mitochondrial transmembrane potential changes (Figure 21F). These results suggest that

pyruvate confers resistance to necroptosis through an alternative, energy-independent

mechanism.

Generation of mitochondria-derived oxidative free radicals has been implicated in

the cell necrotic pathways triggered by cytotoxic agents (Declercq et al., 2009; Zhang et
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al.,, 2009), and we sought to examine its role in hypoxic necrosis. Increased mean

fluorescence of MitoSox (an indicator of mitochondrial superoxide production) was

observed in hypoxic cells compared to normoxic controls in glucose-free media (Figure

22A). Decreasing the mitochondrial superoxide levels with butylated hydroxyanisole

(BHA, a free radical scavenger) and apocynin (an inhibitor to nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase) (Figure 22A) led to partial inhibition of

LDH leakage in hypoxic cells (Figure 22B). Moreover, pretreatment with BHA also

diminished the RIP1/3 complex formation (Figure 22C). These results indicate that ROS

production which is upstream of RIP signaling is involved in hypoxia-induced

necroptotic pathways.

The modulatory effect of glucose and pyruvate on free radical levels was next

addressed. Addition of glucose decreased hypoxia-induced mitochondrial ROS levels

(Figure 22D), but did not alter the redox activities of catalase, superoxide dismutase,

glutathione reductase, or glutathione-S-transferase (Figure 23), suggesting a

non-enzymatic scavenging mechanism. The glucose-mediated reduction of

mitochondrial ROS may be inhibited by pretreatment with IA but not UK (Figure 22D).

Lastly, replacing glucose with cell-permeable pyruvate derivative also significantly

suppressed the mitochondrial ROS levels in hypoxic cells (Figure 22D). Similar results

of pyruvate-mediated resistance were seen in HT29 cells under hypoxic stress (Figure
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19B, E).
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Chapter 4 DISCUSSION

The first part of our results demonstrate that enterocytic apoptosis is in part
responsible for triggering intestinal barrier dysfunction upon I/R challenge, and glucose
uptake mediated by SGLT1 attenuated the loss of intestinal barrier function partly via
anti-apoptotic PI3K/Akt signaling (Figure. 11).

The histological findings suggest that mesenteric I/R triggers epithelial apoptosis
that accompanies villous disintegration and decreased crypt cell proliferation. Changes
in intestinal permeability in I/R rats were demonstrated by the transmural HRP flux rate
ex vivo and by the lumen-to-blood passage of enterally-administered FD4 and
gadodiamide in vivo. The increase of epithelial permeability paralleled the augmentation
of BT in I/R intestines, indicating gut barrier damage. These pathological changes were
attenuated by enteral instillation of ZVAD, providing direct evidence that epithelial
apoptosis is in part responsible for triggering intestinal barrier damage and bacterial
influx. This study is thus the first to demonstrate that modification of epithelial caspase
activity reduces intestinal permeability and BT in animals. We also showed that
pretreatment with ZVAD diminished the increase of MPO activity and the production of
TNFa and MIP-1a in ischemic intestines, suggesting that epithelial apoptosis and

barrier dysfunction preceded mucosal inflammation.
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The intestinal permeability was evaluated using ex vivo and in vivo assays. A

twofold increase of the transmural HRP flux was observed in the intestinal tissues in I/R

rats compared with sham controls. However, the increased HRP flux was only evident at

30-60 and 60-90 minutes after the addition of the probe to Ussing chambers; the

delayed observation and the extracorporeal, oxygenated setting may produce artificial

results of the extent of I/R injury. In light of these technical limitations, we also

evaluated gut permeability in vivo by measuring the luminal-to-blood passage of

enterally administered FD4 or gadodiamide during the reperfusion period. The plasma

level of FD4 was four times higher in I/R rats than in sham controls, indicating

compromised intestinal barrier function after ischemic challenge. A novel MRI-based

assay developed previously from our laboratory was used to detect the real-time

permeability changes in vivo. This more sensitive assay showed a five- to tenfold

increase of SNR in liver and kidney in ischemic rats at the early phase (<15 minutes) of

reperfusion, supporting the hypothesis that it is an acute break of the epithelial barrier

that leads to augmented portal drainage of luminal probes. The kidney SNR peaked at

15 minutes post-reperfusion and declined afterwards, which was likely due to the high

concentration of gadodiamide in the renal medulla and calyces leading to a greater T2

shortening effect than T1 shortening effect. These results are in agreement with others

showing increased gut permeability upon I/R challenge (Sun et al., 1998; Khanna et al.,
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2001). In comparison to the HRP flux assay and the fluorescence intensity test, this

MRI-based method is fast and sensitive, and allows us to rapidly detect changes in gut

permeability and provides a means for further studies of targeted pharmacological

intervention.

Physiological cytoprotective mechanisms contributing to resistance against

apoptosis include upregulation of glucose transporters (e.g. SGLT1, GLUTI, and

GLUT4) and maintenance of high intracellular glucose concentration (Sun et al., 1994;

Hall et al., 2001; Russo et al., 2004; Yu et al., 2005; Yu et al., 2006; Wofford et al., 2008;

Yu et al., 2008). The phenomenon of glucose protection has been documented in a

number of cell types, including neurons, leukocytes, myocardiocytes, and vascular

smooth muscle cells (Sun et al., 1994; Hall et al., 2001; Russo et al., 2004; Wofford et

al., 2008). Previous in vitro studies utilizing human intestinal epithelial Caco-2 cells

have also demonstrated that SGLT1 glucose uptake inhibits cell apoptosis and barrier

impairment caused by bacterial and parasitic products (Yu et al., 2005; Yu et al., 2006;

Yu et al., 2008). Based on our finding that epithelial apoptosis is partly responsible for

intestinal barrier dysfunction upon I/R challenge, we sought to investigate the use of

glucose supplementation to correct excessive cell death and to improve gut barrier

integrity. In I/R rats, glucose uptake mediated by the phloridzin-sensitive SGLT1

protected the intestinal epithelium from apoptosis and attenuated the increase in
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permeability and BT, leading to diminished inflammatory responses. Taken together
with previous studies (Yu et al., 2005; Yu et al., 2006; Yu et al., 2008), our finding
suggests that SGLT 1-mediated cytoprotection may operate under a number of metabolic
and microbial stress conditions.

The signal transduction pathways responsible for promoting cell survival were also
investigated. Membrane translocation and increased phosphorylation of Akt in villous
epithelial cells were paralleled by enhanced Akt kinase activity in the gut mucosa
following glucose uptake by SGLT1. This finding is consistent with previous studies
showing that Akt is a downstream step of a signaling pathway induced by Na'-glucose
cotransport (Zhao et al., 2004; Shiue et al., 2005), which triggered the activation of
Na'-H" exchanger (NHE). Our pharmacological blockade studies with LY294002 and
wortmannin confirmed that PI3K/Akt activation is involved in the glucose-mediated
protection against epithelial apoptosis, mucosal pathology and gut barrier damage
induced by I/R. Previous reports documented that PI3K/Akt signaling inhibits cell
apoptosis by phosphorylating Bad, either directly or indirectly via mTOR (Chang et al.,
2003; LoPiccolo et al., 2008). A number of other downstream targets of Akt, such as
IkBa/NFkBa, FoxO1/3a and GSK3, are also involved in promoting cell survival and
cell cycle progression (Liang et al., 2003; Urbich et al., 2005; Dan et al., 2008; Bai et al.,

2009). We showed here that SGLT1 glucose uptake induced the phosphorylation of Akt
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and downstream targets such as mTOR, Bad and FoxO1/3a in intestinal mucosa. These

results provide an explanation of the anti-apoptotic effects of enteral glucose, which

may contribute to cytoprotective mechanisms in intestinal I/R. It is noteworthy that

recent evidence points to an unanticipated role of Bad in linking pathways of glucose

metabolism and cell apoptosis (Danial et al., 2003; Danial, 2008). Danial et al.

demonstrated that Bad resides in a mitochondrial complex with glucokinase and

participates in mitochondrial respiration in response to glucose (Danial et al., 2003;

Danial, 2008). The phosphorylation status of Bad is associated with glucokinase activity;

glucose deprivation results in dephosphorylation of Bad and Bad-dependent cell death

(Danial et al., 2003; Danial, 2008). These findings highlight the role that mitochondrial

Bad plays in coordinating glucose metabolism and the apoptotic machinery. Whether

the phosphorylation status of mitochondrial Bad affects the mode of glucose

metabolism in ischemic intestines requires further investigation.

Recent reports indicated that the IkBo/NF«kB pathway is involved in anti-apoptotic

events in intestinal epithelial cells against various pathogenic stimuli (Potoka et al.,

2000; Egan et al., 2004; Nenci et al., 2007). However, our results demonstrated that

instillation of enteric glucose decreased the levels of phosphorylated IkBa in ischemic

guts. Despite links between Akt and IxkBa/NFkB pathways in the mechanism of cell

survival (Chang et al., 2003; Dan et al., 2008; Bai et al., 2009), the IkBa/NF«kB pathway
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is not involved in the glucose-mediated anti-apoptotic signaling in intestinal epithelium.
The upregulation of phospho-IkBa may be partly responsible for proinflammatory
cytokine production after ischemic challenge. Overall, we demonstrated that SGLT1
glucose uptake in intestinal epithelial cells activated anti-apoptotic pathways that
involved PI3K/Akt signaling and increased phosphorylation of mTOR, Bad and
FoxO1/3a.

Accumulating data supports the notion that SGLT1 orchestrates a number of
fundamental cellular processes besides its canonical absorptive function. Previous
reports showed that activation of SGLT1 induced the recruitment of GLUT2 to the
brush border membrane for diffusive glucose transport via a PKCB-dependent pathway
(Kellett et al., 2000; Kellett, 2001). Others documented that cotransport of Na" with
glucose triggered the activation of Akt and phosphorylation of cytoskeleton-associated
ezrin, leading to recruitment of NHE to apical membrane that facilitated absorption of
sodium and hydrogen in intestines (Zhao et al., 2004; Shiue et al., 2005). A recent study
by Palazzo et al. demonstrated that activation of SGLT1 suppressed bacterial
LPS-induced NF x B signaling in intestinal epithelial cells, and suggested that SGLT1
plays a novel immunomodulatory role (Palazzo et al., 2008). Moreover, oral ingestion
but not intraperitoneal administration of glucose attenuated proinflammatory cytokine

production and protected endotoxemic mice from lethal septic shock (Palazzo et al.,
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2008). Clinically, oral rehydration therapy that targets SGLT1 to drive passive diffusion

of water is a widely-used supportive therapy for diarrheal patients. Early enteral

nutrition (EN) is advocated for patients with multiple pathologies for its known benefit

in lowering the risk of septic complications compared to parenteral supplementation.

One area that has gained much attention in nutrition therapy nowadays is preoperative

oral carbohydrate loading (CHO) (Fearon et al., 2005; Martindale et al., 2006). This

novel concept involves giving patients an isotonic carbohydrate solution at midnight the

day before surgery and 2-3 hours preoperatively, in contrast to the general routine of

overnight fasting before surgery. Patients given CHO showed reduced postoperative

insulin resistance and shorter hospital stay after colorectal resection (Soop et al., 2004).

The advantage of early EN and CHO may also involve SGLT1-mediated nutritive and

non-nutritive functions.

The second part of our study demonstrates a novel mechanism through which

glycolytic pyruvate confers resistance to RIP-dependent necroptosis in hypoxic

colorectal carcinoma via mitochondrial superoxide scavenging. Despite long-standing

observation of cell necrosis in the hypoxic core of colorectal tumors, there is an

apparent lack of knowledge on its molecular mechanisms. In our study, we

demonstrated that oxygen and glucose deprivation induced RIP-1/3 signaling and

morphological necrotic features, i.e. rupture of plasma membrane, 8 to 24 hours after
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the onset of challenge in colorectal carcinoma cells. Recent studies from other

laboratories have also showed necroptosis in intestinal epithelial cells in models of

chronic intestinal inflammation in gene-deficient mice (Gunther et al., 2011; Welz et al.,

2011). Although there is no data on the timing of necrotic death caused by hypoxic

stress in normal human epithelial cells, rapid villous necrosis in jejunum and colon was

found in rats after 60 minutes of hemorrhagic shock or 40 minutes of mesenteric

ischemia (Chang et al., 2005; Higa et al., 2007), showing that normal cells are more

sensitive to oxygen and nutrient deprivation compared to cancer cells. It is noteworthy

that normoxic controls in glucose-free media displayed no sign of necroptosis,

indicating that glucose deprivation alone did not trigger necrotic death.

Mitochondrial dysfunctions and free radical generation have also been implicated

in the necrotic process caused by cytotoxic agents.(Goossens et al., 1995; Temkin et al.,

2006; Zhang et al., 2009). The transient mitochondrial hyperpolarization observed in

our study may reflect a temporal reversal of electron transport chain ATP synthase

activity due to a decline in intracellular oxygen, leading to adverse proton pumping

against the electrochemical gradient to intermembranous spaces. Moreover, the final

mitochondrial potential collapse correlated well with organelle swelling at later time

points (16-24 hrs) of hypoxia. Interestingly, we identified high levels of mitochondrial

superoxide production prior to plasma membrane disintegration in hypoxic colonic
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carcinoma cells. This seemingly paradoxical situation of ROS emission in hypoxia has

also been previously documented in cardiomyocytes after infarction (Becker et al., 1999;

Camara et al., 2007). The generation of mitochondrial ROS has been suggested to be

caused by electron leak to oxygen in the respiratory chain complexes whereby low

levels of oxygen remain inside cells at the early stage of hypoxic challenge (Turrens,

2003). By using antioxidants, we demonstrated that mitochondria-derived superoxide

plays a critical role in hypoxia-induced necrotic mechanisms and is upstream of RIP

signals.

We further showed ' that GLUT-dependent glucose uptake and glycolytic

metabolism inhibits hypoxia-induced RIP signaling and necrotic features in colorectal

cancer cells. Several studies have implicated that glycolytically generated ATP may

restore energy supply in cancer cells and act as a key factor for glucose-mediated death

resistance against hypoxia and genotoxic agents (Xu et al., 2005; Zhou et al., 2012).

Recent data in activated macrophages and B lymphocytes have demonstrated that

glycolytic ATP promotes cell survival via maintenance of transmembrane potential of

defective mitochondria that are unable to generate ATP (Dufort et al., 2007; Garedew et

al., 2010). Here, we focused on the role of glycolytic pyruvate, and examined if

cell-permeable derivative may lead to anti-necrotic effects. We demonstrated that

hypoxia-induced necroptosis (i.e. LDH leakage, RIP activation, and morphological
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damage) was reverted by pyruvate, however, the resistance was uncoupled with

restoration of cellular energy and mitochondrial potential. Another line of evidence

showed that glucose addition reduced the mitochondrial ROS levels but did not alter the

redox enzyme activity. The aforementioned data indicate that a non-enzymatic free

radical scavenging mechanism, such as those reported with pyruvate, may contribute to

death resistance. Indeed, our results showed that supplementation of pyruvate

significantly reduced the mitochondrial superoxide levels in hypoxic cells in an

ATP-independent manner. It is noteworthy that - glucose-mediated recovery of

mitochondrial transmembrane potential in hypoxic cells is not dependent on pyruvate

but may rely on ATP. Taken together, glycolytic metabolism may promote hypoxic cell

survival by a two-fold mechanism including scavenging of mitochondrial superoxide by

pyruvate and maintenance of mitochondrial potential by ATP.

We confirmed that presence of glucose during hypoxic challenge did not ablate

oxygen deprivation stress as evidenced by the nuclear translocation of HIFla. The

HIF1-targeted upregulation of GLUTs led to enhanced glucose uptake and glycolytic

metabolism, serving as a positive cycle to promote cell survival. Normal human small

intestinal epithelial cells express SGLT1 on apical membrane and GLUT2 on basolateral

membrane for luminal-to-serosal flux of dietary glucose absorption (Yu et al., 2005; Yu

et al., 2008). In contrast to normal colonocytes, human colorectal carcinoma specimens
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abnormally display SGLT1 and GLUT isoforms 1-4 on the apical membrane or

cytoplasm of tumor cells (Godoy et al., 2006; Guo et al., 2011; de Wit et al., 2012).

Previous studies have indicated that transcriptional regulation of GLUT]1 is mediated by

HIF1 binding to a nucleotide sequence corresponding to a hypoxia-responsive element

in promoter regions of GLUT1 gene, following oxygen deprivation (Ouiddir et al., 1999;

Hayashi et al., 2004).

Other than glucose transporters (GLUT1 and GLUT3), a large number of genes

encoding for glycolytic enzymes, angiogenic growth factors, cell survival and

proliferative signals, and prolyl hydroxylases (PHD) are also upregulated by HIFI

(Denko, 2008; Chiacchiera et al., 2009; Marin-Hernandez et al., 2009). In our study, a

transient drop of GLUTs expression was observed after 16 hrs but recovered after 24 hrs

of hypoxia. The temporary reduction of GLUTs expression may be due to the regulatory

loop of HIFla/PHD. Under normoxic conditions, PHD-mediated hydroxylation of

proline residues on HIFla permits its ubiquitination followed by proteosomal

degradation. Hypoxia sensing downregulates PHD activity and thus, stabilizes HIF1a

levels, leading to its nuclear translocation and downstream transcription of target genes

(Jaakkola et al., 2001; Kondo et al., 2006). Paradoxically, PHDs are themselves target

genes of HIF1 transcription, indicating a negative feedback mechanism (Marxsen et al.,

2004; Stiehl et al., 2006). In addition, HIF1a degrades within 8-12 hrs without de novo
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synthesis (Millonig et al., 2009). Therefore, we speculate that the fluctuation of GLUTs

expression after the onset of hypoxia may reflect the HIF1a/PHD loop. Experiments to

address the temporal relationship, cellular distribution, and pathophysiological

significance of various isoforms of glucose transporters by HIF1 in colonic carcinoma

are currently under progress.

Angiogenic pathways and mediators have been extensively studied as potential

anti-cancer drugs for several decades. In some cases, patients fail to respond to

antiangiogenic agents or simply develop drug resistance. Tumors may display invasive

metastatic transition in response to the increasing hypoxic microenvironment by cancer

treatment (Zeng et al., 2010; Rapisarda et al., 2012). Here, our data show a critical role

of glycolytic pyruvate in death resistance and underscore site-specific glucose

transporters and metabolic pathways as potential candidates for the development of

novel cancer killing strategies. The resistance to antiangiogesis or hypoxic stress may be

overcome by combinational strategies with glucose- or pyruvate-targeted therapy. In

summary, the second part of the studies demonstrated glycolytic metabolism inhibits

hypoxia-induced RIP-dependentnecroptosis in colonic cancer cells by suppression of

mitochondrial ROS (Figure 24).
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Chapter S TABLE AND FIGURES

5.1 Table

Table 1 Caspase-3 activity in the jejunal mucosa in rats.

Sham | 1+Z 1+G

Caspase-3 activity . .y 4
9800 +1381 15114 + 362 94+7 11888 + 891
(RFU/min/mg protein)

Rats were subjected to sham operation (Sham) or ischemic (I) challenge for 20 minutes
with or without enteral instillation of a pancaspase inhibitor ZVAD (Z) and glucose (G).
*P < 0.05 vs. Sham, P < 0.05 vs. L. (n =6 / group)
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5.2 Figures

Figure 1
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Figure 1 Mesenteric I/R triggers enterocytic apoptosis that accompanies villous destruction. The
jejunal tissues of sham-operated and I/R rats were processed for (A) H&E staining, (B) TUNEL assay,
and immunostaining of (C) cleaved caspase-3, and (D) PCNA. Magnification: 200x in (A); Magnification:
400x in (B-D). (A) In comparison to non-ischemic tissues in sham controls, mucosal injury including
villous blunting and epithelial denudation were observed in I/R rats. Enteral instillation of 120 uM ZVAD
(Z) or 25 mM glucose (G) alleviated I/R-induced morphologic injury (labeled I/R+Z and I/R+G
respectively). Normal mucosal histology was seen in sham+Z and sham+G rats. (B) Enterocytes with
increased TUNEL(+) reaction were noted in regions close to the denuded villous apex after mesenteric
I/R. TUNEL(+) epithelial cells (arrows) and villous denudation (asterisks) were observed in the intestines
of I/R rats. Enteral instillation of ZVAD or glucose decreased I/R-induced epithelial apoptosis. (C)
Increased immunoreactivity to cleaved caspase-3 was seen at villous tips in I/R rats compared to sham
controls. No staining was observed in intestinal tissues in sham+Z, sham+G, I[/R+Z and I/R+G rats. (D)
Immunoreactivity to PCNA (arrows) was detected in intestinal crypts in sham, sham+Z, and sham+G rats,
No staining was seen in intestinal tissues in I/R rats. Enteral instillation of glucose attenuated the
I/R-induced decrease of PCNA immunoreactivity, whereas ZVAD had no effect. (E) Histopathological
scores in jejunal tissues of each group of rats. *P<0.05 vs. sham, “P<0.05 vs. I/R. (n = 6-8 / group)
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Figure 2
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Figure 2 Increased cleavage of tight junctional occludin after ischemic challenge is alleviated by
enteral instillation of ZVAD or glucose. Western blot images of occludin in jejunal mucosa of rats
subjected to sham operation (Sham) and ischemic (I) challenge with or without enteral instillation of
ZVAD (Z) or glucose (G). Representative images from 4 separate experiments. (n =4 / group)
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Figure 3
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Figure 3 I/R-triggered increase of epithelial permeability is ameliorated by enteral instillation of
ZVAD or glucose. (A) Increased mucosal-to-serosal flux of HRP was seen in I/R rats compared to sham
controls. HRP in serosal buffer was measured by kinetic enzymatic assay at 0-30 (I), 30-60 (II) and 60-90
(III) minutes after addition of HRP to the luminal buffer. *P < 0.05 vs. sham. (B) The 4-kDa FITC dextran
(FD4) concentration in plasma sample collected from sham, I/R, I/R+Z and I/R+G rats at 60 min
post-reperfusion. A significant increase of the lumen-to-blood passage of FD4 was seen in I/R rats
compared to sham controls, which was decreased by instillation of ZVAD or glucose. (C) Abdominal
images of sham, I/R, I/R+Z and I/R+G rats were taken at 0, 15, 30, and 60 min post-reperfusion. The
arrow, arrowhead, and asterisk indicate the location of the liver, kidney, and ligated jejunal sac,
respectively. In all panels, “0 min” indicates images taken before luminal gadodiamide was instilled into
the jejunal sacs. (D) SNRs in the liver, kidney, and plasma samples were higher in I/R rats than in sham
controls. The I/R-induced increase of gut permeability was ameliorated by enteral instillation of ZVAD or
glucose. *P < 0.05 vs. sham; “P < 0.05 vs. I/R. (n = 5-6 / group)
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Figure 4
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Figure 4 I/R-induced enteric bacterial translocation is diminished by ZVAD or glucose. Numbers of
bacterial CFUs in liver (A) and spleen (B) of sham, I/R, I/R+Z, and I/R+G rats were normalized to tissue
weight. Each data point in the figure represents the value from one animal. The median values of bacterial
counts (shown as bars) were significantly higher in I/R rats than in sham controls. The increase in
bacterial counts caused by I/R was reduced by luminal instillation of ZVAD or glucose. *P < 0.05 vs.
sham; “P < 0.05 vs. I/R. (n = 6-8 / group)
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Figure 5
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Figure 5 Increased MPO activity caused by I/R is reduced by enteral instillation of ZVAD or
glucose. The jejunal tissues of sham, I/R, I/R+Z and I/R+G rats were processed for the measurement of
MPO activity (see Methods). One unit of MPO activity was defined as the quantity of enzyme degrading
1 pmol of H,O, per minute. *P < 0.05 vs. sham; “P <.0.05 vs. I/R. (n = 6-8 / group)
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Figure 6
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Figure 6 Ischemic challenge augments the production of proinflammatory cytokines in gut mucosa.
(A) Mucosal levels of TNFa, which increased after ischemic challenge, were attenuated by luminal
instillation of ZVAD or glucose. (B) The increase of mucosal MIP-1a levels induced by ischemic
challenge was ameliorated by ZVAD or glucose. *P < 0.05 vs. sham; “P < 0.05 vs. I. (n = 6 / group)
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Figure 7
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Figure 7 Blockage of phloridzin-sensitive SGLT1 inhibits the glucose protection against
I/R-increased epithelial permeability and bacterial translocation. (A) Administration of phloridzin
(PHZ) increased the liver SNR in I/R+G rats to a comparable level to I/R rats in a dose-dependent manner.
The liver SNR values were acquired at 60 minutes post-reperfusion. Phloretin (PHT) had no effect on the
liver SNR values in I/R+G rats. * P <0.05 vs. 0 mM phloridzin. (B) Glucose-mediated reduction of BT to
liver and spleen was abolished by phloridzin (PHZ; 2.5 mM), but not phloretin (PHT; 2.5 mM). The bar
represents the median of bacterial counts in each group. * P < 0.05 vs. I/R+G. (C) Immunofluorescent
staining demonstrated the apical expression of SGLT1 (green color) on jejunal villi of sham, sham+G, and
I/R+G rats. Lack of SGLT1 staining was correlated with epithelial sloughing in the intestine in I/R rats.
The cell nuclei are stained blue. (n = 4-6 / group)



Figure 8
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Figure 8 Anti-apoptotic PI3K signaling is involved in the mechanism of glucose protection against
I/R-induced intestinal permeability rise. (A) Inhibition of PI3K by LY294002 (LY) or wortmannin (W)
blocked the glucose rescue from cell apoptosis caused by I/R. TUNEL(+) epithelial cells (arrows) and
disruption of epithelial continuity (arrowheads) were noted in I/R+G+LY and I/R+G+W rats.
Magnification: 400x. (B) The plasma gadodiamide concentrations in I/R+G+LY and I/R+G+W rats were
higher than that of I/R+G rats, indicating that PI3K inhibitors partially diminished the glucose protection
against I/R-induced increase of epithelial permeability. *P < 0.05 vs. I/R+G. (n = 6 / group)
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Figure 9 I/R-decreased mucosal Akt activity is inhibited by enteral instillation of glucose. Mucosal
lysates from rat jejunal tissues were collected for the measurement of Akt activity. Phospho-Akt protein
was immunoprecipitated from the mucosal lysates by anti-phospho-Akt antibody, and exogenous GSK3
served as a substrate for Akt kinase reaction in vitro. The level of phospho-GSK3 was examined by
Western blot. (A) Decreased Akt activity was seen in the intestinal mucosa of I/R rats compared to sham
controls. Luminal glucose increased the mucosal Akt activity in both sham and I/R rats. (B)
Administration of a PI3K inhibitor LY294002 (LY) decreased the mucosal Akt activity in I/R+G rats. *P
< 0.05 vs. sham; “P < 0.05 vs. I/R. (n = 6 / group) (C) Representative images of jejunal tissues stained for
Akt (green color); cell nuclei are shown in blue. (a) Expression of cytosolic Akt was found in jejunal
epithelial cells in sham controls. (b) Staining of Akt was noticed on brush border (arrows) and subcellular
organelles (arrowheads) in villous epithelial cells in sham+G rats. (¢) Loss of Akt staining was correlated
with epithelial sloughing in I/R rats. (d) Histological improvement and staining of Akt on brush border
(arrows) and subcellular organelles (arrowheads) in enterocytes were seen in I/R+G rats.
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Figure 10
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Figure 10 Enteral instillation of glucose induced the phosphorylation of Akt and downstream
targets such as mTOR, Bad and FoxO1/3a but not IkBa in ischemic intestines. Western blot showing
the levels of phosphorylated Akt, IkBa, mTOR, Bad and FoxO1/3a in jejunal mucosa of sham and
ischemic rats after enteral instillation of glucose. Blots from 3 independent experiments were quantified
by densitometry. (A) Decreased levels of phosphorylated Akt were seen in ischemic tissues compared to
sham controls. Luminal glucose increased the phosphorylation of Akt in both sham and ischemic tissues.
(B) Ischemic challenge augmented the phosphorylation levels of IkBa, which was decreased by glucose.
(C) Luminal glucose increased the levels of phosphorylated mTOR, Bad and FoxO1/3a in jejunal mucosa
in ischemic rats. *P < 0.05 vs. sham; “P < 0.05 vs. I. (n = 6 / group)
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Figure 12
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Figure 12 Necrotic death was triggered by hypoxic challenge in human colonic carcinoma cells. (A)
Caco-2 cells were exposed to normoxia (Nx) or hypoxia (Hx) in glucose-free media (®) for various time
points. Increased LDH activity was found in the cell media of Hx+®, but not Nx+® cells, in a
time-dependent manner. ¥P<0.05 vs. Nx+® (n=6/group). (B) Representative time-lapse images showing
morphological changes in Hx+® cells for 24 hrs. Cytosolic vacuolation (—) and cell detachment (#) were
noted in Hx+® cells. (C) Representative time-lapse images showing temporal alterations of mitochondrial
transmembrane potential in Hx+®, but not Nx+® cells. The aggregated form of JC-1 (J-aggregate; red
fluorescence) accumulated in functional mitochondria in normoxic cells throughout each time point. In
hypoxic cells, a transient increase in red fluorescence intensity was seen after 4-8 hrs followed by a
decline at later time points (16-24 hrs) associated with an increase in green fluorescence (the monomer
form of JC-1; J-monomer) in the cytoplasm. (D) The ratio of J-aggregate to monomer was quantified in
Nx+® and Hx+® cells at various time points. In contrast to normoxic cells, hypoxic challenge induces
transient hyperpolarization and a final collapse of the mitochondrial transmembrane potential. *P<0.05 vs.
Nx+® at individual time points. (n=8/group) (E) Hypoxic challenge decreased the transepithelial
resistance (TER) of cells compared to normoxic conditions. Data are presented as the absolute TER value
at various time points. *P<0.05 vs. Nx+®. (n=6/group) (F) Hypoxic cells displayed heightened
apical-to-basolateral flux of dextran probe in a time-dependent manner. ¥P<0.05 vs. Nx+®. (n=6/group)
(G) Representative images of tight junction ZO-1 staining in cells exposed to normoxia and hypoxia for
16 hrs. Tight junction disruption and cell detachment (asterisks) were observed in hypoxic cells.
(n=6/group)
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Figure 13
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Figure 13 No sign of cell apoptosis was seen after hypoxic challenge. Caco-2 cells were exposed to
normoxia (Nx) or hypoxia (Hx) in glucose-free media (@) for various time points. (A) No increase in
oligonucleosome formation (an indicator of DNA fragmentation) was seen in cells exposed to hypoxia in
glucose-free media for (a) 8 hrs and (b) 16 hrs. (B) The caspase-3 activity levels were comparable
between hypoxic and normoxic cells at the 8-hr time point. (n=6/group)
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Figure 14
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Figure 14 Hypoxic challenge induced LDH leakage and plasma membrane disruption in human
colonic carcinoma HT29 cells. (A) HT29 cells were exposed to normoxia (Nx) or hypoxia (Hx) in
glucose-free media (@) for 16 hrs. Pretreatment with necrostatin-1 (a specific RIP1 inhibitor) decreased
the hypoxia-induced LDH leakage. *P<0.05 vs. Nx. (n=6/group). (B) Representative photoimages of cells
hypoxia exposed for 0, 8, and 16 hrs. Cytosolic vacuolation (—) and cell detachment (#) were noted in
Hx+® cells. (n=6/group).
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Figure 15
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Figure 15 Hypoxia-induced necrotic cell death is dependent on RIP signaling pathways. (A)
Pretreatment with necrostatin-1 (a specific RIP1 inhibitor) decreased the hypoxia-induced LDH leakage
in a dose-dependent manner. ¥P<0.05 vs. respective Nx+® groups; “P<0.05 vs. ‘0 mM’ in Hx+® cells.
(n=6/group) (B) Knockdown of RIP1 by siRNA reduced LDH leakage in hypoxic cells. No effect was
seen by negative control (CON) siRNA. Knockdown efficiency of transfected cells was confirmed by
Western blots. *P<0.05 vs. respective Nx+® groups. “P<0.05 vs. CON. (n=3/group) (C) Representative
images showing that necrostatin-1 inhibited morphological damage and cell detachment caused by 8-hr
and 24-hr hypoxia. (D) Representative images showing transient mitochondrial hyperpolarization (an
increase in red fluorescence intensity after 8 hrs) and a final collapse of transmembrane potential (an
increase in green fluorescence intensity after 24 hrs) in hypoxic cells treated with necrostatin-1. The
results suggest that RIP1 may not be upstream of mitochondrial dysfunctions. (n=4/group)
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Figure 16
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Figure 16 Supplementation of glucose prevented hypoxia-induced necropoptosis in colonic cancer
cells. Cells exposed to normoxia (Nx) and hypoxia (Hx) were given glucose (0 or 25 mM) to evaluate
death resistance. (A) Immunoprecipitation blots showing the formation of RIP1-RIP3 complex and
phosphorylation of RIP1 in hypoxic cells without supplementation (labeled as ‘®’). No sign of RIP
signaling was seen in hypoxic cells added 25 mM of glucose (labeled as ‘G’), and normoxic counterparts
with or without glucose. The experiments were repeated twice and similar results were obtained.
(n=3/group). (B) The hypoxia-induced LDH leakage was decreased by glucose in a dose-dependent
manner. (C) The changes in mitochondrial transmembrane potential caused by hypoxic challenge were
inhibited by glucose addition. (D) The TER drop caused by hypoxia was reversed in cells treated with
glucose compared to those without. (E) Addition of glucose prevented the increased dextran permeability
caused by hypoxia. (F) Representative images of tight junction ZO-1 staining in cells exposed to hypoxia
for 16 hrs with or without glucose. Hypoxia-induced tight junctional disruption and cell detachment
(asterisks) was prevented by glucose. (B-E) *P<0.05 vs. respective Nx groups; "P<0.05 vs. ‘Hx+®’.
(n=6/group).
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Figure 17
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Figure 17 Addition of sugar analogs or amino acid did not reduce hypoxia-induced necrosis. The
inhibition of hypoxia-induced LDH leakage was not seen by addition of 3-OMG (O), mannitol (M), or
glutamate (GM). P<0.05 vs. Nx+®. (n=8/group).
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Figure 18
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Figure 18 Hypoxic challenge induced HIF1a activation and hypoxia-targeted gene (GLUT-1 and -4)
expression in the presence of glucose. (A) Representative immunofluorescence staining of HIFla in
hypoxic cells given glucose for 0, 2 and 4 hrs. Superimposed images of HIF1a staining (red) merged with
cell nucleus (blue) showed cytoplasmic distribution of HIFla under normoxic conditions and nuclear
translocation of HIF-1a after hypoxic challenge for 2 and 4 hrs (n=6/group). (B) The mRNA levels of
GLUT-1, -2, -3 and -4 following hypoxic challenge as determined by semiquantitative PCR analysis. (C)
Representative quantification of mRNA expression of GLUT-1 and -4 in hypoxic cells by real-time PCR.
(D) The protein levels of GLUT-1, -2, -3 and -4 after hypoxic challenge as determined by Western blots.
(B and D) *P<0.05 vs. 0 hr’. (n=4/group)
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Figure 19
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Figure 19 Resistance to hypoxia-induced necrosis is conferred by glycolytic pyruvate scavenging of
mitochondrial superoxide in HT29 cells. (A) Various concentrations (0, 1, 5, and 25 mM) of glucose
were added to hypoxic cells, and the LDH activity in the cell media was measured. *P<0.05 vs. Nx at 0
mM. (B) Cells were normoxia and hypoxia exposed in the absence (®) or presence of ethyl pyruvate (pyr;
25 mM), and the LDH activity in cell media was measured. *P<0.05 vs. respective Nx+® groups.
(n=8/group). (C) Representative immunofluorescence staining of HIFla in HT29 cells exposed to
normoxia or hypoxia with glucose. Superimposed images of HIFla staining (red) merged with cell
nucleus (blue) showed cytoplasmic distribution of HIFla under normoxic conditions and nuclear
translocation of HIFla after hypoxia (n=6/group). (D) The protein levels of GLUT-1, -2, -3 and -4
following exposure to normoxia or hypoxia. (n=3-4/group) (E) Addition of glucose decreased
mitochondrial ROS levels in hypoxic HT29 cells. Replacing glucose with a pyruvate derivative (pyr) also
reduced mitochondrial ROS in hypoxic cells. ¥P<0.05 vs. respective Nx groups; "P<0.05 vs. Hx+®
(n=8/group).
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Figure 20
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Figure 20 Anti-necrotic resistance of human colonic carcinoma cells was associated with anaerobic
glycolytic metabolism. Cells were pretreated with vehicle (veh), iodoacetate (IA, 1 mM; a glycolytic
inhibitor to GPD), or UK5099 (UK, 10 pM; a MPC inhibitor) prior to hypoxic challenge in the presence
of glucose. The LDH activity in cell media (A), and the intracellular levels of ATP (B), pyruvate (C), and
lactate (D) were measured. *P<0.05 vs. respective Nx groups; "P<0.05 vs. ‘veh’. (n=8/group)
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Figure 21
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Figure 21 Pyruvate inhibited hypoxia-induced necrotic death in an energy-independent mechanism.
Colonic cancer cells were normoxia and hypoxia exposed in the absence (®) or presence of ethyl
pyruvate (pyr; 25 mM). Addition of pyruvate derivative prevented the LDH leakage (A), RIP1/3 complex
formation (B), and morphological damage (C) caused by hypoxia. However, the cellular ATP levels (D),
barrier function (E), and mitochondrial transmembrane potential (F) were not restored by pyruvate. (A, D,
E, and F) *P<0.05 vs. respective Nx groups; *P<0.05 vs. ‘Hx+®’. (A and D, n=8/group; B, C, E, and F,

n=4/group)
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Figure 22
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Figure 22 Pyruvate-mediated mitochondrial superoxide scavenging plays a critical role in resistance
to hypoxia-induced necroptosis. (A) Increased MitoSOX fluorescence units were seen in hypoxic cells
at the 8-hr time point, suggesting mitochondrial superoxide production upon hypoxic stress. The
generation of mitochondrial ROS may be partially prevented by antioxidants (200 uM BHA or 1 mM
apocynin), whereas vehicle control (veh) had no effect. *P<0.05 vs. respective Nx groups; "P<0.05 vs.
‘veh’ (n=8/group). (B) The hypoxia-induced LDH leakage was abolished by pretreatment with
antioxidants, suggesting that cell necrosis was dependent on mitochondrial ROS production. *P<0.05 vs.
respective Nx groups; "P<0.05 vs. ‘veh’ (n=8/group). (C) Immunoprecipitation blots showing the
formation of RIP1/3 complex in hypoxic cells, which was inhibited by BHA. The experiments were
repeated twice and similar results were obtained. (n=3/group). (D) Supplementation of glucose decreased
mitochondrial ROS levels in hypoxic cells, which was reversed by pretreatment with iodoacetate (IA, 1
mM), but not UK5099 (UK, 10 uM) or vehicle (veh). Replacing glucose with a pyruvate derivative (pyr)
also reduced mitochondrial ROS in hypoxic cells. ¥P<0.05 vs. respective Nx groups; “P<0.05 vs. ‘veh’.

(n=8/group)

86



Figure 23
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Figure 23 Supplementation of glucose did not alter the activities of redox enzymes in normoxic and
hypoxic cells. The activities of (A) catalase, (B) superoxide dismutase (SOD), (C) glutathione reductase
(GR), or (D) glutathione-S-transferase (GST), were measured in cells exposed to normoxia (Nx) and
hypoxia (Hx) for 8 hrs in media containing 0 mM (@) or 25 mM of glucose (G). All of the enzyme
activities were comparable between ‘Hx+G’ and ‘Hx+®’ cells. These results suggest that the
cytoprotective effect exerted by glucose was not through redox mechanism. The GR activity in ‘Hx+®’
cells was lower than ‘Nx+®’ groups, suggesting that hypoxic challenge may decrease the GR activity in
the absence of glucose. ¥P<0.05 vs. Nx+®. (n=8/group).
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Figure 24
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Figure 24 Schema of the resistance to necroptotic cell death induced by hypoxia in colorectal cancer is

conferred by glycolytic pyruvate scavenging of mitochondrial superoxide.
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Chapter 6 CONCLUDING REMARKS

Epithelial cells in the gastrointestinal tract have a highly turnover rate and play essential
roles in maintaining gut homeostasis. In the current studies, both types of cell death,
apoptosis and necroptosis, in epithelial cells may be attenuated by enteral glucose
uptake. Normal SGLT1-mediated anti-apoptotic signaling may prevent epithelial cell
death from ischemic stress in small intestine, but abnormal expression of GLUTs and
enhanced glycolytic metabolism may also block hypoxic death in colorectal cancer
cells.

The benefits of early enteral nutrition (EN) over parenteral supplementation and of
preoperative oral carbohydrate loading (CHO) compared to overnight fasting have
gained much attention in nutrition therapy nowadays (Fearon et al., 2005; Martindale et
al., 2006). The advantage of early EN and CHO may also involve SGLT1-mediated
nutritive and non-nutritive functions. On the other hand, drug resistance and metastatic
transition in colorectal cancer are associated to adaptive responses to hypoxic
microenvironment and HIF1-targeted increase of glucose transporters and glycolytic
enzymes (Denko, 2008; Chiacchiera et al., 2009; Marin-Hernandez et al., 2009; Zeng et
al., 2010; Rapisarda et al., 2012). Our study provided novel cancer killing strategies to
be based on modulation of anaerobic glucose metabolism and glycolytic pyruvate in

death resistance by targeting site-specific glucose transporters. The combinational
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strategies with glucose- or pyruvate-targeted therapy may overcome the resistance to

antiangiogesis or hypoxic stress.

In conclusion, the understanding of hypoxic-induced cell death pathways and

resistance mechanisms conferred by glucose may benefit the development of novel

therapeutic interventions targeting glucose transporters for treating gastrointestinal

disease caused by abnormal cell death.
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