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Diabetes mellitus is a metabolic disease caused by both
genetic and environmental factors. The pathogenic mech-
anism(s) of diabetes are complex, and the complicated
networks related to this disease involve distinct signaling
pathways. Evidence has recently been provided that ER stress
might be involved in the pathogenesis of diabetes and its
complications. Early steps in the maturation of secretory
proteins take place in the ER, for example, the folding
of the nascent polypeptide chains and posttranslational
modifications important for proper folding and function
of the protein. At a stage (due to several metabolic dis-
turbances), when unfolded polypeptide exceeds the folding
and/or processing capacity of the ER, cells are susceptible
to a phenomenon referred to as “ER stress.” Under these
conditions, specific signaling pathways, termed the unfolded
protein response (UPR), are activated to return the ER
to its normal physiological state. Prolonged activation of
the ER stress and the UPR can lead to cell pathology and
subsequent tissue dysfunction. There is now ample evidence
that the UPR is chronically activated in many disease states
including diabetes and its complications. Therefore, a better
understanding of the pathways regulating ER stress and UPR
is warranted in order to be instrumental for the design of
novel therapies for diabetes and its complications.

In this focused issue of the journal, we have assembled
several invited reviews, from well-recognized experts in their
fields, as well as original research articles. These reviews
provide state-of-the-art knowledge dealing with several
mechanisms not only related to the genesis of diabetes
but also to its progression to diabetic complications, all of
which potentially originate or converge from chronic ER

stress. In addition, several excellent original research articles
demonstrate novel pathophysiologic aspects of diabetes with
mechanistic studies central to ER stress and give hope
and directionality for identifying new drug targets and
developing newer therapeutic measures.

Of all the professional secretory cells we possess, f3-cells
are the most sensitive to ER stress because of the large
fluctuations in protein synthesis (including insulin) they face
daily. M.-K. Kim et al. have reviewed how this “protein
quality-control machinery” of the cell is responsible for
appropriate insulin biosynthesis and how ER stress plays an
important role in the impairment of insulin biosynthesis.
J. Zhong et al. have summarized the status on how ER
stress plays an essential role in autoimmune-mediated 3-cell
destruction and also pointed out how ER stress regulates
the functionality of immune cells relevant to autoimmune
progression during Type 1 diabetes development. In an
attempt to improve islet transplantation in humans, the
molecular mechanism of apoptosis in 8 cells of islets in the
transplantation setting needs to be clearly understood. In
this context, M. Wang et al. have discussed their original
research work on human islets subjected to multiple stressors
and delineated several apoptotic pathways originating from
oxidative stress, autophagy, and ER stress.

While ER stress is emerging as a unifying paradigm
in diabetes and its complications, several recent studies,
emphasized a definite role of ER stress in retinal, podocyte,
and neuronal cell apoptosis. G. Jing et al. have summarized
the recent progress on ER stress and apoptosis in retinal
diseases, focusing on various proapoptotic and antiapoptotic
pathways that are activated by the UPR and discussed how



these pathways contribute to ER stress-induced apoptosis in
retinal cells. Considering the fact that ER stress is initially
an adaptive response, studying ER stress-related factors
appear to unravel novel drug targets to prevent and treat
diabetic retinopathy. In this connection, W. -K. Hu et
al. have explained the role of P58IPK and ER-associated
degradation (ERAD) of unfolded protein which prevents
ER stress and reduce retinal vascular leakage under high-
glucose conditions. While thioredoxin interacting protein
(TXNIP) has been recently identified as an early response
gene highly induced by diabetes and hyperglycemia, its role
in the pathogenesis of diabetic retinopathy is not clearly
understood. Using appropriate animal model and retinal
Muller cell line and several molecular biology techniques,
T. S. Devi et al. have described how upregulation of
TXNIP evokes a program of cellular defense and survival
mechanism(s) that ultimately lead to oxidative stress, ER-
stress, inflammation, and apoptosis.

Despite a great deal of research, the mechanisms that
may link high-glucose concentrations to the molecular
and cellular pathways of diabetic atherogenesis are not
tully understood. D. R. Beriault and G. H. Werstuck have
summarized the current state of our knowledge of pathways
and mechanisms that may link diabetes and hyperglycemia
to atherogenesis highlighting the recent work from their
lab (and others) that supports a role for ER stress in these
processes. Although recent studies have shown that pertur-
bations in lipid metabolism cause an ER stress response, very
little is known about the mechanism of UPR activation by
perturbations in glucose and lipid metabolism. Moreover,
it has been demonstrated that 4-phenylbutyrate (4-PBA)
and tauroursodeoxycholic acid (TUDCA), which are two
different chemical structures having chemical chaperone
activity in common, relieve ER stress. Using THP-1 human
monocytes as a surrogate cell model and utilizing several
molecular biology techniques, R. Lenin et al. have demon-
strated that monocytes subjected to glucolipotoxicity exhib-
ited increased UPR responses (as evidenced by increased
mRNA expression of several ER stress markers) along with
increased oxidative stress and apoptosis. Interestingly, ER
stress inducted by glucolipotoxicity was shown resisted by
PBA. These observations constitute an important proof of
principle that manipulation of the ER system to decrease ER
stress by chemical agents may have therapeutic implications
for diabetes and its complications.

Lastly, the prevalence of nonalcoholic fatty liver disease
(NAFLD) has increased in parallel with the epidemics of
obesity and type 2 diabetes, which are risk factors for
NAFLD. Whereas the association of type 2 diabetes with
microvascular complications and macrovascular disease is
well established, the association of type 2 diabetes with
NAFLD is only recently recognized and so are the inter-
related pathogenic mechanisms. Using steatohepatitis animal
model and HepB3 cells, M. K. Chae et al. have demonstrated
that Pentoxifylline (a known anti-inflammatory agent)
attenuates methionine and choline-1-deficient diet-induced
steatohepatitis by suppressing ER stress.

These papers, hopefully, will provide better understand-
ing of ER stress and UPR pathway involvement in the
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pathogenesis of diabetes and its complications and bring
forward new and innovative ideas with respect to the
development of efficient and adjuvant treatment modalities.
Considering the involvement of ER stress in multiple tissues
and their convergence in multiple pathogenic pathways
(oxidative stress, inflammation, apoptosis, autophagy, and
proteasomal degradation), targeting the ER stress pathway
appears as a promising therapeutic strategy. The significant
side effects with existing drugs and the demand for newer
molecules with improved safety and a different mode
of action justifies this directionality. In fact, it has been
reported that chemical ER chaperones can reduce ER stress,
suggesting that small molecules can affect ER stress signaling
in disease states. There is also much hope in investigating
the traditional plant principles of medicinal claims to see
whether they act as beneficial ER stress modulators. Given
the possible development of novel UPR-targeted therapies
for diabetes and its complications, it is essential to know
which components of the ER stress response to target and
which particular disease stage will be most amenable to
therapy.

Although there is an enormous progress in studying the
ER stress aspects, the list of unresolved queries in the stress
mediated pathway of ER dysfunction in diabetes and its
complications warrant continued research efforts. Obviously
not all aspects of this exciting ER stress field could be
addressed in one issue and we extend our apologies to many
contributors of this field whose work has not been covered.
We thank all the authors who contributed to this special issue
of EDR and the reviewers for the highly constructive and
helpful comments.

Muthuswamy Balasubramanyam
Lalit P. Singh
Sampathkumar Rangasamy
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Chronic ER stress is emerging as a trigger that imbalances a number of systemic and arterial-wall factors and promote atheroscle-
rosis. Macrophage apoptosis within advanced atherosclerotic lesions is also known to increase the risk of atherothrombotic disease.
We hypothesize that glucolipotoxicity might mediate monocyte activation and apoptosis through ER stress. Therefore, the aims of
this study are (a) to investigate whether glucolipotoxicity could impose ER stress and apoptosis in THP-1 human monocytes and
(b) to investigate whether 4-Phenyl butyric acid (PBA), a chemical chaperone could resist the glucolipotoxicity-induced ER stress
and apoptosis. Cells subjected to either glucolipotoxicity or tunicamycin exhibited increased ROS generation, gene and protein
(PERK, GRP-78, IREl«a, and CHOP) expression of ER stress markers. In addition, these cells showed increased TRPC-6 channel
expression and apoptosis as revealed by DNA damage and increased caspase-3 activity. While glucolipotoxicity/tunicamycin
increased oxidative stress, ER stress, mRNA expression of TRPC-6, and programmed the THP-1 monocytes towards apoptosis,
all these molecular perturbations were resisted by PBA. Since ER stress is one of the underlying causes of monocyte dysfunction
in diabetes and atherosclerosis, our study emphasize that chemical chaperones such as PBA could alleviate ER stress and have
potential to become novel therapeutics.

1. Introduction pathophysiological situation referred to as “glucolipotox-
icity.” The exact mechanisms by which glucolipotoxicity
triggers monocyte activation and atherosclerotic processes

are not clearly understood. However, evidence indicates that

Cardiovascular complications due to atherosclerotic disease
are a frequent cause of morbidity and mortality in patients

with diabetes [1]. A role for immune cells such as monocytes
and lymphocytes has been implicated in the pathogenesis of
diabetes and its various complications including atheroscle-
rosis. Clinical and experimental evidence indicates that
inflammatory processes in the vascular wall are the decisive
factor that accounts for the rate of lesion formation and
clinical development in patients suffering from atheroscle-
rosis [2]. Monocytes and macrophages, in an attempt to
engulf lipid laden cells along the blood vessel, will get
exposed to hyperglycemia and hyperlipidemia, a combined

ER stress plays an important role in these mechanisms.

ER stress is known to activate a series of signals that
comprise the unfolded protein response (UPR). The UPR
includes at least three signaling pathways initiated by the
kinases IRE1 and PERK and the transcription factor ATF6
[3] signals that coordinate the cellular response to unfolded
proteins, which includes (a) downregulation of protein
translation, (b) enhanced expression of ER chaperone pro-
teins that promote protein refolding, and (c) activation of
proteases involved in the degradation of misfolded proteins.



Conversely, prolonged or severe ER stress can lead to the acti-
vation of apoptotic cell death. Recent studies have suggested
that chronic ER stress originating from glucolipotoxicity is
one of the major culprits that can very well explain the
underlying causes of both insulin resistance and S-cell dys-
function [4-7]. ER stress has been linked to insulin resistance
in diabetes and also expansion of ER was detected in f-cells
from type 2 diabetic patients [8, 9]. Furthermore, increased
expression of ER stress markers has been demonstrated in
db/db mouse islets and f-cells of type 2 diabetes patients
[9, 10]. Recent studies also imply that 3-cell dysfunction by
glucolipotoxicity-induced ER stress is mediated by increased
oxidative stress and apoptosis [11]. While the recruitment
of monocytes and their retention within atherosclerotic
lesions contribute to plaque development [12], macrophage
apoptosis within advanced atherosclerotic lesions is also
known to increase the risk of atherothrombotic disease
[13]. Although glucolipotoxicity is known to trigger ER
stress, its effect on various arms of the ER stress machinery
in monocytes has not been clearly defined. Therefore, we
investigated the effect of glucolipotoxicity on monocytes
with reference to ROS generation, transcriptional alterations
of various ER stress markers, and apoptotic indicators. We
also investigated the effect of 4-phenyl butyric acid (PBA,
a chemical chaperone) whether it resists glucolipotoxicity-
induced ER stress and apoptosis.

2. Materials and Methods

2.1. Cell Culture and Treatment. The human monocyte THP-
1 cells were obtained from the National Centre for Cell
Science (NCCS, Pune, India). THP-1 cells were maintained
in endotoxin-free RPMI-1640 containing 5.5 mM glucose,
10% (v/v) heat-inactivated fetal bovine serum, 100 U/mL
penicillin, 100 gg/mL streptomycin, 2.5 ug/L amphotericin
B, 2mM L-glutamine, 1 mM sodium pyruvate and 10 mM
HEPES, pH 7.0-7.4, under a humidified condition of 5%
CO; at 37°C. For all the experiments, cells were subjected
to either 5.5 mM glucose (basal) or glucolipotoxicity (25 mM
glucose plus 0.5 mM palmitic acid) or tunicamycin (4 yM)
treatment for 24h in the presence and absence of 4-
PBA (1 mM), in serum-free medium. All experiments were
independently performed at least thrice.

2.2. Intracellular Reactive Oxygen Species (ROS) Measure-
ment. Intracellular ROS generation was measured in THP-
1 monocytes as described earlier [14] with minor modi-
fications as to the confocal application. Briefly, 1 x 103
cells were seeded in confocal chambered slides (LabTek II)
precoated with 0.01% poly-L-lysine. After the treatment
conditions, 2,7 -dichlorodihydrofluorescein diacetate (H2-
DCFDA, 10 uM) dye was added to each well and incubated
for 30 min at 37°C. Cells were then washed twice with PBS.
To capture the change in fluorescence, cells were excited at a
wavelength of 485 nm and the fluorescence emission was read
at 530 nm using Carl Zeiss-LSM 700 confocal microscope
with an objective of 20x. Change in mean fluorescence
intensity was represented as arbitrary units (AU).
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2.3. Real-Time PCR

2.3.1. RNA Isolation. Total RNA from cells was isolated
as described previously [15]. The RNA quality and con-
centration of total RNA were measured using nanodrop.
1ug of RNA was converted to cDNA using 100 units
reverse transcriptase enzyme, 40uM Oligo-dT18 primer
(New England Biolabs), 10xRT buffer, 20 U RNase inhibitor
(Amersham Biosciences), and 2.5 mM each of ANTPS and
incubated at 42°C for 1 h.

2.3.2. Quantitative Real-Time PCR. Quantitative real-time
PCR was performed for specific genes using SYBR green
master mix (Finnzymes). PCR amplification was carried out
using ABI-7000 (Applied Biosystems) with cycle conditions
(initial cycle: 50°C for 2min, Initial denaturation 95°C
for 15sec, 40 cycles of denaturation 95°C for 15sec, and
annealing/extension of 60°C for 1 min). The expression level
of RNA was determined using 27 PP and normalized using
B-actin. The primer sequences of specific genes are listed in
Table 1.

2.4. Protein Expression. After specific treatments, cells were
lysed using RIPA buffer (50 mM Tris-HCI (pH 8.0), 150 mM
NaCl, 0.19% SDS, 0.2% sodium azide, 1% Triton X-100,
0.25% sodium deoxycholate, and 1x protease inhibitor). In
brief, cells were sonicated and incubated for 1hr in ice and
centrifuged at 16,000 g for 5 minutes at 4°C. The supernatant
collected was quantified for protein by Bradford method.
15 ug protein was resolved on a 10% SDS-PAGE and trans-
ferred to polyvinylidine fluoride (PVDF) membrane. After 1
hour blocking in 5% bovine serum albumin (BSA) and incu-
bation with the appropriate primary antibodies and HRP-
conjugated secondary antibodies, detection was performed
using enhanced chemiluminescence kit (GE Healthcare). 8-
actin was used as internal control. Mean densitometry data
from independent experiments were normalized to control
using Image-] software and represented as the ratio of test
protein and f-actin.

2.5. DNA Damage—Comet Assay. DNA damage was eval-
uated with the Comet assay as described previously [16].
Briefly, the treated cells were mixed with 200 uL of 0.5%
low-melting point agarose and layered over clear microscope
slides precoated with 1% normal melting agarose. Lysis,
electrophoresis, and neutralization were followed by staining
with ethidium bromide. The slides were examined under a
fluorescent microscope. They were scored using an image
analysis system (Comet Imager 1.2.13) attached to a flu-
orescent microscope (Carl-Zeiss, Germany) equipped with
appropriate filter.

2.6. Caspase 3 Activity Assay. Caspase-3 activity was deter-
mined by colorimetric assay using the caspase-specific
peptide containing amino acid sequence Asp-Glu-Val-Asp
(DEVD) that is conjugated to the color reporter molecule
p-nitroanilide (pNA) (RandD systems). The cleavage of the
peptide by the caspases releases the chromophore pNA,
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TaBLE 1: Primer sequence of specific genes.

Forward CTG CCA TGG TTC TCA CTA AAA TG

GRP78
Reverse TTA GGC CAG CAA TAG TTC CAG

PERK Forward GAA CCA GAC GAT GAG ACA GAG
Reverse GGA TGA CAC CAA GGA ACC G

IRE1 Forward GCG AAC AGA ATA CAC CAT CAC
Reverse ACC AGC CCA TCA CCATTG

XBP1 Forward TGG ATT CTG GCG GTA TTG AC
Reverse TCC TTC TGG GTA GAC CTCTG

ATE-6 Forward CCT GTC CTA CAA AGT ACC ATG AG

Reverse CCT TTA ATC TCG CCT CTA ACCC
CHOP/G ADDForward GTA CCT ATGTTT CAC CTC CTG G
Reverse TGG AAT CTG GAG AGT GAG GG

Forward TTT GAG GAG GGC AGA ACA CTT

TRPC6 CCT
Reverse TAT GGC CCT GGA ACA GCT CAG AAA
B-actin Forward GTC TTC CCC TCC ATC GT

Reverse CGT CGC CCA CAT AGG AAT

which is quantified spectrophotometrically at 405 nm. Cells
harvested after treatment were lysed and 10 yg protein was
aliquoted from each sample into a 96 well plate. 0.5 yL DTT
was added to all the wells followed by addition of 50 uL
of 2x reaction buffer and 3.5 uL of Caspase-3 colorimetric
substrate. The plate was incubated at 37°C for 1 hr and read
at 405 nm using microplate reader. Caspase-3 activity was
expressed as mean = SEM of optical density.

2.7. Statistical Analysis. Statistical Package for Social Sciences
(SPSS) Windows, (Version 16.0, Chicago, IL), was used for
statistical analysis. Data were expressed as Mean + SEM.
Comparisons between groups were performed using stu-
dent’s t-test and a P-value < 0.05 was considered statistically
significant.

3. Results

We have applied confocal microscopy to measure the flu-
orescent intensity of DCF which indicates the extent of
intracellular ROS generation in monocytes. While represen-
tative fluorescent images related to ROS generation were
depicted in Figure 1(a), cumulative data on ROS generation
were presented in Figure 1(b). Cells subjected to either
glucolipotoxicity or tunicamycin exhibited increased ROS
generation compared to the untreated cells (Figure 1(b)).
Pretreatment of cells with 4-phenyl butyric acid showed
significant reduction in ROS generation (P < 0.05). A
complete mRNA expression pattern of ER stress machinery
was determined by real-time PCR and the cumulative data
on mRNA pattern of ER stress markers in relation to their
ratio with the house keeping f-actin was depicted in Figure 2.
Compared to untreated cells, cells treated with glucolipotox-
icity or tunicamycin showed an increased mRNA expression
of PERK, GRP78, IREla, XBP1, ATF6, and CHOP (Figures

2(a)-2(f)). It is also interesting to note that the extent
increase in ER stress markers under glucolipotoxicity was
higher than that induced by tunicamycin. PBA treatment
significantly reduced all the transcriptional expression of
ER stress markers most likely due to its chaperone activity.
Figure 3(A) depicts the representative protein expression of
ER stress markers along with f-actin. Consistent with the
mRNA results, protein expression of ER stress markers,
namely, PERK, GRP78, IRE1q, and XBP1 were also increased
in cells subjected to glucolipotoxicity and tunicamycin treat-
ment (Figure 3(B)). 4-PBA treatment significantly reduced
the protein expression of all the ER stress markers.

Since the programming of apoptosis by both the oxida-
tive and ER stress signals depend on the load of intracellular
Ca®", we investigated the transcriptional level of TRPC-
6, which is an important driving force for increased Ca®*
influx. Cells treated with glucolipotoxicity or tunicamycin
resulted in several folds of increase in TRPC-6 mRNA levels
(Figure 4) and this was significantly normalized by PBA.

Compared to untreated cells, cells treated with glucolipo-
toxicity or tunicamycin showed increased DNA damage (4.6
and 3 folds, resp.). Interestingly, PBA treatment significantly
reduced the DNA damage induced either by glucolipotoxicity
or tunicamycin (Figure 5(a)). Since CHOP (an intermediate
in caspase-dependent apoptosis) mRNA and protein expres-
sion were increased in cells subjected to glucolipotoxicity or
tunicamycin, we estimated the activity of caspase-3 enzyme.
As expected, cells treated with glucolipotoxicity or tuni-
camycin showed significantly increased caspase-3 activity
(Figure 5(b)) implying that uncontrolled ER stress might
have programmed the cells towards apoptosis. Increased
caspase-3 activity either due to glucolipotoxicity or tuni-
camycin was significantly (P < 0.05) reduced by 4-PBA.

4. Discussion

The following are the nutshell findings of the study. First,
monocytes subjected to glucolipotoxicity showed increased
ROS generation and increased mRNA expression of several
genes of the ER stress machinery. Secondly, these monocytes
exhibited features of chronic ER stress as evidenced by
increased mRNA expression of TRPC-6, DNA damage, and
caspase-3 activity. Thirdly, PBA—a chemical chaperone,
resisted all the glucolipotoxicity-induced cellular and molec-
ular alterations in monocytes emphasizing the benefits of ER
stress alleviation.

Monocyte activation, adhesion to the endothelium,
and transmigration into the subendothelial space are
key events in early pathogenesis of atherosclerosis. The
mechanisms by which glucose and lipid toxicity induces
monocyte-associated atherosclerosis are only partially
known. Mononuclear blood cells from patients with diabetes
show increased generation of reactive oxygen species and
altered redox signaling [16-21]. In our study, monocytes
subjected to glucolipotoxicity exhibited increased generation
of ROS. ROS could activate cell death processes directly
by the oxidation of proteins, lipids, and/or nucleic acids
or could act as initiators or second messengers in the cell
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FIGURE 1: (a) Representative confocal microscopy images of Intracellular ROS generation in cells treated under various conditions. (b) Mean
(+SEM) fluorescence intensities of ROS under different experimental maneuvers, namely, control, glucolipotoxicity (GLT), glucolipotoxicity
+ 4-phenyl butyric acid (GLT + PBA), tunicamycin (Tun), tunicamycin + 4-phenyl butyric acid (Tun + PBA), 4-phenyl butyric acid (PBA).
*P < 0.05 compared to control, *P < 0.05 compared to GLT, **P < 0.05 compared to tunicamycin.

death process. Accumulating evidence suggests that protein
folding and generation of reactive oxygen species (ROS)
as a byproduct of protein oxidation in the ER are closely
linked events. It has also become apparent that activation
of the UPR on exposure to oxidative stress is an adaptive
mechanism to preserve cell function and survival. However,
persistent oxidative stress and protein misfolding initiate
apoptotic cascades and are now known to play predominant
roles in the pathogenesis of multiple human diseases
including diabetes and atherosclerosis [22—24].

A number of hypotheses have been conceived to explain
advanced lesional macrophage apoptosis and atherosclerosis,
and undoubtedly more than one mechanism is involved.
Recent mechanistic data in cultured cells and correlative
and genetic causation evidence in vivo support a role for
endoplasmic reticulum (ER) stress in advanced lesional

macrophage apoptosis and its major consequence of plaque
necrosis [13, 25]. Consistent with previous findings, glucol-
ipotoxicity in our study showed increased transcription of
PERK, GRP78, IREla, XBP-1, ATF6, and CHOP in mono-
cytes. This was also corroborated by the increased protein
expression of ER stress markers. The fact that increased
expression of ER stress markers under glucolipotoxicity is
similar to that induced by tunicamycin (a known inducer of
ER stress) emphasizes that glucolipotoxicity inducts ER stress
in monocytes.

Increased TRPC-6 mRNA expression under glucolipo-
toxicity in our study implies a role for increased calcium
levels in monocyte dysfunction and ER stress. Calcium is an
essential intracellular messenger and serves critical cellular
functions in both excitable and nonexcitable cells. Available
data on transient receptor potential conical (TRPC) protein
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indicate that these proteins initiate Ca®* entry pathways and
are essential in maintaining cytosolic, ER, and mitochondrial
Ca®" levels [26]. Alterations in Ca?" homeostasis have been
suggested in diabetes and associated complications [27, 28].
Zhu et al. [28] have recently reviewed a role for TRP channels
and their implications in metabolic diseases. Activity of

TRPC is physiologically important as Ca?* concentrations
within the ER must be maintained at sufficient levels in order
for the organelle to carry out many of its fundamental func-
tions including protein folding and trafficking. However, loss
of Ca?* homeostasis due to improper TRPC activation could
lead to ER stress responses, and even apoptosis [29]. While
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oxidative stress could result in cellular defects including a
defect in ER Ca?" uptake and Ca** efflux, thereby increasing
[Ca?*]; and Ca?* influx [30], several TRPC families have also
been shown directly activated in response to oxidative stress
[31]. In our study, both glucolipotoxicity and tunicamycin
resulted in increased ROS generation in monocytes and, at
the transcription level, we have also witnessed the increased
TRPC6 mRNA expression. Among the TRPC subfamily
of TRP channels, TRPC6 is gated by signal transduction

pathways that activate C-type phospholipases as well as
by direct exposure to diacylglycerols [32]. Recent studies
emphasize a pathophysiological role of TRPC6 in several
disease states [33, 34] and it appears to be an emerging drug
target. Altered TRPC6 regulation and impaired capacitative
calcium entry have been shown in vessels of diabetic patients
[35]. While a role for oxidative stress has been implicated
in the pathogenesis of Type 2 diabetes and its micro- and
macrovascular complications [20], TRPC6 mRNA was also
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shown significantly higher in monocytes from patients with
type 2 diabetes [36] pointing to a novel pathway for increased
activation of monocytes and hence atherosclerosis in patients
with diabetes.

ER stress is one of the damaging stresses resulting from
glucolipotoxicity which can lead to apoptosis when the stress
is prolonged or uncontrolled. Komura et al. [37] have shown
that monocytes of diabetic patients are not as efficient in
phagocytosing as in normal healthy people and electron
microscopic examination of monocytes revealed morpho-
logic alterations in the ER of cells derived from patients
with diabetes. Although it has been known that activation
of the CHOP pathway of the UPR can cause apoptosis, the
molecular mechanisms linking CHOP to death execution
pathways is poorly understood. Our results here show that
apoptosis might be executed by the increased activation
of caspase-3 under glucolipotoxicity. Since autophagy has
been proposed to operate as an alternative cell death
mechanism or act upstream of apoptosis [38], it is plausible
that glucolipotoxicity-induced ER stress could also promote
cell death via autophagy [39, 40]. ER stress-induced UPR
activation can also influence the expression of certain inflam-
matory cytokines [41] rendering the monocyte intrinsically
proinflammatory which might have drastic consequences
when monocytes infiltrate the intima of the vessel wall.
Recent work has provided evidence for a calcium dependent

mechanism in ER stress-induced macrophage apoptosis [42].
The increased mRNA levels of TRPC-6 seen in our study also
support this. Since caspase and the downstream apoptosis
effector molecules are Ca?"-dependent, future studies should
also focus on the involvement of intracellular calcium in the
induction of apoptosis in ER-stressed cells under glucose and
lipid dyshomeostasis.

In our study, glucolipotoxicity-induced ROS generation
and increased ER stress markers seen under glucolipotoxicity
were normalized by PBA. Drugs that interfere with ER
stress have wide therapeutic potential and recently chemical
chaperones like tauroursodeoxycholic acid (TUDCA), and
PBA received much attention because of their ER stress
alleviating activities as these compounds improve ER folding
capacity and help in stabilizing protein conformation [43].
PBA was found to be protective in in vitro and in vivo models
of diabetes [43—-45]. Accumulating evidence suggests that
protein folding and generation of reactive oxygen species
(ROS) as a byproduct of protein oxidation in the ER are
closely linked events. While facilitating appropriate protein
folding, PBA helps maintaining the balance between ER
oxidoreductin 1 (ERO1) and protein disulfide isomerase
(PDI) and thereby reduces the ROS levels generated during
protein oxidation [46]. It has also been shown that PBA
counteracts oxidative stress by upregulating the expression
and activity of superoxide dismutase (SOD) [47, 48]. Luo



et al. [49] have also demonstrated PBA inhibition of NADPH
oxidase activity and emphasized a dual regulation ER stress
and oxidative stress by PBA. Erbay et al. [50] demonstrated
that mitigation of ER stress with PBA protected macrophages
against lipotoxic death and atherosclerosis by suppression of
XBP1 splicing and CHOP expression. PBA has been shown to
regulate ER stress and offer potential therapeutic benefits in
several preclinical models of human diseases including type
2 diabetes [43, 51-55]. As an orally bioavailable terminal
aromatic substituted fatty acid, PBA has been used for the
treatment of urea cycle disorders [56]. More importantly,
oral treatment of PBA was recently shown preventing lipid-
induced impairment in insulin sensitivity and b-cell function
in humans [57].

To conclude, our study exposes the convergence of ER
stress, oxidative stress and apoptosis in the presence of glu-
colipotoxicity in monocytes and points out ER stress network
as a novel drug-targetable pathway. Our results also empha-
size that chemical chaperones enhance the adaptive capacity
of the ER, and on further evaluation in appropriate clinical
trials, could serve as potent antidiabetic/antiatherosclerotic
modalities with potential application in the treatment of type
2 diabetes and its vascular complications like atherosclerosis.

Abbreviations

GRP-78: Glucose regulated protein-78

PERK: PKR like ER kinase

IRE-1a: Inositol Requiring enzyme-1a

XBP-1: X box binding Protein

ATF-6:  Activating transcription factor-6

CHOP: CCAAT/enhancer-binding Homologous
protein

GADD: Growth arrest and DNA damage protein

TRPC-6: Transient receptor protein channel-6.

Acknowledgments

This work was supported by the grants from the Department
of Biotechnology (DBT), and the Department of Science and
Technology (DST-Indo-Korea Project), New Delhi. Senior
Research Fellowship (SRF) from the Council for Scientific
and Industrial Research (CSIR), Delhi, is also thankfully
acknowledged.

References

[1] K. T.Khaw, N. Wareham, S. Bingham, R. Luben, A. Welch, and
N. Day, “Association of hemoglobin Alc with cardiovascular
disease and mortality in adults: the European prospective
investigation into cancer in Norfolk,” Annals of Internal
Medicine, vol. 141, no. 6, pp. 413—420, 2004.

[2] C. J. Binder, M. K. Chang, P. X. Shaw et al.,, “Innate and
acquired immunity in atherogenesis,” Nature Medicine, vol. 8,
no. 11, pp. 1218-1226, 2002.

[3] D. Ron and P. Walter, “Signal integration in the endoplasmic
reticulum unfolded protein response,” Nature Reviews Molec-
ular Cell Biology, vol. 8, no. 7, pp. 519-529, 2007.

Experimental Diabetes Research

[4] D. L. Eizirik, A. K. Cardozo, and M. Cnop, “The role for
endoplasmic reticulum stress in diabetes mellitus,” Endocrine
Reviews, vol. 29, no. 1, pp. 42-61, 2008.

V. Poitout and R. P. Robertson, “Glucolipotoxicity: fuel excess

and f-cell dysfunction,” Endocrine Reviews, vol. 29, no. 3, pp.

351-366, 2008.

[6] E. Bachar, Y. Ariav, M. Ketzinel-Gilad, E. Cerasi, N. Kaiser,
and G. Leibowitz, “Glucose amplifies fatty acid-induced endo-
plasmic reticulum stress in pancreatic f-cells via activation of
mTORC1,” PLoS One, vol. 4, no. 3, Article ID e4954, 2009.

[7] M. Shimoda, Y. Kanda, S. Hamamoto et al., “The human
glucagon-like peptide-1 analogue liraglutide preserves pancre-
atic beta cells via regulation of cell kinetics and suppression of
oxidative and endoplasmic reticulum stress in a mouse model
of diabetes,” Diabetologia, vol. 54, no. 5, pp. 1098-1108, 2011.

[8] Y. Nakatani, H. Kaneto, D. Kawamori et al., “Involvement
of endoplasmic reticulum stress in insulin resistance and
diabetes,” Journal of Biological Chemistry, vol. 280, no. 1, pp.
847-851, 2005.

[9] P. Marchetti, M. Bugliani, R. Lupi et al., “The endoplasmic
reticulum in pancreatic beta cells of type 2 diabetes patients,”
Diabetologia, vol. 50, no. 12, pp. 2486-2494, 2007.

[10] D.R.Laybutt, A. M. Preston, M. C. Akerfeldt et al., “Endoplas-

mic reticulum stress contributes to beta cell apoptosis in type

2 diabetes,” Diabetologia, vol. 50, no. 4, pp. 752-763, 2007.

K. Chen, P. Jin, H.-H. He, Y.-H. Xie, X.-Y. Xie, and Z.-

H. Mo, “Overexpression of Insig-1 protects § cell against

glucolipotoxicity via SREBP-1c¢,” Journal of Biomedical Science,

vol. 18, no. 1, article 57, 2011.

[12] J. Llodra, V. Angeli, J. Liu, E. Trogan, E. A. Fisher, and G.

J. Rendolph, “Emigration of monocyte-derived cells from

atherosclerotic lesions characterizes regressive, but not pro-

gressive, plaques,” Proceedings of the National Academy of

Sciences of the United States of America, vol. 101, no. 32, pp.

11779-11784, 2004.

E. Thorp, G. Li, T. A. Seimon, G. Kuriakose, D. Ron, and L.

Tabas, “Reduced apoptosis and plaque necrosis in advanced

atherosclerotic lesions of Apoe—/— and Ldlr—/— mice lacking

CHOP;” Cell Metabolism, vol. 9, no. 5, pp. 474-481, 2009.

[14] M. Balasubramanyam, A. A. Koteswari, R. S. Kumar, S. F.
Monickaraj, J. U. Maheswari, and V. Mohan, “Curcumin-
induced inhibition of cellular reactive oxygen species gener-
ation: novel therapeutic implications,” Journal of Biosciences,
vol. 28, no. 6, pp. 715-721, 2003.

[15] M. Balasubramanyam, S. Aravind, K. Gokulakrishnan et al.,

“Impaired miR-146a expression links subclinical inflamma-

tion and insulin resistance in Type 2 diabetes,” Molecular and

Cellular Biochemistry, vol. 351, no. 1-2, pp. 197-205, 2011.

A. Adaikalakoteswari, M. Rema, V. Mohan, and M. Balasub-

ramanyam, “Oxidative DNA damage and augmentation of

poly(ADP-ribose) polymerase/nuclear factor-kappa B signal-
ing in patients with Type 2 diabetes and microangiopathy,”

International Journal of Biochemistry and Cell Biology, vol. 39,

no. 9, pp. 1673-1684, 2007.

[17] K. Hiramatsu and S. Arimori, “Increased superoxide pro-
duction by mononuclear cells of patients with hypertriglyc-
eridemia and diabetes,” Diabetes, vol. 37, no. 6, pp. 832-837,
1988.

[18] N. N. Orie, W. Zidek, and M. Tepel, “Increased intracel-
lular generation of reactive oxygen species in mononuclear
leukocytes from patients with diabetes mellitus type 2,
Experimental and Clinical Endocrinology and Diabetes, vol.
108, no. 3, pp. 175-180, 2000.

[19] R. Sampathkumar, M. Balasubramanyam, C. Tara, M. Rema,
and V. Mohan, “Association of hypoglutathionemia with

[5

(11

(13

[16



Experimental Diabetes Research

(24]

[29

reduced Na*/K* ATPase activity in type 2 diabetes and
microangiopathy,” Molecular and Cellular Biochemistry, vol.
282, no. 1-2, pp. 169-176, 2006.

M. Balasubramanyam, A. Adaikalakoteswari, R. Sampathku-
mar, and V. Mohan, “Oxidative stress in Asian Indians
with Type 2 diabetes,” in Type 2 diabetes in South Asians:
Epidemiology, Risk Factors and Prevention, pp. 164—172, Jaypee
Brothers, Medical Publishers, New Delhi, India, 2006.

A. Adaikalakoteswari, M. Balasubramanyam, M. Rema, and
V. Mohan, “Differential gene expression of NADPH oxidase
(p22phox) and hemoxygenase-1 in patients with Type 2
diabetes and microangiopathy,” Diabetic Medicine, vol. 23, no.
6, pp. 666—674, 2006.

J. D. Malhotra and R. J. Kaufman, “Endoplasmic reticulum
stress and oxidative stress: a vicious cycle or a double-edged
sword?” Antioxidants and Redox Signaling, vol. 9, no. 12, pp.
2277-2293, 2007.

M. Balasubramanyam, R. Lenin, and F. Monickaraj, “Endo-
plasmic reticulum stress in diabetes: new insights of clinical
relevance,” Indian Journal of Clinical Biochemistry, vol. 25, no.
2, pp. 111-118, 2010.

V. Srinivasan, U. Tatu, V. Mohan, and M. Balasubramanyam,
“Molecular convergence of hexosamine biosynthetic pathway
and ER stress leading to insulin resistance in L6 skeletal muscle
cells,” Molecular and Cellular Biochemistry, vol. 328, no. 1-2,
pp- 217-224, 2009.

B. Feng, P. M. Yaol, Y. Li et al., “The endoplasmic reticulum is
the site of cholesterol-induced cytotoxicity in macrophages,”
Nature Cell Biology, vol. 5, no. 9, pp. 781-792, 2003.

G. M. Salido, S. O. Sage, and J. A. Rosado, “TRPC channels
and store-operated Ca®" entry,” Biochimica et Biophysica Acta,
vol. 1793, no. 2, pp. 223-230, 2009.

M. Balasubramanyam, R. A. Balaji, B. Subashini, and V.
Mohan, “Evidence for mechanistic alterations of Ca?" home-
ostasis in Type 2 diabetes mellitus,” International journal of
experimental diabetes research, vol. 1, no. 4, pp. 275-287, 2001.
7. Zhu, Z. Luo, S. Ma, and D. Liu, “TRP channels and their
implications in metabolic diseases,” Pflugers Archiv European
Journal of Physiology, vol. 461, no. 2, pp. 211-223, 2011.

I. Yoshida, A. Monji, K. I. Tashiro, K. I. Nakamura, R. Inoue,
and S. Kanba, “Depletion of intracellular Ca?" store itself
may be a major factor in thapsigargin-induced ER stress and
apoptosis in PC12 cells,” Neurochemistry International, vol. 48,
no. 8, pp. 696-702, 2006.

S. Orrenius, B. Zhivotovsky, and P. Nicotera, “Regulation
of cell death: the calcium-apoptosis link,” Nature Reviews
Molecular Cell Biology, vol. 4, no. 7, pp. 552-565, 2003.

B. A. Miller, “The role of TRP channels in oxidative stress-
induced cell death,” Journal of Membrane Biology, vol. 209, no.
1, pp. 31-41, 2006.

A. Dietrich, M. Mederos Y Schnitzler, M. Gollasch et al.,
“Increased vascular smooth muscle contractility in TRPC®~/~
mice,” Molecular and Cellular Biology, vol. 25, no. 16, pp.
6980-6989, 2005.

N. Onohara, M. Nishida, R. Inoue et al., “TRPC3 and TRPC6
are essential for angiotensin II-induced cardiac hypertrophy,”
EMBO Journal, vol. 25, no. 22, pp. 5305-5316, 2006.

S. Chen, E-F He, H. Wang et al., “Calcium entry via TRPC6
mediates albumin overload-induced endoplasmic reticulum
stress and apoptosis in podocytes,” Cell Calcium, vol. 50, no.
6, pp. 523-529, 2011.

A.W.Y. Chung, K. Au Yeung, E. Chum, E. B. Okon, and C. van
Breemen, “Diabetes modulates capacitative calcium entry and
expression of transient receptor potential canonical channels

in human saphenous vein,” European Journal of Pharmacology,
vol. 613, no. 1-3, pp. 114-118, 2009.

T. Wuensch, E Thilo, K. Krueger, A. Scholze, M. Ristow, and
M. Tepel, “High glucose-induced oxidative stress increases
transient receptor potential channel expression in human
monocytes,” Diabetes, vol. 59, no. 4, pp. 844-849, 2010.

T. Komura, Y. Sakai, M. Honda, T. Takamura, K. Matsushima,
and S. Kaneko, “CD14" monocytes are vulnerable and
functionally impaired under endoplasmic reticulum stress in
patients with type 2 diabetes,” Diabetes, vol. 59, no. 3, pp. 634—
643, 2010.

A. Eisenberg-Lerner, S. Bialik, H. U. Simon, and A. Kimchi,
“Life and death partners: apoptosis, autophagy and the cross-
talk between them,” Cell Death and Differentiation, vol. 16, no.
7, pp. 966-975, 2009.

C. D. Gonzalez, M. S. Lee, P. Marchetti et al., “The emerging
role of autophagy in the pathophysiology of diabetes mellitus,”
Autophagy, vol. 7, no. 1, pp. 2-11, 2011.

N. A. Kaniuk, M. Kiraly, H. Bates, M. Vranic, A. Volchuk,
and J. H. Brumell, “Ubiquitinated-protein aggregates form in
pancreatic $-cells during diabetes-induced oxidative stress and
are regulated by autophagy,” Diabetes, vol. 56, no. 4, pp. 930—
939, 2007.

T. P. Carroll, C. M. Greene, C. A. O’Connor, A. M. Nolan, S. J.
O’Neill, and N. G. McElvaney, “Evidence for unfolded protein
response activation in monocytes from individuals with «a-1
antitrypsin deficiency,” Journal of Immunology, vol. 184, no. 8,
Pp. 4538-4546, 2010.

1. Tabas, “The role of endoplasmic reticulum stress in the
progression of atherosclerosis,” Circulation Research, vol. 107,
no. 7, pp. 839-850, 2010.

U. Ozcan, E. Yilmaz, L. Ozcan et al., “Chemical chaperones
reduce ER stress and restore glucose homeostasis in a mouse
model of type 2 diabetes,” Science, vol. 313, no. 5790, pp. 1137—
1140, 2006.

S. E. Choj, Y. J. Lee, H. J. Jang et al., “A chemical chaperone
4-PBA ameliorates palmitate-induced inhibition of glucose-
stimulated insulin secretion (GSIS),” Archives of Biochemistry
and Biophysics, vol. 475, no. 2, pp. 109-114, 2008.

S. Basseri, S. Lhoték, A. M. Sharma, and R. C. Austin, “The
chemical chaperon 4-phenylbutyrate inhibits adipogenesis by
modulating the unfolded protein response,” Journal of Lipid
Research, vol. 50, no. 12, pp. 2486-2501, 2009.

E E. Cohen and J. W. Kelly, “Therapeutic approaches to
protein-misfolding diseases,” Nature, vol. 426, no. 6968, pp.
905-909, 2003.

C. Daosukho, Y. Chen, T. Noel et al., “Phenylbutyrate, a
histone deacetylase inhibitor, protects against Adriamycin-
induced cardiac injury,” Free Radical Biology and Medicine, vol.
42, no. 12, pp. 1818-1825, 2007.

T. Adachi, H. Yasuda, S. Nakamura et al., “Endoplasmic
reticulum stress induces retinal endothelial permeability of
extracellular-superoxide dismutase,” Free Radical Research,
vol. 45, no. 9, pp. 1083-1092, 2011.

Z. E. Luo, B. Feng, J. Mu et al., “Effects of 4-phenylbutyric
acid on the process and development of diabetic nephropathy
induced in rats by streptozotocin: regulation of endoplasmic
reticulum stress-oxidative activation,” Toxicology and Applied
Pharmacology, vol. 246, no. 1-2, pp. 49-57, 2010.

E. Erbay, V. R. Babaev, J. R. Mayers et al, “Reducing
endoplasmic reticulum stress through a macrophage lipid



10 Experimental Diabetes Research

chaperone alleviates atherosclerosis,” Nature Medicine, vol. 15,
no. 12, pp. 1383-1391, 2009.

[51] K. Tveten, @.L. Holla, T. Ranheim, K. E. Berge, T. P. Leren, and
M. A. Kulseth, “4-Phenylbutyrate restores the functionality of
a misfolded mutant low-density lipoprotein receptor,” FEBS
Journal, vol. 274, no. 8, pp. 1881-1893, 2007.

[52] K. Ono, M. Ikemoto, T. Kawarabayashi et al., “A chemi-
cal chaperone, sodium 4-phenylbutyric acid, attenuates the
pathogenic potency in human a-synuclein A30P + A53T
transgenic mice,” Parkinsonism and Related Disorders, vol. 15,
no. 9, pp. 649-654, 2009.

[53] A. Ricobaraza, M. Cuadrado-Tejedor, A. Pérez-Mediavilla, D.
Frechilla, J. Del Rio, and A. Garcfa-Osta, “Phenylbutyrate
ameliorates cognitive deficit and reduces tau pathology in an
alzheimer’s disease mouse model,” Neuropsychopharmacology,
vol. 34, no. 7, pp. 1721-1732, 2009.

[54] W. Qi, J. Mu, Z. F. Luo et al, “Attenuation of diabetic
nephropathy in diabetes rats induced by streptozotocin by
regulating the endoplasmic reticulum stress inflammatory
response,” Metabolism, vol. 60, no. 5, pp. 594-603, 2011.

[55] G.S. Zode, M. H. Kuehn, D. Y. Nishimura et al., “Reduction
of ER stress via a chemical chaperone prevents disease phe-
notypes in a mouse model of primary open angle glaucoma,”
Journal of Clinical Investigation, vol. 121, no. 9, pp. 3542-3553,
2011.

[56] S. W. Brusilow and N. E. Maestri, “Urea cycle disorders: diag-
nosis, pathophysiology, and therapy,” Advances in pediatrics,
vol. 43, pp. 127-170, 1996.

[57] C. Xiao, A. Giacca, and G. E. Lewis, “Sodium phenylbutyrate,
a drug with known capacity to reduce endoplasmic reticulum
stress, partially alleviates lipid-induced insulin resistance and
B-cell dysfunction in humans,” Diabetes, vol. 60, no. 3, pp.
918-924, 2011.



Hindawi Publishing Corporation
Experimental Diabetes Research

Volume 2012, Article ID 438238, 19 pages
doi:10.1155/2012/438238

Research Article

TXNIP Links Innate Host Defense Mechanisms to
Oxidative Stress and Inflammation in

Retinal Muller Glia under Chronic Hyperglycemia:
Implications for Diabetic Retinopathy

Takhellambam S. Devi,! Icksoo Lee,2 Maik Hiittemann,?
Ashok Kumar,?* Kwaku D. Nantwi,! and Lalit P. Singh®3

I Department of Anatomy and Cell Biology, Wayne State University, Detroit, MI 48201, USA
2 Center for Molecular Medicine and Genetics, Wayne State University, Detroit, MI 48201, USA
3 Department of Ophthalmology, Wayne State University, Detroit, MI 48201, USA

Correspondence should be addressed to Lalit P. Singh, plsingh@med.wayne.edu

Received 14 July 2011; Accepted 27 November 2011

Academic Editor: Muthuswamy Balasubramanyam

1. Introduction

Copyright © 2012 Takhellambam S. Devi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Thioredoxin Interacting Protein (TXNIP) mediates retinal inflammation, gliosis, and apoptosis in experimental diabetes. Here,
we investigate the temporal response of Muller glia to high glucose (HG) and TXNIP expression using a rat Muller cell line
(rMC1) in culture. We examined if HG-induced TXNIP expression evokes host defense mechanisms in rMCI1 in response to
metabolic abnormalities. HG causes sustained up-regulation of TXNIP (2h to 5 days), ROS generation, ATP depletion, ER
stress, and inflammation. Various cellular defense mechanisms are activated by HG: (i) NLRP3 inflammasome, (ii) ER stress
response (sXBP1), (iii) hypoxic-like HIF-1« induction, (iv) autophagy/mitophagy, and (v) apoptosis. We also found in vivo that
streptozocin-induced diabetic rats have higher retinal TXNIP and innate immune response gene expression than normal rats.
Knock down of TXNIP by intravitreal siRNA reduces inflammation (IL-1f3) and gliosis (GFAP) in the diabetic retina. TXNIP
ablation in vitro prevents ROS generation, restores ATP level and autophagic LC3B induction in rMC1. Thus, our results show that
HG sustains TXNIP up-regulation in Muller glia and evokes a program of cellular defense/survival mechanisms that ultimately
lead to oxidative stress, ER stress/inflammation, autophagy and apoptosis. TXNIP is a potential target to ameliorate blinding ocular
complications of diabetic retinopathy.

considered to play critical roles in disease initiation and pro-
gression of diabetic complications including DR [4-6]. Yet,

Diabetic retinopathy (DR) is the most common cause of
blindness among the working age group people in the US
and around the world. DR has long been considered as a
microvascular disease associated with vessel basement mem-
brane thickening, blood retinal barrier breakdown, capillary
cell death, acellular capillary, neovascularization, and retinal
detachment [1]. However, recent studies have demonstrated
that DR is a neurovascular disease that affects both the
blood vessel and neuroglia [2, 3]. Chronic hyperglycemia-
associated oxidative stress and low-grade inflammation are

the molecular mechanisms underlying hyperglycemic injury
and DR pathogenesis are poorly understood. Various glucose
metabolic defects and abnormal biochemical pathways are
activated in diabetes and under chronic hyperglycemia
[7]. Recently, we demonstrated that thioredoxin interact-
ing/inhibiting protein (TXNIP) is significantly increased
both in the diabetic rat retina in vivo and in vitro in retinal
endothelial cells in culture and causes pro-inflammatory
gene expression for Cox-2, VEGF-A, ICAM1, RAGE, and
sclerotic fibronectin (FN) [8-10]. Knockdown of TXNIP



by siRNA in the retina prevents early abnormalities of DR
in streptozocin-induced diabetic rats, which include inflam-
mation, fibrosis, gliosis and apoptosis [9, 10].

TXNIP is an early response gene highly induced by
diabetes and hyperglycemia [8, 11, 12]. TXNIP was ini-
tially identified as one of the proteins that interacts with
thioredoxin (TRX) and blocks its thiol reducing function
[13, 14]. TRX is a 12-kDa protein, which scavenges ROS
and maintains protein cysteine sulfhydryl groups by its
redox-active disulfite/dithiol sites. Recent findings further
demonstrate a potential role for TXNIP in innate immunity
via the NOD-like receptor-NLRP3/caspase-1 inflammasome
activation and release of IL-1f in diabetes and oxidative
stress [15, 16]. TXNIP interacts with NLRP3 leading to a
multiprotein NLRP3 complex assembly and autoactivation
of caspase-1. Activated caspase-1 in turn processes pro-
IL-18 to its mature and active form leading to other
pro-inflammatory gene induction and inflammation [17,
18]. Innate immune receptors TLR4 and RAGE and their
endogenous ligands such as high mobility group binding
protein HMGB1 and S100 calgranulins are reported to be
upregulated in diabetes [19, 20]. Currently, NF-«B is the only
pro-inflammatory transcription factor that is implicated in
retinal inflammation in diabetes [3, 4, 8, 9] while the role
of other factors is undetermined. Innate immune receptors
signal through activation of NF-«B and AP1 transcription
factors to induce the expression of various pro-inflammatory
cytokines and chemokines [4—6].

We recently showed that TXNIP mediates IL-1/5 expres-
sion in primary Schwann cell in vitro as well as in vivo in
partial sciatic nerve injury [10] by the p38 MAPK/NF-xB
pathway and transcription factor CREB. Similarly, TXNIP
was also shown to be responsible for pro-IL-f3 expression in
adipocytes by high glucose [21] and HG-mediated NLRP3
inflammasome and casapse-1 activation leads to IL-1/3 mat-
uration [15, 16, 21]. In addition, chronic hyperglycemia may
also evoke other innate host defense/survival mechanisms
such as ER stress/unfolded protein response (UPR) and
hypoxic responses for cell viability in an inflamed and
stressful environment [22, 23]. In this regard, chronic
hyperglycemia-associated TXNIP expression could poten-
tially lead to thiol oxidation and misfolded protein accumu-
lation in ER lumen and cause ER stress in diabetes. UPR is a
highly regulated intracellular signaling pathway that prevents
aggregation of misfolded proteins. ER stress is known to be
mediated by three UPR branches, namely, the IRE1-XBP1,
PERK-elF-1a, and ATF6 pathways [22, 23]. These UPR
signals provide an adaptive mechanism for proper protein
folding and processing in the ER and establishment of
tissue homeostasis and cell survival. However, when protein
misfolding is not resolved, the ER stress and UPR trigger
an apoptotic signal to remove demised cells by phagocytes.
Therefore, ER stress may play a critical role in deciphering
cell survival and premature demise in chronic disease and
injury including DR.

Currently, it is recognized that molecular abnormalities
of DR begin early before clinically detectable pathologies
appear in the retina [2—4, 24]. The pathologies once set in
motion are not reversed even after glucose normalization
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[25, 26]. Therefore, the detection of molecular abnormalities
and cellular processes that ultimately lead to later pathologies
of DR is of utmost importance in developing therapeu-
tic strategies to prevent blinding ocular complications of
diabetes. Retinal Muller glia, blood vessels, and neuronal
(ganglion) cells interact closely to maintain retinal tissue
homeostasis and cell survival [27]. Muller cells are the
primary glial type in the retina and along with microglia
and astrocytes are considered as resident innate immune
cells. Under stress, they become activated and produce pro-
inflammatory cytokines and growth factors to restore tissue
homeostasis [6]. However, in chronic diseases such as DR,
retinal gliosis is prolonged, causing sustained inflammation,
cell injury/death, and worsening disease. Nonetheless, a role
for TXNIP in Muller glia reactivity, innate immune response,
ER stress, and inflammation under chronic hyperglycemia
and diabetes has not been investigated before. In this
study, first, we demonstrate that TXNIP is significantly
induced in the diabetic rat retina in vivo and mediates pro-
inflammatory IL-1f expression and the induction of radial
glial fibrillary acidic protein (GFAP) indicating Muller cell
activation. Secondly, we show that chronic hyperglycemia
sustains TXNIP up-regulation in Muller glia in in vitro
culture and orchestrates a temporal program of innate host
defense mechanisms that lead to cellular oxidative stress,
ER stress, inflammation, and autophagy/apoptosis. These
findings provide important insights as to how retinal Muller
glia might respond to chronic hyperglycemia in diabetes and
that TXNIP may play a critical role in glial dysfunction and
disease progression in DR.

2. Materials and Methods

2.1. Materials. Tissue culture media, serum and antibiotics
were purchased from Invitrogen (Carlsbad, CA). Antibod-
ies for TXNIP and beclin 1 were obtained from MBL
(Woburn, MA). Anti-S-Nitroso-Cysteine (SNO-Cys) anti-
body was from Sigma-Aldrich (St. Louis, MO). The LC3B
antibody kit for autophagy (Cat number 1L10382), Mito-
Tracker Red CMXROS (M7512), ROS detection reagent CM-
H2DCFDA (C6827), and ATP assay kits were from Molecular
Probes (Invitrogen). Antibodies for pro-IL-1p, pro-caspase-
1, NLRP3 (cryopyrin), and HMGBI are from Santa Cruz
Biotechnology (Santa Cruz, CA), and VDUP1 (TXNIP),
tubulin, and Actin were from Abcam (Cambridge, MA).
Anti-p65 NF-xB and phospho-p65 NF-xB antibodies were
from Millipore (Invitrogen). Electrophoresis Mobility Shift
Assay (EMSA) kit for Transcription factors XBP1 and HIF-1«
to consensus DNA was custom-made by Signosis Inc. (Sun-
nyvale, CA). Fluorescent-labeled secondary antibodies anti-
rabbit and anti-mouse were obtained from Molecular Probes
while those of the anti-goat antibodies were purchased from
Abcam (Cambridge, MA). Active caspase-1 (Green FLICA
Caspase-1) and Caspase-3 (Green FLICA caspase-3 & 7) were
purchased from Immunochemistry Technologies (Bloom-
ington, MN). Predesigned TXNIP siRNAs were purchased
from Qiagen (SABiociences). TRIZOL for RNA isolation
was from Invitrogen and PCR primers were also synthesized
by Invitrogen or Applied Biosystems. First strand cDNA
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synthesis kit and SYBR green reagents were purchased from
Biorad as well as from Applied Biosystems. Primer sequences
are available upon request.

2.2. Diabetes Induction of Rats. Diabetes of adult male
Sprague-Dawley rats (~275g) was induced by intraperi-
toneal injection of a single dose of streptozotocin, (STZ,
65 mg/kg body weight, Sigma) dissolved in 0.01 M citrate
buffer, pH 4.5 as described recently [8, 9]. The rats were
treated in accordance with the principles of NIH guidelines
for the Care and Use of Laboratory Animals and approved
by the Institutional Animal Care and Use Committee.
Intravitreal injection of siRNA targeted to rat TXNIP
promoter (transcriptional gene silencing, RNAi TGS) has
been described before [9] and performed in anaesthetized
rats with 40 mg/kg body weight (pentobarbital) on the right
eyes of diabetic rats (Treatment) and a similar volume of
scramble-RNA on the left eye (Control). The injections were
performed twice at day 23 and 27 and they were sacrificed
at day 30. An overdose of pentobarbital (200 mg/kg weight)
was given to euthanize the rats. The retina were removed,
processed for immunohistological analysis or frozen imme-
diately in liquid N, and stored at —80°C until used.

2.3. Cell Culture. We used a well-established rat retinal
Muller cell line (rMC1) [28]. rtMC1 cells were cultured in
medium containing DMEM (low glucose, 5.5mM) and
Ham’s F-12 (3:1 ratio) supplemented with 5.0% fetal
calf serum (FCS) and 0.5mg/mL gentamicin at 37°C in
a humidified chamber with a 5% CO2-95% air mixture
[9, 29]. Cells at 70-80% confluence were replaced with
low serum overnight (0.2% serum medium). For the time
course, HG (high glucose, 25mM) with 24h treatment
was added first; then on the second day HG was added
at 4, 2h, and 0 (no addition) to respective cultures before
harvesting. Thus, all cells maintain a similar condition and
length of serum-deprivation during the entire experimental
procedure. Similarly, for long-term cultures also, HG was
added first to the 5-day culture, then after two days for 3
days, 1 day, and 0 before harvesting. Media were changed
every 48 h. Cells were harvested by scrapping, snap frozen
and stored at —80°C until used.

2.4. SDS-PAGE and Western Blotting. Proteins were extracted
in RIPA buffer containing protease inhibitors and their
concentrations were determined using a Coomassie Plus
(Bradford) Assay Reagent from Pierce (Product number
23238) with BSA as the standard. Absorbance of blue dye
of the Coomassie-protein complex was measured at 595 nm
using a Gemini Microplate reader (Molecular Devices,
Sunnyvale, CA). Thirty micrograms of protein extracts was
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDA-PAGE) and Western blot analysis of
proteins was performed as described previously [30]. Santa
Cruz antibodies were used at 1:200 dilutions while anti-
bodies from other sources were diluted at 1:1000 dilutions.
Secondary antibodies were used at 1:3000 dilutions. ECL
used to detect the immunoreactive bands.

2.5. Real-Time Quantitative PCR. Total RNAs were isolated
by TRIZOL method and first-strand cDNAs (from 1 g RNA)
were synthesized in 20 yL volume using the Bio-Rad iScript
cDNA synthesis kit [8, 12]. Messenger RNA expression was
analyzed by real-time quantitative PCR using the Bio-Rad
Chromo 4 detection system and SYBR Green PCR Master
Mix from Bio-Rad or Applied Biosystems (Foster City, CA).
Primers were designed using Primer Express v 2.0 (Applied
Biosystems) and synthesized by Invitrogen (Carlsbad, CA).
Primers for the real-time Q-PCR will be available upon
request.

The real-time PCR reaction mixture contained 1X
SYBR Green PCR Master Mix, 400 nM forward and reverse
primers, and 2 L cDNA in a final volume of 25 yL. The PCR
cycling was programmed as 95°C for 155, 55°C for 30 s and
72°C for 30s 40 cycles followed by the construction of a
melting curve through increasing the temperature from 60°C
to 95°C at a ramp rate of 2% for 20 min. The real-time PCR
samples were evaluated using a single predominant peak as a
quality control. Ct values were used to calculate the relative
expression level of mRNAs that were normalized to actin
(8, 12].

2.6. Determination of Cell Viability. We used MTT assay
to measure cell viability at different time periods after HG
addition. MTT assay for cell viability was performed in
48 well plates and with 0.5mg/mLMTT in each well as
previously described in our laboratory [31, 32]. rMC1 cells
(1 x 10* cells) were grown to 70% confluence and serum-
starved overnight and treated with HG. MTT was added for
3h at the end of the experiment, the media was removed,
and cells were kept in 100uL of DMSO for 10 minutes.
The resulting color was diluted with 500 L of distilled H,O
and detected at 570 nm using a Gemini Microplate reader
(Molecular Devices, Sunnyvale, CA).

2.7. Intracellular Reactive Oxygen Species (ROS) Measure-
ment. The formation of intracellular ROS in rMC1 cells was
detected as described before [8, 12] by using the fluorescent
probe, 5-(and-6)-chloromethyl-2’,7"-dichlorodihydrofluo-
rescein diacetate, acetyl ester (CM-H,DCFDA). This dye
can enter living cells by passive diffusion it is nonfluorescent
until the acetate group is cleaved off by intracellular
esterase, and oxidation occurs within the cell. Approximately
1 x 10° cells/mL were cultured in 24 well plates, serum-
starved overnight, and glucose was added for the specified
time period. Then, CM-H,;DCFDA (10 yuM) was incubated
for 60 min at 37°C. The medium with the dye is aspirated
(to remove the extracellular dye), washed with PBS (3x),
and then the PBS is added to cells. The fluorescence was
measured in a Gemini Fluorescent Microplate Reader
(Molecular Devices) with the bottom read scanning mode at
480 nm excitation and emission at 530 nm.

2.8. Immumnohistochemistry (IHC)

(i) Retinal Tissue. Immunohistology of retinal sections was
similar to those described recently [9]. The retinas were fixed



in the eyecups with 4% paraformaldehyde in 0.1 M phos-
phate buffer (PB) for 20 min. The retinas were cryoprotected
in a sucrose gradient (10%, 20%, and 30% w/v in PB, resp.).
Cryostat sections were cut at 16 ym in Tissue Tek (OCT
mounting medium). Retinal sections were blocked for 1 h in
a PB solution that contained 5% Chemiblocker (Chemicon,
Temecula, CA), 0.5% Triton X-100, and 0.05% sodium azide.
The primary antibodies were diluted in the same solution
(1:100 to 1:200 dilution depending on the antibody) and
applied overnight at 4°C followed by appropriate secondary
antibodies (1:600 dilutions) conjugated with Alexa Fluor
488 or Alexa Fluor 594 for 2 hours at room temperature.
After washing with PB again, rMC1 cells were mounted with
an aqueous mounting medium with anti-fade agent with
DAPI and sealed with nail polish. The images were captured
by an OLYMPUS BX 51 fluorescence microscope, which is
fitted with a triple DAPI/FITC/TRITC cube, a DP70 digital
camera, and image acquisition software. Some images were
also captured with a Zeiss Apotome microscope with Z-
section (Zeiss, Oberkochen, Germany). Similar magnifica-
tion (400x) and exposure time were maintained throughout
for comparing images unless otherwise mentioned.

(ii) rMCI Cells. Cells were grown either in four-chambered
tissue culture glass slides (NUNC, Naperville, IL) and
exposed to HG for 5 days as described [32]. Cells were fixed
with freshly prepared paraformaldehyde (4%) for 2h in ice
or 4°C overnight, washed 10 min each with PB (3 times),
and blocked with 5% horse serum in PB for 1h at room
temperature. Following a 30-minute wash with PBS, cells
were incubated with primary antibodies (1:100 dilutions)
overnight at 4°C in a humidified chamber. After washing
with PB, cells were further incubated with corresponding
secondary antibodies conjugated with Alexa Fluor 488 or
Alexa 594 at 1:500 dilutions for 1h at 37°C in a darkened
humidified chamber. The cell-associated fluorescence was
observed in Olympus BX51 fluorescence microscope.

2.9. Cytochrome ¢ Oxidase and ATP Assays. The mitochon-
drial oxidative phosphorylation (OxPhos) process consists of
the electron transport chain (ETC) and ATP synthase, and
it provides more than 90% of cellular energy. The terminal
enzyme of ETC is cytochrome ¢ oxidase (CcO). CcO transfers
electrons from cytochrome ¢ to oxygen, which is reduced
to water. In intact mammalian cells, this reaction is the
proposed rate-limiting step of the ETC under physiological
conditions [33]. Therefore, CcO is an ideal marker enzyme
of OxPhos and was analysed in this study.

(i) CcO Activity. The oxygen consuming capacity of CcO-
analyzed in a closed chamber equipped with a micro-
Clark-type oxygen electrode (Oxygraph system, Hansatech,
Norfolk, England) as previously described [34, 35]. Briefly,
frozen cells were solubilized in 10 mM K-HEPES (pH 7.4),
40 mM KCl, 1% Tween 20, 1 uM oligomycin, 1 mM PMSE,
10 mM KE 2 mM EGTA, and 1 mM Na vanadate. CcO activ-
ity was measured in the presence of 20 mM ascorbate and by
addition of increasing amounts of cow heart cytochrome c.
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Oxygen consumption was recorded on a computer and ana-
lyzed with the Oxygraph software. Protein concentration was
determined with the DC protein assay kit (Bio-rad). CcO-
specific activity is defined as consumed O, (4M)/min/mg
total protein.

(ii) ATP Assay. Determination of ATP levels using the bio-
luminescent method was performed as described previously
[34, 35]. ATP was released from rMCI1 cells maintained in
24 well plates using the boiling method. Two hundred fifty
yl TE buffer (50mM Tris-Cl, pH 7.4, 4mM EDTA) was
added to the wells and scrapped off. Cells were immediately
transferred to a boiling water bath for 4min. Samples
were put on ice and sonicated briefly and centrifuged. ATP
concentration was determined in the supernatant with an
ATP bioluminescence assay kit (Invitrogen) according to the
manufacturer’s manual. Relative fluorescence units (RLUs)
were detected in a Luminometer (Promega, Madison, WI).
Experiments were performed in triplicates for each condition
and data were standardized to the protein concentration
using the Biorad protein assay kit.

2.10. Gel-Shift Assay. The gel-shift or electrophoretic
mobility-shift assay (EMSA) provides a simple and rapid
method for detecting DNA-binding activity of proteins. We
investigated the sXBP1 and HIF-1a activity of rMC1 nuclear
proteins by using a commercially available gel-shift assay kit
from Signosis (Sunnyvale, CA) according to manufacturer’s
instructions and as described before [32]. After incubation
at 16°C for 30 min with biotin-labeled probes and nuclear
extracts (5.0 4g protein) in a PCR machine, the protein-
DNA complexes were subjected to 6.5% nondenaturing
polyacrylamide gels prepared with TBE gel formulation [32].
The gels were run at 100V for 1h until the Bromophenol
blue dye front is three quarters down the gel, using 0.5x TBE
running buffer. For competitive assays, excess cold probes
were added to the reaction. Streptavin-HRP and ECL were
used to detect and capture the reactive bands using a Cell
Bioscience FluorChem E System (Santa Clara, CA).

2.11. Statistical Analysis. Results are expressed as means
+/— SE. Student’s t-test or one-way ANOVA followed by
Bonferroni Post Hoc Test was used to compare differences
between treatment conditions [8, 9]. A preset P value of
<0.05 was considered statistically significant.

3. Results

3.1. Diabetes Induces TXNIP Expression, Muller Glia Reactiv-
ity, and Proinflammatory Gene Expression in the Rat Retina.
We have recently shown that TXNIP expression is increased
in the retina of STZ-induced diabetic rats at both 4 and 8
weeks of diabetes duration [8, 9] and mediates inflammation,
gliosis/fibrosis, and apoptosis of retinal cells. In this study,
we further support our previous findings by showing that
the expressions of TXNIP, pro-inflammatory IL-18, iNOS,
and pattern recognition receptors TLR4 and P2X7R in the
retina are elevated at 4 weeks of diabetes (Figure 1(a)).
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FiGure 1: Diabetes induces TXNIP and pro-inflammatory gene expression and glia reactivity in the rat retina. (a) Messenger mRNA levels
for TXNIP (4.55-fold + 0.96) and pro-inflammatory IL-1f3 (9.19 + 4.62), iNOS (2.22 + 0.76), and pattern recognition receptors TLR4 (4.04
+ 1.43) and P2X7R (3.26 + 0.73) are increased significantly (P < 0.05, n = 6) in the retina of diabetic rats (4 weeks) when compared with
the normal retina. GS is marginally increased (1.55 + 0.29) but not significant (P = 0.3). (b) GFAP staining, a marker of gliosis, is also
increased radially throughout the neuroretina in the diabetic rat versus the normal retina, suggesting Muller glia activation. GCL: ganglion
cell layer; INL: inner nuclear layer; and ONL: outer nuclear layer. (c—e) TXNIP knockdown by siRNA targeted to the promoter (RNAi TGS,
[9]) reduces IL-15 and GFAP mRNA levels in the diabetic retina as compared to the scr-siRNA-treated diabetic rat retina. Under these
conditions (4 weeks of diabetes induction in rats), we did not see an increase in retinal TNF-a mRNA level.

On IHC, we observed that the increased pro-inflammatory
gene expression is associated with enhanced GFAP staining,
a marker for glia activation, in the entire length of the
neural retina from diabetic rats when compared with the
nondiabetic normal rat retina (Figure 1(b)). Specifically, in
the normal rat retina, GFAP staining is restricted to the inner
limiting membrane of Muller glia end-feet and ganglion

cell layer (GCL), however, in the diabetic rat retina, GFAP
filaments extend from GCL to inner nuclear (INL), outer
nuclear layer (ONL), and the inner and outer plexiform
layers suggesting retinal injury and inflammation. Knock-
down of TXNIP by intravitreal injection of promoter-
targeted siRNA (RNAi TGS) further reduces IL-18 and
GFAP up-regulation significantly (P < 0.05, n = 6) in



the diabetic rat retina (Figures 1(c) and 1(e)). Under these
conditions, we did not observe an enhancement of TNE-
a, another pro-inflammatory cytokine, in the diabetic retina
(Figure 1(d)). TNF-a has previously been shown to induce
at early at 1-2 weeks of STZ-induced diabetic rat retinas
and then suppresses until late stages of diabetes duration
where it may play a critical role in retinal inflammation and
BRB breakdown [26]. Thus, the results demonstrate that
there is an early inflammatory response and gliosis in the
diabetic retina. Retinal Muller glia forms a close association
with neuron and blood vessel and plays a critical function
in maintaining retinal homeostasis in health and disease.
Therefore, we propose that Muller glia reacts to retinal
injury both in retinal vessels and neurons in diabetes and
produces pro-inflammatory and survival factors to restore
tissue homeostasis.

3.2. HG Induces TXNIP Expression and Innate Immune
Responses in tMC1 in Culture. We have shown previously
that TXNIP expression and Muller glia activation occur
early in the diabetic retina [9]. So far, a role for TXNIP in
Muller cell activation and pro-inflammatory gene induction
under HG exposure has not been investigated. Therefore, we
undertook a series of experiments to examine the temporal
response of rMC1 to chronic hyperglycemia in culture. We
show that HG exposure in rMC1 induces a significant (P <
0.05, n = 6) increase in TXNIP mRNA expression (2-24 h)
when compared with low glucose (5.5 mM, LG) indicated as
time 0 control (Figure 2(a)). We have previously shown that
TXNIP mediates pro-IL-1f expression in primary Schwann
Cells via the NF-xB-dependent pathway [10]. Therefore, we
examined if TXNIP expression correlates with pro-IL-1j
induction in rMC1 under HG. As shown in Figure 2(b), HG
increases IL-1 mRNA expression at 2 and 4h (P < 0.01)
and then reduces at 24h to the level of the control at 0
time. Furthermore, nuclear NF-«B level is also enhanced by
HG in rMC1 from 2 to 24 h (Figure 2(c)), which correlates
with activation of caspase-1 in rMC1 (Figure 2(d)). Active
caspase 1 is responsible for processing pro-IL-1 (34-kDa) to
an active mature form of IL-18 (17-kDa).

We further examine whether the protein levels of TXNIP
and pro-IL-1f protein are induced by HG and if the levels
of NLRP3 and caspase-1 are important for processing pro-
IL-1f3 to its mature form in a time-dependent manner.
TXNIP expression is low in rMC1 under LG while HG
upregulates TXNIP (~4-folds) significantly from 2h to 5
days (Figures 3(a) and 3(c)). Nuclear level of phosphorylated
p65 subunit of NF-«B increases at 2 and 4 h but reduces at
24 h (Figure 3(b)); however, it elevates again at day 2 through
day 5 (Figure 3(d)). Pro-IL-1 is also increased at 2 and 4 h
of HG exposure and reduces at 24 h, and again induces at
3 days of HG (Figures 3(c) and 3(d)), which correlates with
NLRP3 expression. Procaspase 1 level is lower at 2 and 4h
and upregulated at 24 h (Figure 3(c)). This is in agreement
with the increased level of active caspase-1 at 24h shown
in Figure 2(d). Pro-caspase-1 level rises again at 5 days of
HG exposure (Figure 3(d)). The results demonstrate that
TXNIP is a glucose-sensitive gene and its expression remains
upregulated when hyperglycemia persists. On the other
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hand, the innate immune response to chronic hyperglycemia
by IL-1/3, NLRP3 and caspase-1 inflammasome is cyclical.

3.3. Chronic Hyperglycemia Induces ROS Generation and
Reduces Cellular ATP in rMC1. We have observed previously
that HG sustains TXNIP and induces IL-13 expression.
TXNIP is a pro-oxidative stress protein through its inter-
action/inhibition of the thiol reducing activity and ROS
scavenging capacity of TRX. In addition, extracellular ATP
release has been shown to involve in NLRP3 inflammasome
assembly, and IL-1f processing. Therefore, we examined a
time-dependent generation of intracellular ROS and ATP as
well as extracellular ATP release in rMC1 upon HG exposure.
HG significantly reduces ROS levels early at 4 and 24 h (P <
0.05 versus LG, n = 6) and then rises at day 2 though not
significant (Figure 4(a)). However, at day 3 of HG exposure,
rMC1 cells produce significantly higher levels of ROS (P <
0.05, n = 6) than LG and sustain up to day 5.

Excess nutrient (glucose availability) could enhance
glucose metabolic flux through glycolysis and mitochondrial
OxPhos via the electron transport chain (ETC) and ATP
production. Therefore, we measured temporal changes in
intracellular ATP levels in rMCI after HG exposure. As
shown in Figure 4(b), the intracellular ATP concentration
is significantly (P < 0.05, n = 4) enhanced at 4h and
reduces at 24h when compared with time 0 control. The
reduction in ATP persists at day 2 through 5 (P < 0.01 versus
time 0 control, n = 3). At day 3 and 5 of HG, the level of
ATP is further reduced to ~65% of the control ATP level
at LG (Figure 4(c)). In case of the extracellular ATP level,
there is a small but significant increase at 4 and 6h and
then at day 1 onwards their levels are reduced though not
significant (unpublished data). These results indicate that
an initial increase in ATP generation via the mitochondrial
OxPhos may result in ROS generation. Initially, this may
induce an antioxidant response leading to a reduction in ROS
level. However, as hyperglycemia persists, ROS overwhelms
the anti-oxidant capacity.

3.4. Mitochondrial Electron Transport Chain (ETC) Protein
Cytochrome ¢ Oxidase Activity (CcO) and MTT Cell Viability
Are Maintained under HG. As described previously, ROS
generation and ATP reduction occur in rMC1 cells under
chronic HG. Therefore, the mitochondrial ETC function,
especially the oxygen consumption capacity of CcO activity
at Complex IV, may be reduced. We measure the O,
consuming capacity of CcO in an in vitro assay using a
closed oxygen chamber. In contrast to our prediction, the
CcO activity is unaffected by chronic HG exposure of rMCl
(Figures 5(a) and 5(b)). In addition, we did not observe
an initial sigmoidal rate of the CcO activity using different
protein concentrations of cytochrome c in the O, consuming
assay, indicating that, under these experimental conditions,
CcO may not be regulated by posttranslational modification
as previously described [34].

We next examined whether cell viability is reduced by
ROS and ATP in rMCI cells using MTT assay. An increase
in MTT absorbance measures the reductase activity of
mitochondrial succinate dehydrogenase at complex II, which
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FiGgure 2: HG induces TXNIP expression and evokes the host innate immune response in rat Muller glia. Quantitative RT-PCR for (a)
TXNIP and (b) IL-18 mRNA expression in rMCI1 is shown. HG increases TXNIP mRNA at 2-24h (P < 0.05 versus time 0, n = 6) while
pro-IL-18 mRNA is increased at 2 and 4h (P < 0.05 versus time 0, n = 6) and then reduces at 24 h. (c) IHC detects a time-dependent
accumulation of the p65 subunit of NF-xB in the nucleus in rMC1 under HG. (d) Active caspase-1 staining is increased in rMCI using the

caspase-1 FLICA probe. A representative of n = 3 is shown here.

is frequently used to monitor cell viability. As shown in
Figure 5(c), MTT activity is not affected by HG exposure
up to 2 days and increases at day 3 through 5 (P < 0.01,

= 6). These results suggest that rMC1 maintains a func-
tional mitochondria and viability in spite of the ROS
generation and ATP depletion. To further ascertain that HG
maintains rMC1 viability under increased ROS, ATP release,
and IL-1p expression, we treated rMC1 cells with exogenous
H,0, (0.2mM), ATP (0.1 mM), and IL-15 (10 ng/mL) with
or without HG. We observed that H,O,, ATP, and IL-1
increase ROS levels significantly (P < 0.05, n = 6) at 4 to
96 h and reduce cell viability as indicated by reduced MTT
levels under LG at 48 h (unpublished data). However, when

HG is added, the effect of H,O,, ATP, and IL-1 on MTT
activity is nullified. This occurs even when HG increases
the generation ROS further with H,O,, ATP, or IL-1§ in
combination. Therefore, these findings suggest that rMCl1
activates a cellular defense and survival mechanism(s) under
HG and oxidative stress, and TXNIP may play a role in this
process.

3.5. HG Increases Autophagy/Mitophagy, Inflammation, and
Apoptosis in rMCI1 Cells. We observed that HG increases
TXNIP expression and ROS generation and sustained ATP
reduction in rMC1 cells. Nonetheless, the mitochondrial
CcO enzyme activity and cell viability are maintained.
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is shown here from n = 3-4.

Therefore, we hypothesize that a cell survival program is
evoked under chronic hyperglycemia and oxidative stress
in rMCI. Excess ROS production causes protein misfold-
ing/aggregation and organelle damage (e.g., mitochondria).
Autophagy is a cellular survival mechanism for long-lived
fully differentiated cells and for phagocytes under cellular
stress to remove damage organelles and their regeneration
[36, 37]. Beclin 1 is an autophagy initiating protein that
interacts with prosurvival bcl2 and bcl-xL [38]. Under
oxidative stress, beclin 1 is released from bcl2 and activates
the autophagic process, which further activates the late phage
autophagosome marker, light chain LC3B [39]. Therefore,
we examined beclin 1 expression in rMC1 under chronic

hyperglycemia at day 3 and 5. As shown in Figure 6(a), beclin
1 staining is marginally increased in rMCI1 under HG than in
LG, however there are more beclin 1 punctae in the cytosol
and over the nuclei suggesting activation of an autophagic
process. This beclin 1 puncta is not seen up to day 3 (not
shown).

Next, we used a mitochondrial staining dye, MitoTracker
red, to examine the mitochondrial morphology. We observed
an enhanced mitochondrial staining as well as the formation
of larger mitotracker puncta (Figure 6(c)), indicating that
autophagy/mitophagy may occur in rMC1 under chronic
hyperglycemia. Subsequently, using an autophagy assay kit
for LC3B staining, we show that HG increases the number
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ATP is further reduced to ~65% of the control.

and size of LC3B puncta formation (LC3BII, active form) in
rMC1 when compared with LG (Figure 6(d)). Smaller LC3B
punctae are also present in rMC1 after 5 days of LG under
low serum medium. In addition, we observed that at 8 weeks
of diabetes, formation of LG3B puncta occurs in the retina
and they colocalize with TXNIP (unpublished data).

The mechanism of autophagy/mitophagy initiation
under chronic hyperglycemia, TXNIP, and ROS is not fully
understood at the present time. However, the thiol oxidation
of the nuclear high mobility group box protein 1 (HMGB1)
under oxidative stress has been implicated in its nuclear
export and cytosolic interaction with beclin 1 to release from
bcl2 and to initiate an autophagic process [39]. Therefore, we
examined levels of TXNIP and HMGBI in the nucleus and
cytosol. We observed that TXNIP expression in the nucleus
is also increased in rMC1 under HG (unpublished data) in
addition to their cytosolic expression as observed in Figure 3.

HMGBI levels, both in the nucleus and in the cytosol, are not
altered at 0-24 h but decrease at day 2 and 3 in the cytosol and
then increase again at day 5. Furthermore, we observed that
protein cysteine (thiol) nitrosylation (SNO) is enhanced in
HG as measured by an anti-SNO antibody on IHC, and SNO
colocalizes with HMGB1 (unpublished data). In addition,
beclin 1 and HMGBI colocalize in the cytosol. These results
show that autophagy/mitophagy is activated in rMC1 under
HG and that beclin 1 and oxidized HMGB1 may play a role
in initiating the process.

Autophagy/mitophagy is initially a mechanism for cell
survival; however excessive and continuous autophagy may
remove vital proteins and organelles and induce cell apop-
tosis [36, 37]. Therefore, we examined whether proapoptotic
caspase-3 is activated under chronic HG in rMC1. As shown
in Figures 7(a) and 7(b), HG increases TXNIP and caspase-
3 staining in rMC1 when compared with LG, suggesting
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6-8) increase versus LG (time 0 control).

cells undergoing a path of apoptotic cell death. Furthermore,
injured and dying cells induce the expression of pro-
inflammatory genes significantly (P < 0.05) for TXNIP
(~36.55 = 12.45 at day 3), iINOS (14.47 + 4.8 at day 3), Cox-
2 (449 + 0.88 at day 5) and VEGF-A mRNA (2.15 +
0.27 day 5) (Figures 7(c)-7(f)). These results suggest that
under HG and oxidative stress, rMC1 cells promote an
inflammatory and autophagy/mitophagy response to remove
defective organelles.

3.6. HG Evokes an Early ER Stress and a Later Hypoxic-Like
Response in rMCI. As shown above in Figure 3, TXNIP
upregulation is sustained in rMC1 cells under conditions of
HG. TXNIP is a pro-oxidant and pro-inflammatory protein
[8, 12]. However, we observed at 4 and 24h after HG
exposure in rMC1 that TXNIP up-regulation is associated in
fact with a significant decrease in ROS level (Figures 3 and 4).
Therefore, we hypothesized that the early induction of ATP

generation in rMC1 by HG (Figure 4(b)) might induce a mild
increase in mitochondrial ROS (and possibly an increase
in protein synthesis) that could potentially cause an ER
stress and unfolded protein response, such as the IRE1/XBP1
branch. Spliced form sXBP1 (an active transcription factor)
of XBP1 mRNA is translated and translocated to the nucleus
where it induces the expression of antioxidant genes (e.g.,
superoxide dismutases and catalase) [22, 23]. Indeed, expres-
sion of SOD1 and catalase effectively increases the cellular
antioxidant capacity [40]. Therefore, we examined levels of
sXBP1 mRNA. We did not observe a significant alteration
in sXBP1 mRNA in HG when compared with LG although
there is an increasing trend at 4h (Figures 8(a) and 8(b)).
However, the DNA-binding activity of the nuclear sXBP1 is
increased in EMSA (Figure 8(c)) at 4 and 24 h by HG and
reduces at day 3 and 5. These results suggest that there is
an early ER stress response in tMC1 under HG, which may
effectively scavenge ROS (Figure 4(a)). However, as the ROS
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FiGure 6: HG activates autophagy/mitophagy in rMC1. Cells were grown in HG for 5 days under low serum conditions in a four-well slide
chamber with media changing for every 48 h and 24 h for the final day. Cells were fixed and stained for (a) beclin 1 antibody and (b) a
naive IgG for control antibody reaction. There are more beclin 1 puncta in HG than in LG. (c) MitoTracker Red staining also reveals more
mitochondrial puncta in HG than in LG. (d) LC3B antibody staining shows an increased LC3B level and autophagic puncta formation in
rMCI1 under HG than in LG. The pictures are representative of 3 separate experiments.

continues to accumulate under sustained hyperglycemia,
the anti-oxidant capacity is overwhelmed and an oxidative
stress occurs at day 3 to 5 when XBP1 activity is reduced.
Activation of other branches of UPR/ER stress (e.g., PERK-
elF-2 and ATF6) is yet to be investigated. Nonetheless,
sustained ROS/RNS generation will cause excessive organelle
damage and protein aggregation leading to apoptotic signal
induction (Figure 7(b)), which may involve ER stress medi-
ated apoptotic signals, CHOP (transcription factor CEBP
homologous protein), and Bim (Bcl-2 interacting mediator
of cell death) expression [41]. Further studies are being
pursued to test this hypothesis.

Under persistent hyperglycemia, ROS, and sustained ATP
depletion (Figure 4(b)), a hypoxic-like response in rMCl
may evoke and induce pro-inflammatory gene expression
for iNOS, VEGF-A, and Cox-2 as seen in Figures 7(d)-7(f).
Therefore, we measured the activity of hypoxia inducible
transcription factor (HIF) la in EMSA and the result
is shown in Figure 8(d). There is no increase in DNA-
binding activity of HIF-1la in rMC1 up to day 3 by HG.
However, at day 5 the HIF-la DNA-binding activity is
enhanced, which correlates positively with the expression
of its down stream gene target, vascular permeability, and
proangiogenic VEGF-A (Figure 7(f)). These results suggest
strongly that chronic HG evokes an initially time-dependent
early innate immune and ER stress response in rMCl,
followed by ATP reduction, ROS accumulation, and HIF-1«

activation leading, at least in part, to pro-inflammatory and
proangiogenic gene expression.

3.7. Knockdown of TXNIP by siRNA Blocks ATP Reduction,
ROS Generation, and LC3B Activation by HG in rMCI.
Finally, we asked to what extent the sustained induction
of TXNIP in rMC1 under HG is responsible for metabolic
dysregulation in rMCI1. We used a transient transfection
method of siRNA to knock down TXNIP and assess its effect
on ATP and ROS levels and LC3B expression in rMC1 under
HG. First, we showed that HG-induced TXNIP protein
level is reduced by two different TXNIP siRNAs (siTXNIP1
and siTXNIP3). As shown in Figure 9(a), siTXNIP3 gave
a consistent suppression of TXNIP. Conversely, HG is still
able to induce TXNIP expression in scrRNA-transfected cells.
Therefore, we used the scrRNA (control) and siTXNIP3
in further studies. We observe that HG reduces ATP level
significantly (P = 5.2E — 05, n = 6) in scrRNA-transfected
cells, which is absent in siTXNIP3-transfected rMC1 cells
(Figure 9(b)). In addition, HG-induced ROS generation
in scrRNA-transfected cells is also blocked by siTXNIP3
(Figure 9(c)). Furthermore, the staining of autophagic
marker LC3B is increased by HG in scrRNA-treated cells,
which is reduced by siTXNIP3 (Figure 9(d)). The results
demonstrate that TXNIP mediates, at least in part, cellular
oxidative stress, ATP reduction, and an autophagic response
in retinal Muller glia under chronic hyperglycemia.
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Figure 7: HG-induced TXNIP expression correlates with proapoptotic caspase-3 expression in tMC1. (a) IHC of TXNIP. Txnip staining is
enhanced in rMC1 under HG exposure for 5 days, which correlates with increased (b) proapoptotic caspase 3 staining in similar duration
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measured by qRT-PCR at various time periods of HG exposure (n = 3-4). P values were compared against respective controls at time 0.
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siRNAs-siTXNIP1 and siTXNIP3 (20 nM each) using HiPerfect transfection reagent in six-well plates or 60 mm culture plates in duplicates.
After 6 h, complete media containing 5% serum were replaced and kept for 24 h. Media was subsequently changed to low serum media (0.2%
serum) for 48 h. Afterwards, HG was added for 4 h and TXNIP amount was measured by Western blotting. We observe that siTXNIP3 gives
a consistent suppression of TXNIP (~70%) and used in further studies. A representative blot of n = 4 is shown here. Actin was used as a
control for protein loading and siRNA specificity. (b) rMCI1 cells were transiently transfected in 24-well plates with siTXNIP3 for 48 h and
then HG was added for 72 h in low serum media. Intracellular ATP concentration was measured and normalized to protein concentration
(RLUs/pg protein). HG reduces ATP level in scrRNA-treated rMCI cells while siTXNIP3 transfection blunted HG effects. (¢) Similar to
ATP determination, we also measured ROS levels after 72 h of HG exposure in both scrRNA and siTXNIP3-transfected rMC1 with CM-
H2DCFDA. HG increases ROS levels in scrRNA cells (P < 0.05, n = 6) versus LG but this effect was not observed in siTXNIP3 cells. (d)
LC3B staining under HG exposure for 5 days is also reduced in siTXNIP3-transfected cells when compared with the scrRNA cells under
similar duration of HG exposure (right panels). Under LG, LC3B staining is minimal in both scrRNA and siTXNIP3-treated rMCI cells after
5 days. A representative of #n = 3 is shown here.

4. Discussion the retinal vasculature and neurons leading to ocular compli-

cations of diabetes [43, 44]. TXNIP plays a critical role in reti-

Muller glia plays an important function in retinal tissue
homeostasis by taking up glucose and nutrients from the
blood. It supplies metabolic products to neurons for proper
functioning and participates in uptake and detoxification of
neurotransmitters [5, 42]. Therefore, an injury to Muller
glia itself and sustained gliosis will produce proinflammatory
cytokines and proangiogenic factors that may further affect

nal inflammation and apoptosis [9, 26, 45]. Here, we provide
evidences that HG activates TXNIP in retinal Muller cells in
vitro as well as in vivo in the diabetic rat retina (this study,
[9]). We demonstrate a temporal response of Muller glia to
chronic HG exposure and programming of a series of innate
host defense mechanisms which involve (i) sustained TXNIP
up-regulation, (ii) innate immune/ER stress responses—(iii)
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ATP reduction, (iv) oxidative/nitrosative stress, (v) hypoxic-
like response, (vi) autophagy/mitophagy, (vii) inflammation
and, (viii) an apoptotic signal. Thus, a temporal and spatial
survival response of Muller cells to chronic hyperglycemia
emerges and TXNIP may orchestrate some of these events.
Definitely, these observations will have important implica-
tions toward understanding the molecular basis for disease
development and progression of DR and in designing stage-
specific therapeutic strategies to reduce retinal inflammation
and neurovascular dysfunction in diabetes.

TXNIP is considered as a pro-oxidative stress, pro-in-
flammatory, and proapoptotic protein under chronic hyper-
glycemia, diabetes, and cellular stress [9, 11, 13, 26, 46].
However, these deleterious effects of HG in cells are observed
at later stages of sustained hyperglycemic exposure while
TXNIP is an early response gene to HG and tissue injury.
Therefore, TXNIP may be considered as an early sensor of
metabolic and cellular danger and a significant component
of the innate host defense mechanism(s) and wound healing
processes [10, 15, 16]. In support of this hypothesis, we
recently showed that TXNIP is responsible for SI00B-RAGE
axis-induced expression of the innate immune response
mediator, pro-IL-1f3, and secretion of mature IL-15 in
primary Schwann cells in culture and partial sciatic nerve
injury recovery [10]. Under these conditions, an increase
in ROS generation was not observed [8, 10]. This finding
is in agreement with our current data showing that HG
induces TXNIP and pro-IL-1f expression and activation of
NLRP3 inflammasome and caspase-1 at 4-24 h without ROS
generation (Figures 2 and 3). In fact, this is also similar
to the condition of chronic Granulomatous Disease where
impaired ROS production due to a genetic defect does not
affect IL-1f secretion [47, 48].

In acute infection models using circulating monocytes
and stromal macrophages, however the NLRP3 inflamma-
some assembly, caspase-1 activation, and pro-IL-1f process-
ing and secretion require ROS generation and ATP release
[15, 49-51]. According to this model, during oxidative
stress, ROS dissociates TXNIP bound to TRX. TXNIP then
binds to NLRP3 to mediate NLRP3 inflammasome assembly
containing ASC (Apoptotic Speck Protein Containing a
Caspase Recruitment Domain (CARD)) and procaspase-1
[15, 16]. This subsequently leads to caspase-1 autocleavage
and activation. Activated caspase-1 then processes pro-IL-
13 to its mature form and is then secreted extracellularly.
IL-18 is a potent pro-inflammatory cytokine and, upon re-
lease, induces several pro-inflammatory cytokines and
chemokines. Therefore, IL-1f expression is highly regulated
at multiple steps including at least two signals—a priming
and a processing/maturation—while the mechanism of
extracellular secretion is yet to be determined [52].

In our study, pro-IL-15, NLRP3 inflammasome and
procaspase-1 levels oscillate at 4 h and day 3 of HG exposure.
The first response at 4 h occurs in the absence of ROS release
as discussed previously while the second response at day 3
occurs under ROS/oxidative stress. We and others [10, 21]
showed that TXNIP is responsible for pro-IL-1$ priming/
expression but the role of TXNIP in NLRP3 inflammasome
assembly and caspase-1 activation is yet to be resolved as
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conflicting data exist at present [15, 21, 53]. Therefore,
further studies will focus on the mechanism(s) of NLRP3
inflammasome activation and pro-IL-1f processing and the
role of TXNIP in this process in the diabetic retina and under
chronic hyperglycemia.

Nutrient excess (glucose availability) leads to increase
rates of glycolysis and energy (ATP) production, which is evi-
dent from our data showing elevated intracellular ATP levels
at 4h. Mitochondrial ATP synthesis produces ROS during
electron transfer and OxPhos at ETC in the mitochondrial
inner membrane. Furthermore, glucose and ATP induce
increased protein synthesis in the ER lumen and ER stress
leading to a UPR response to enhance protein folding and
anti-oxidant capacity via an induction of mitochondrial and
cytosolic superoxide dismutases and catalase [40]. Indeed,
we observed an activation of the IRE1/XBP1 pathway in
rMC1 by HG, which is demonstrated by the enhanced DNA-
binding activity of nuclear sXBP1 in EMSA (Figure 8(c)).
sXBP1 is known to activate the transcription of anti-oxidant
genes including those stated above [40]. This may partly
explain why we observed a decrease in ROS level at 4 and
24 h of HG treatment in spite of TXNIP up-regulation and
IL-1p expression. Nonetheless, as hyperglycemia persists, the
sXBP1 activity reduces and the defensive program is switched
to a reduction in cellular ATP content, potentially in an
attempt to minimize mitochondrial ROS generation through
the aerobic respiration [54]. This may activate the cytosolic
anaerobic glycolysis via an inhibition of pyruvate kinase
at TCA cycle and lactate production, which is a survival
response for phagocytic and cancer cells in a hypoxic envi-
ronment during inflammation and tumor progression [55,
56]. Even then, the ETC in mitochondrial inner membrane
continues to leak electrons and produces ROS at complexes I
and III [57]. This eventually will lead to accumulation of ROS
since TXNIP up-regulation can reduce the ROS scavenging
capacity of TRX. Such an event seems to occur at day 3 of HG
exposure in rMCls, where there is a second surge in IL-18
and NLRP3 expression is observed (Figure 3(d)). The surge
may be a second attempt to correct cellular metabolic defects
and induce cell survival. However, these responses cause
a further decline in cellular ATP level evoking a hypoxic-
like response (HIF-1a activation) under hyperglycemia and
normoxia (Figure 8(d)).

Sustained TXNIP up-regulation may establish an oxida-
tive stress environment in rMC1 at later stages of HG expo-
sure (Figure 4(a)) after an initial innate immune response,
ER stress, and ATP reduction. As ROS and iNOS expressions
increase at day 3, nitrosative stress and protein thiol S-
nitrosylation (SNO) as well as tyrosine nitration activities
will be enhanced [58-60]. Initially, SNO modification of pro-
apoptotic caspase-3 prevents its release from mitochondria
[60]; however continued ROS/RNS will damage proteins,
nucleic acids, and organelles including ER and mitochondria.
Therefore, another ancient survival program of autophagy
(mostly activated under nutrient starvation to recycle protein
aggregates and organelles) and mitophagy (removal of
damaged mitochondria by autophagic processes) is activated
[36-39]. This is supported by our observation that in
spite of the significant increase in ROS levels (day 3 to 5
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of HG), activity of mitochondrial membrane enzyme
cytochrome ¢ oxidase at complex IV is sustained and cell
viability is preserved. Preservation of cell viability is indicated
by increased MTT that measures the reductase activity
of succinate dehydrogenase at complex II. These findings
suggest an active regeneration of mitochondria by removing
the oxidatively damaged ones and provide cell viability.
Such an assumption is supported by the observation that
autophagic LC3B punctae are increased in rMC1 (Figure 6)
and MTT activity is enhanced (Figure 5).

The mechanism of autophagy initiation is complex and
recent studies have pointed to a role of the nuclear DNA-
binding protein HMGB1 under oxidative stress [60]. Nuclear
TXNIP may cause HMGBI1 oxidation (S-nitrosylation) and
nuclear export [61, 62]), which participates in beclin 1 disso-
ciation from antiapoptotic bcl2 and initiation of autophagy
[38, 39]. Oxidation of HMGBI at cysteine residues 23, 45,
and 106, probably by inhibition of TRX by TXNIP in the
nucleus, causes its translocation to the cytosol and interac-
tion with beclin 1 [38, 39]. HMGBI is an abundant nuclear
protein considered to have a dual function: it acts (i) as
a transcriptional activator in the nucleus by binding to
linker DNA between nucleosomes inducing DNA bending
and enhances transcription factor accessibility, and (ii) as a
pro-inflammatory cytokine (passively or actively secreted)
by injured and dying cells as a danger signal and damage-
associated molecular pattern (DAMP) molecule, which binds
to innate pattern recognition receptors (PRRs) such as
TLR2, TLR4 and RAGE [20, 61]. (iii) In addition, HMGB1
may also have a role in autophagy in rMCI1 (this study,
[60]). Previously, we showed that RAGE activation by its
endogenous ligand S100B activates TXNIP expression and
induces pro-inflammatory genes for IL-1f, Cox-2, VEGEF-
A, ICAM1, and fibrotic EN [8-10]. While IL-1f is an early
mediator of innate immunity and inflammation, HMGB1
is regarded as a late mediator in chronic inflammatory
diseases [63, 64]. Thus, the HMGB1-TLR4 and/or HMGB1-
RAGE axis may further activate TXNIP and IL-1 expression
thereby potentiating a vicious cycle of innate immunity and
sterile inflammation under chronic hyperglycemia. The fact
that knockdown of TXNIP by siRNA blocks IL-1/ expression
in the retina in vivo (Figure 1(c)) and ATP depletion,
ROS generation, and LC3B induction in rMC1 in vitro
(Figure 9) suggest that TXNIP is critical for Muller glia
activation, autophagy, and inflammation. TXNIP therefore
may represent a potent gene and therapeutic target to prevent
DR pathogenesis [8, 9].

Sustained ROS/RNS generation and activation of auto-
phagy/mitophagy will eventually trigger an apoptotic signal
and premature cell death due to excessive removal of
essential organelles and proteins in the cell while dam-
aged mitochondria leaks electrons [57, 58]. Mitochondrial
oxidative/nitrosative stress causes ER stress, which in turn
induces mitochondrial damage thus generating a vicious
cycle of organelle damage and tissue injury [41]. Here,
we show that increases in both TXNIP and proapoptotic
caspase-3 occur at later periods of HG exposure for example,
at day 5. Nonetheless, we propose that the ER stress and
autophagic and apoptotic signal will be shifted towards a
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caspase-1/7-dependent pro-inflammatory cell death (pyrop-
tosis) [65]. This is because apoptosis is an ATP-dependent
(consuming) process and requires active ATP synthesis [65].
In the current study, we observe ATP depletion under
sustained HG and a late surge in caspase-1 level at day
5. Furthermore, the caspase-3 probe, FLICA, used in this
study may also recognize caspase-7, which is downstream of
caspase-1 and closely related to caspase-3. In agreement with
the idea of pyroptosis under HG, the dying and oxidatively
stressed tMC1 produces pro-inflammatory genes such as
TXNIP, iNOS, Cox-2, and proangiogenic VEGF-A (Figures
7(c)-7(f); [66]). The induction of VEGEF-A is particularly
interesting because of its association with ATP depletion
and HIF-1a activation. VEGF-A is a potent vascular per-
meability and proangiogenic factor that is regulated by
HIF-1a and implicated in diabetic vasculopathy [56, 67].
Protein S-nitrosylation also consumes molecular oxygen
[58]; therefore, it may result in reduced mitochondrial ATP
production and generation of an intracellular hypoxic-like
environment inducing HIF-1a activation under normoxia.
An understanding of the TXNIP-HIF-1a-VEGEF-A axis and
its temporal response under chronic hyperglycemia in Muller
cells that enhances VEGF-A expression in diabetes will be
important. It is generally accepted that Muller glia is the main
source of VEGF-A in the neural retina [68, 69].

An accumulation of HIF-1« in diabetic retinas of STZ-
mice was recently reported [67], which is also associated
with an increase in VEGF-A expression. Furthermore, a
disruption of the Hif-1a gene in Miiller cells alleviates retinal
inflammation and vascular leakage in diabetic Hif-1a KO
mice, further indicating an important role of Miiller glia-
derived HIF-1a-VEGF-A axis in DR [67]. In addition, atten-
uation of ER stress by chemical chaperones such as 4-
phenyl butaric acid reduces VEGF-A expression in retinal
endothelial cells in culture induced by hypoxia as well as in a
mouse model of oxygen-induced retinopathy (OIR) [23, 70,
71]. Thus, several reports have pointed to an important role
of ER stress/UPR signaling in retinal inflammation, hypoxia,
and perhaps autophagy. Nonetheless, a critical function of
TXNIP in ER stress, autophagy, and apoptosis/pyroptosis
in animal models of DR remains to be investigated, which
will form the basis for a separate manuscript. Sustained
and excessive induction of each of these cellular defen-
sive/survival processes, including ER stress and UPR, will
evoke chronic inflammation and DR pathogenesis. ER-
stress, autophagy, and innate immune responses are survival
mechanisms; however prolonged induction of these cellular
processes will ultimately lead to premature cell death and dis-
ease progression of microvascular complications of diabetes.
Cellular DAMPs (ATP, uric acid, HMGBI1, mitochondrial
DNA, etc.) released by injured and dying cells are recognized
by innate PRRs such as TLR4, TLR9, RAGE, P2X7R, and
NLRP3 inflammasome and together the DAMPs and PRRs
may play causative roles in retinal ER-stress, autophagy,
inflammation, and DR pathogenesis.

In conclusion, we show for the first time that HG sustains
TXNIP expression in rat Muller glia and orchestrates a
duration-dependent cellular program of innate host defense
and survival mechanisms that culminate in oxidative stress,
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FIGURE 10: A schematic summary of potential cellular responses
by retinal Muller glia in chronic hyperglycemia and diabetes. The
sequence of molecular events that retinal Muller cells react to
chronic hyperglycemia include (i) sustained upregulation of TXNIP,
(ii) an initial innate immune and UPR response to excess glucose
metabolism and oxidative phosphorylation (ATP generation), (iii)
oxidative stress (ROS/RNS generation) and a hypoxia-like response
through ATP reduction, (iv) an induction of an autophagic-
mitophagic pathway, and (v) ER-stress and inflammation. These
cellular responses constitute intrinsic cell survival/defense mecha-
nisms, which, under chronic cell stress and injury, may promote
premature cell death and disease progression of DR.

ER stress, autophagy, inflammation, and cell death. While
detailed mechanisms are yet to be worked out, a temporal
pattern emerges here as to how retinal Muller glia might
respond to chronic hyperglycemia in diabetes. These include
(i) sustained TXNIP up-regulation, (ii) an initial innate
immune and ER stress response to excess glucose metabolism
(ATP generation), (iii) oxidative stress and a hypoxia-
like response through ATP reduction, (iv) induction of
an autophagic-apoptosis pathway, and (v) inflammation. A
temporal response of Muller glia to chronic hyperglycemia
and potential molecular events are summarized in Figure 10.
These findings clearly point to a crucial role of TXNIP in
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Muller glia activation, oxidative/nitrosative, and ER stress,
and sterile inflammation under chronic hyperglycemia and
suggest a potential gene and drug target for preventing
neurovascular injury/cell death and pathogenesis of DR.
Lastly, while our manuscript is in submission, an article came
out to demonstrate purinergic and glycemic induction of
TXNIP in rMCL1 in culture [72], which also supports our
findings in the present study.
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Human islets isolated for transplantation are exposed to multiple stresses including oxidative stress and hypoxia resulting in
significant loss of functional S cell mass. In this study we examined the modulation of apoptosis pathway genes in islets exposed to
hydrogen peroxide, peroxynitrite, hypoxia, and cytokines. We observed parallel induction of pro- and antiapoptotic pathways and
identified several novel genes including BFAR, CARDS8, BNIP3, and CIDE-A. As BNIP3 is an inducer of autophagy, we examined
this pathway in MING6 cells, a mouse beta cell line and in human islets. Culture of MING6 cells under low serum conditions increased
the levels of several proteins in autophagy pathway, including ATG4, Beclin 1, LAMP-2, and UVRAG. Amino acid deprivation led
to induction of autophagy in human islets. Preconditioning of islets with inducers of autophagy protected them from hypoxia-
induced apoptosis. However, induction of autophagy during hypoxia exacerbated apoptotic cell death. ER stress led to induction
of autophagy and apoptosis in f3 cells. Overexpression of MnSOD, an enzyme that scavenges free radicals, resulted in protection of
MING cells from cytokine-induced apoptosis. Ceramide, a mediator of cytokine-induced injury, reduced the active phosphorylated
form of Akt and downregulated the promoter activity of the antiapoptotic gene bcl-2. Furthermore, cytokine-stimulated JNK
pathway downregulated the bcl-2 promoter activity which was reversed by preincubation with SP600125, a JNK inhibitor. Our
findings suggest that f cell apoptosis by multiple stresses in islets isolated for transplantation is the result of orchestrated gene

expression in apoptosis pathway.

1. Introduction

The major pathways of apoptosis are the extrinsic pathway,
initiated by Fas and other death receptors resulting in the
activation of caspase-8, and the intrinsic mitochondrial
pathway, regulated by Bcl-2 family of proteins leading to the
activation of caspase-9 [1, 2]. These two pathways converge
with the activation of caspase-3. Both apoptotic pathways
are involved in f cell death in type 1 and type 2 diabetes
[3]. Fas (CD95/APO-1) is a 36-kD death receptor protein
that initiates apoptosis in many cell types when cross-linked
to Fas ligand (FasL/CD95L) [4]. A histological study of
human diabetic pancreas biopsies has demonstrated Fas
expression on f3 cells and FasL expression on the infiltrating
cells [5]. However, the intrinsic mitochondrial pathway,
regulated by the Bcl-2 family of proteins, consisting of

proapoptotic (Bax and Bakl) and antiapoptotic (Bcl-2, Bcl-
xL, Mcl-1, etc.) proteins [6], has been shown to play a
predominant role in the loss of isolated islets [7]. Imbalance
between these two groups of proteins results in the release
of cytochrome ¢, which activates caspase-9 [2]. BH3-only
proteins, a subset of proapoptotic proteins, act as sensors
of cellular stress [8, 9]. Members of this family include
Bad, Bid, Bmf, Hrk, Bim, Bik, Noxa, and Puma. They
induce apoptosis by activating proapoptotic proteins or by
neutralizing antiapoptotic proteins. Bid cleaved by caspase-
8 translocates to mitochondria and causes cytochrome ¢
release, thus linking the two pathways of apoptosis [10].
Autophagy is a lysosomal degradative pathway that
provides energy through self-digestion under conditions of
starvation. During oxidative stress, autophagy serves as a
defense mechanism to clear oxidatively damaged proteins



and organelles [11]. There are three major pathways of
autophagy: (1) chaperone-mediated autophagy (CMA),
which is found in mammalian cells alone and degrades
cytosolic proteins selectively; (2) microautophagy, whereby
lysosomes directly engulf cytosolic constituents through
invaginations of the lysosomal membrane; and (3) macroau-
tophagy (referred to as autophagy), in which cytosolic
contents including organelles and proteins are sequestered
within double-membrane structures called autophagosomes
that fuse with lysosomes and lead to degradation. A series
of maturation steps involving the ATG family of proteins are
involved in the formation of autophagosomes. Among the
30 ATG genes identified in yeast, 11 (ATG1, 3-10, 12, and
16) have orthologs in mammalian cells. Autophagic vesicles
contain multiple proteins, including Type (or Class) III PI3
kinase (vps34), Beclin 1 (ATG6), UVRAG, and Ambra. An
important step in the formation of autophagosomes is the
conjugation of LC3 (ATG8) with phosphatidylethoanlamine
to form LC3-PE (LC3-II) which is a standard marker for
autophagy. Extensive autophagy could lead to type 2 cell
death, a second mode of programmed cell death [12].
Aged insulin-secreting granules in f3 cells are degraded by
crinophagy [13]. An imbalance between insulin production
and secretion, which is likely to occur in type 2 diabetes,
induces autophagy to degrade accumulated insulin granules
[14]. Ubiquitinated protein aggregates that accumulate in
B cells of islets in obese Zucker rats have been shown to
stimulate autophagy [15]. Increased autophagic activity has
been observed in the islets of Rab3A~/~ mice which display a
defect in insulin secretion [13].

Islets are clusters of different cell types including «,
B, 8, and PP cells, with insulin-producing S cells being
the major component (70-80%). The blood vessels inside
islets are essential for the supply of oxygen, nutrients, and
secretion of hormones. These vessels are disrupted during
the islet isolation process. Thus, islets are vulnerable to injury
in the early stages after transplantation due to the delay
in revascularization [16]. Even after revascularization, the
vascular density is considerably less compared to endoge-
nous islets [17]. The expression of genes associated with
angiogenesis is decreased in diabetic transplant recipients,
further delaying the revascularization process [18]. The
molecular mechanism of apoptosis in f cells of islets in
the transplantation setting is not clearly understood. The
objective of the present study was to profile the expression of
apoptosis pathway genes in human islets exposed to stresses
associated with islet isolation and transplantation and to
determine the role of stress-signaling pathways.

2. Experimental Procedures

2.1. Culture of Human Islets and MING6 Cells. Human islets
isolated from cadaveric donors were provided by Integrated
Islet Distribution Program (IIDP). Islets with purity of 70%
to 95% and the viability of 70%-95% were used. Islets were
cultured in CMRL 1066 medium (Mediatech Inc., Hendon,
VA) supplemented with human serum albumin (0.5%;
Octapharma, Vienna, Austria) and nicotinamide (10 mM)
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and referred to as Miami medium. To induce hypoxia in
islets, culture dishes were placed inside a modular incubation
chamber (Billups Rothenberg, Del Mar, CA) and flushed
with a gas supply of 1% oxygen, 5% CO,, and 94% N,
for 20 min. The chamber was then placed inside the cell
culture incubator. MING6 cells, a mouse pancreatic 8 cell
line [19], obtained from Dr. Miyazaki (Kyoto University,
Japan) were cultured in RPMI medium containing 10% FBS
(Gemini Bioproducts, Sacramento, CA), 100 ug/mL strepto-
mycin (Gemini Bioproducts), 100 U/mL penicillin (Gemini
Bioproducts), and 50 yM fB-mercaptoethanol (BME; Sigma
Aldrich, St. Louis, MO) at 37°C in a humidified atmosphere
of 5% CO,. Autophagy was induced in MIN6 cells by
culturing them in low serum (0.1%) serum-containing
medium and in human islets by amino acid deprivation.

2.2. Gene Expression Profiling of Apoptosis Pathways. Human
islets isolated from donor pancreas were exposed to Hydro-
gen peroxide, peroxynitrite, hypoxia, or a combination of
cytokines (IL-1f3, TNF-a, and IFN-y). A pathway-specific,
PCR-based array (SABioscience, Frederick, MD) was per-
formed to determine the expression of a panel of genes
in apoptosis pathway (listed in Table 1). RNA samples
following DNase treatment were converted to cDNA by the
following procedure: 1pug of RNA was reverse transcribed
in a 50 yL reaction mixture with 125U of Moloney Murine
leukemia virus reverse transcriptase, 20 U RNasin ribonu-
clease inhibitor, 4 mM deoxyribonucleoside triphosphates,
5mM MgCl, 1X PCR Buffer II, and 0.5ug of random
hexanucleotide primers (Applied Biosystems, Carlsbad, CA).
The reaction mixture was sequentially incubated at 65°C
for 5min, 42°C for 60 min, and the reverse transcription
reaction was stopped by heating to 95°C for 5min and
cooled to 4°C. The experimental cocktail was prepared by
adding 102 uL of the diluted cDNA to 1278 uL of the RT*
qPCR master mix containing SYBR Green (SA Biosciences,
Frederick, MD) and 1173 yL H,O. 25uL of this cocktail
was added to each well of the 96-well PCR array plate
containing primers for the 84 genes in apoptotic pathway,
five housekeeping control genes, and three RNA and PCR
quality controls. Real-time PCR was performed in an ABI
Prism 7700 sequence detector (Applied Biosystems, Foster
City, CA). The thermal cycling conditions were 1 cycle of 10
minutes at 95°C followed by 40 cycles of 15 seconds at 95°C
and of 1 minute at 60°C. After amplification, real-time data
acquisition and analysis were performed through the Data
Analysis Web Portal (SA Biosciences). Data analysis is based
on the delta-delta Ct method with normalization of the raw
data to GAPDH as described in the manufacturer’s manual.

2.3. RNA Isolation and Real-Time Quantitative RT-PCR.
Total RNA was isolated from treated islets. After DNAse
treatment, RNA integrity was determined by capillary elec-
trophoresis using RNA 6000 Nano LabChip. The mRNA
levels of selected genes (BFAR, CARDS, CIDE-A, and BNIP3)
identified in the expression profiling described previously
were examined by real-time quantitative RT-PCR using
Tagman probes. Assay on Demand (Applied Biosystems) was
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used for BNIP3. The sequence for primers and probes for
other targets is as follows:

BFAR
Forward Primer: GGAGGACATCGTCACCAAGC

Reverse Primer: AGTATTTGACCAGGAACTCTCT
CCA

TagMan Probe: 5 -6FAM-TCTGGATCTTAAGGAG
CCTACGTGGAAGCA-TAMRA-3’

CARDS8
Forward Primer: GACTTCCGGTCGCCATGAT
Reverse Primer: ACCATTGAAGATGGCCCAGA

TagMan Probe: 5-6FAM-TGGGCGGTAAACGCG
GTTAGTGC-TAMRA-3’

CIDE-A

Forward Primer: TCTTTCAGACCTTGGGAGACA
AC

Reverse Primer: TGGCTGCCCGGCATC

TagMan Probe: 5'-6FAM-CGCATTTCATGATCTT
GGAAAAAGGACAGA-TAMRA-3".

The PCR reactions were monitored in real time in an ABI
Prism 7700 sequence detector (Perkin Elmer Corp./Applied
Biosystems). After amplification, real-time data acquisition
and analysis were performed.

2.4. Western Blot Analysis. MING6 cells and human islets
exposed to stress conditions were washed with ice-cold PBS
and lysed with mammalian protein extraction reagent (M-
PER, Pierce, Rockford, Illinois, USA) supplemented with
phosphatase inhibitors (20 mM of sodium fluoride, 1 mM
of sodium orthovanadate and 500 nM of okadaic acid) and
protease inhibitors (Sigma P8340). Lysates were centrifuged
at 20,800 xg, and the protein concentration was determined
in the supernatant samples by a dye-binding method [20].
Diluted samples containing equal amounts of protein were
mixed with 2 X Laemmli sample buffer. The proteins were
resolved on a 12% SDS-polyacrylamide gels. Following
transfer to PVDF membranes (Millipore, Bedford, MA), the
blots were blocked with TBST (20 mM Tris-HCI (pH 7.9),
8.5% NaCl, and 0.1% Tween 20) containing 5% non-fat
dry milk at room temperature (RT) for 1h and exposed to
primary antibodies (1:1000; Cell Signaling, Danvers, MA)
in TBST containing 5.0% BSA at 4°C overnight. The blots
were washed with TBST and anti-rabbit IgG conjugated to
alkaline phosphatase (Cell Signaling) was added for one hour
at RT. After incubation in the presence of alkaline buffer
(10 mM Tris-HCI (pH 9.5), 10 mM, NaCl and 1 mM MgCl,),
signals were developed with CDP-Star reagent (New England
Biolabs, Beverly, MA) and exposed to X-ray film. The
intensity of bands was measured using Fluor-S Multilmager
and Quantity One software from Bio-Rad.

2.5. Transfection Procedure. The activity of bcl-2 promoter
(truncated with CRE site, —1640-1287) linked to firefly
luciferase reporter gene (provided by Linda Boxer, Stan-
ford University School of Medicine) was measured in
cultured MING6 cells by a transient transfection assay using
the procedure described earlier [21]. Plasmids (2 pg) and
LipofectAMINE reagent 2000 (Invitrogen-Life Technologies,
Carlsbad, CA) (4uL) were diluted separately in 100 L of
Opti-MEM I, mixed, and incubated at room temperature for
20min. A constitutively active renilla luciferase (pRL-TK-
luc) was included to correct for transfection efficiency and
for nonspecific actions of treatments on luciferase activity.
The plasmid mixture were added to MING6 cells cultured
in 12 well dishes to about 70% confluence. The transfected
MING6 cells were cultured in low serum (0.1%) medium
with appropriate treatment. The treated cells were washed
with cold PBS and lysed with 100 uL of reporter lysis buffer.
The lysate was centrifuged (10,600 Xg; 20 min) to collect the
supernatant. The activities of firefly luciferase and renilla
luciferase were measured using a dual luciferase assay kit
(Promega, Madison, WI). The ratios of these two luciferase
activities were taken as the measure of bcl-2 promoter
induction.

2.6. Immunocytochemistry. MING6 cells were cultured in a
Lab-Tek II Chamber Slide system; following transfection
and treatment, they were fixed in 4% paraformaldehyde
for 30 minutes at RT. After washing with PBS, fixed cells
were permeabilized in PBS containing 0.2% Triton X-100
and 5% BSA for 90 minutes. The cells were incubated in
the presence of antibodies for active caspase-9 or active
caspase-3 (1:250) in 3% BSA at 4°C overnight, washed
in PBS, and exposed to secondary antibodies linked to
Cy3 (Jackson ImmunoResearch Laboratories, West Grove,
Pennsylvania, USA) in 3% BSA for 90 minutes at RT. Cells
were then washed in PBS, sealed with mounting medium
and examined by digital deconvolution microscopy using a
Zeiss Axioplan 2 microscope fitted with Cooke SensiCam®QF
high performance CCD camera. Immunocytochemistry with
islets was carried out by a similar procedure but with islets
in suspension. Primary antibodies were at the dilution of
1:2000 for insulin and 1: 500 for LC3-II and phosphorylated
Akt. Appropriate secondary antibodies linked to Cy3 or FITC
in 3% BSA were used. Washing steps were performed by
centrifugation at 500 RPM for 5min. After the final step
of washing the fluorescent labeled islets in PBS, they were
suspended in mounting medium and placed inside secure
seal hybridization chambers for fluorescent microscopy.
Images were taken in multiple z-planes and assembled
together by digital deconvolution microscopy.

Statistical analysis was performed by one-way analysis of
variance (ANOVA) with Dunnett’s multiple comparison test.

3. Results

3.1. Gene Expression Profiling of Apoptosis Pathways in Human
Islets under Stress. We performed an apoptosis pathway-
specific gene expression array with RNA isolated from
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TasLE 1: Functional grouping of apoptosis pathway genes.

Bcl-2 family

BAD, BAG1, BAG3, BAG4, BAK1, BAX, BCL2, BCL2A1, BCL2L1, BCL2L10, BCL2L11, BCL2L2,
BCLAF1, BID, BIK, BNIP1, BNIP2, BNIP3, BNIP3L, HRK, MCL1

CASP1, CASP10, CASP14, CASP2, CASP3, CASP4, CASP5, CASP6, CASP7, CASP8, CASP9

Caspase family

IAP family BIRC1, BIRC2, BIRC3, BIRC4, BIRC6, BIRC8
TRAF family TRAF2, TRAF3, TRAF4

CARD family

Death domain famil
cath domatn famfly TNFRSF21, TNFRSF25, TRADD

CASP8, CASP10, CFLAR, FADD
CIDE-A, CIDE-B, DFFA

Death effector domain family

CIDE domain family

p53 and DNA damage response
TP53, TP53BP2, TP73

Anti-apoptosis
TNF ligand family

TNEF receptor family

APAF1, BCL10, BIRC2, BIRC3, CARD4, CARD6, CARDS, CASP1, CASP2, CASP4, CASP5, CASP9,
CRADD, NOL3, PYCARD, RIPK2

CRADD, DAPK1, FADD, FAS (TNFRSF6), TNFRSF10A, TNFRSF10B, TNFRSF11B, TNFRSF1A,

ABL1, AKT1, APAF1, BAD, BAX, BCL2, BCL2L1, BID, CASP3, CASP6, CASP7, CASP9, GADD45A,

AKT1, BAGI, BAG3, BCL2, BCL2A1, BCL2L1, BCL2L10, BCL2L2, BFAR, BIRC1, BIRC2, BIRC3,
BIRC4, BIRC6, BIRCS, BNIP1, BNIP2, BNIP3, BRAF, CFLAR, IGF1R, MCL1, TNFRSF7

CD40LG (TNEFSF5), FASLG (TNESF6), LTA, TNFE, TNESF10, TNFSF7, TNFSF8

CD40 (TNFRSF5), FAS (TNFRSF6), LTBR, TNFRSF10A, TNFRSF10B, TNFRSF11B, TNFRSF1A,
TNFRSF1B, TNFRSF21, TNFRSF25, TNFRSE7, TNFRSF9

TaBLE 2: Mean fold (>2.0) changes in apoptosis pathway gene expression in islets after exposure to oxidative stress (H,O, and peroxynitrite),

hypoxia, and cytokines.

Genes Role in apoptosis Peroxynitrite H,0, Hypoxia Cytokines
Bcl2A1 Anti-apoptotic; Bcl2 family 3.2 2.1 2.4 11.4
Bid Proapoptotic; BH3 only 3.7 3.5 2.5 3.4
Fas Extrinsic; receptor 4.3 3.1 3.4 7.4
Fas ligand Extrinsic; receptor ligand 2.4 2.1 NS 3.4
TRAIL Extrinsic; receptor ligand 4.6 3.6 NS 4.2
A20 Extrinsic; anti-apoptotic 2.3 NS 2.5 7.4
c-Flip Extrinsic; anti-apoptotic 2.6 NS NS 4.2
Caspase-3 Marker for apoptosis 4.5 3.2 3.2 2.3
BIRC3 Caspase inhibitor 3.2 2.4 NS 8.7
CARDS8 Caspase-9 inhibitor -2.3 -2.4 -2.1 -2.3
BRAF Signaling kinase -3.7 -3.5 -2.5 NS
BFAR Anti-apoptotic; links both pathways —4.8 -3.5 —4.2 NS
CIDE-A Causes DNA fragmentation 3.2 2.4 3.8 NS
BNIP3 Autophagy Inducer 2.6 NS 5.6 NS

Human islets (2000 IEQ) were exposed to 200 uM of peroxynitrite, 200 4uM of H,O, or a mixture of cytokines (2 ng/mL of IL-15, 10 ng/mL of TNF-« and
10 ng/mL of IFN-y) for 24 h or cultured under hypoxic conditions (1% oxygen) for 8 h. The cDNA synthesized from isolated RNA was mixed with Master
Mix containing SYBR Green and distributed into 96 wells containing primers for the 84 genes associated with the apoptotic pathway. Five housekeeping
control genes and three RNA and PCR quality controls were also included. PCR analysis was carried out and the fold changes between control and
treated were calculated based on AC; and corrected for GAPDH expression. Results are the mean obtained from four different batches of human islets.

NS: not significant.

human islets exposed to oxidative stress, hypoxia and proin-
flammatory cytokines. Genes in intrinsic and extrinsic path-
ways were induced in stressed islets (Table 2). For example,
Fas, fas ligand, and TRAIL, important regulators of the
extrinsic pathway, were induced (150-360%) by oxidative
stress and cytokines. Bid that links both pathways was
induced by 150-270%. The expression of CARDS, an
inhibitor of caspase-9, a marker for the intrinsic pathway of

apoptosis, was downregulated ~50% by oxidants, hypoxia,
and cytokines. Downregulation of BRAF (60-73%), a critical
signaling kinase, suggests that these islets are likely to
be less responsive to growth factor-mediated cell survival
pathways. Caspase-3, a marker for apoptosis, is activated by
proteolytic cleavage. In this study, we also observed increased
expression of caspase-3 by all the stresses tested. CIDE-A
which causes DNA fragmentation was induced (140-280%)
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FIGURE 1: Stress-induced modulation of genes in apoptosis pathway. Human islets (2000 IEQ) cultured in Miami medium were exposed
to multiple stresses including peroxynitrite (PN; 200 uM), H,O, (200 uM), or a mixture of cytokines (Cyt; 2 ng/mL of IL-15, 10 ng/mL of
TNF-a, and 10 ng/mL of IFN-y) for 24 h or cultured under hypoxic conditions (1% oxygen) for 8 h. RNA was isolated from treated islets for
the RT-PCR analysis of BFAR, CARDS, CIDE-A, and BNIP3 using Tagman probes. Results are M = SE of experiments with four independent
batches of human islets. *P < 0.01; **P < 0.001 when compared to untreated control (Con).

by oxidative stress and hypoxia. Interestingly, activation of
a parallel cytoprotective pathway in response to stress was
evident by the induction of several genes in the antiapoptotic
pathway including, Bcl2A1, ¢-IAP2 (BIRC3), A20, and c-flip
(CFLAR). BNIP3, an inducer of autophagy was induced by
160% and 460% by peroxynitrite and hypoxia, respectively.
Our findings from gene expression profiling points to the
complex nature of cell death pathway in islets exposed to
stresses associated with islet isolation and transplantation.

3.2. Modulation of Apoptosis Pathway Genes in Islets. Some
of the genes including BFAR, CARDS, CIDE-A, and BNIP3
listed before have not been reported previously in the
context of apoptosis in islets. Therefore, their induction was
further confirmed by a more sensitive RT-PCR analysis using
Tagman probes. BFAR (bifunctional apoptosis regulator)
is a multidomain protein that interacts with members of
the extrinsic and intrinsic apoptosis pathways and inhibits
apoptosis. CARDS8, a member of the caspase-associated
recruitment domain (CARD) family, inhibits the activation
of caspase-9. Levels of BFAR and CARDS8 decreased by
35-40% when exposed to oxidative stress and by 50-70%
and when incubated under hypoxic conditions (Figure 1).
Cytokines decreased (30%) the expression of CARDS but
not BFAR. The mRNA levels of CIDE-A, a gene that acts
downstream of caspases to mediate DNA fragmentation,
increased by 95-180% in islets exposed to oxidative stress
while cytokines did not have any effect on the expression of
this gene. The expression of BNIP3 which plays an important
role in mitochondrial autophagy increased in islets exposed
to peroxynitrite (92%) and hypoxia (240%).

3.3. Induction of Autophagy in MING6 Cells. Autophagy is a
self-digestive process by which cells generate energy during
starvation and degrade damaged proteins and organelles. We
examined autophagic pathways in MING6 cells cultured under
low serum conditions by Western blot analysis. A key step
in the formation of autophagosomes is the conjugation of
LC3 (LC3-1-18 kD) with phosphatidylethanolamine to form
LC3-PE (LC3-1I-16 kD), an important marker of autophagy.
As shown in Figure 2(a), the levels of LC3-II increased with
increasing concentrations of trehalose, particularly in low-
serum medium. The levels of ATG4, LAMP-2, and UVRAG
also increased in a similar manner. An increase in Beclin
1 was seen only at 100mM of trehalose in low-serum
medium. Exposure of 8 cells to the autophagy inhibitor
3-methyladenine (3MA) reduced the formation of LC3-II
in the presence of trehalose (Figure 2(b)) whereas another
inhibitor bafilomycin Al (Bf) increased the accumulation
of LC3-II both under basal conditions as well as following
exposure to trehalose (Figure 2(b)) because it interferes at the
late lysosomal degradation step leading to accumulation of
autophagosomes. Furthermore, induction of ER stress with
thapsigargin and tunicamycin (Calbiochem, La Jolla, CA)
led to formation LC3-II (Figure 2(c)) suggesting a crosstalk
between these two pathways.

3.4. Autophagic Preconditioning Protects Human Islets from
Hypoxia-Induced Apoptosis. Amino acid (AA) starvation
of human islets by incubation in Hank’s balanced salt
solution induced autophagy in f cells as shown (arrows)
by the punctated staining of LC3-II in insulin-positive cells
(Figure 3(a)). Autophagy can be protective under conditions
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F1GURE 2: Induction of autophagy in MING6 cells. (a) MING6 cells grown to 60% confluence were incubated in low (0.1%) serum or regular
(10%) serum medium in the presence of increasing concentrations of trehalose, an inducer of autophagy, for 24 h. (b) MING6 cells were
preincubated in the presence of 10 mM of 3-methyladenine (3MA) or 100 nM of bafilomycin Al (Bf) for 20 min followed by exposure to
100 mM of trehalose for 24 h. (c) ER stress was induced in MING6 cells by culturing them in the presence of thapsigargin (Th; 100 nM)
or tunicamycin (Tu; 1 ug/mL) for 24 h. Lysates of the treated cells ((a)—(c)) were analyzed by Western blotting for markers of autophagy.

Representative images from three independent experiments are presented.

of starvation in transplanted islets till vascularization takes
place. However, excessive autophagy is known to result in
cell death through crosstalk with apoptosis. Therefore it
becomes a dilemma from a therapeutic angle whether to
inhibit or activate autophagy in transplanted islets. To test the
strategies for modulation autophagy during hypoxia, we used
trehalose, rapamycin, and amino acid starvation as inducers
during hypoxia. When islets were exposed to hypoxia in the
presence of autophagy inducers, there was exacerbation of
apoptosis. Activation of caspase-3 during hypoxia increased
further in the presence of trehalose (40-65%; P < 0.01),
rapamycin (35%; P < 0.05), and salt solution (115%;
P < 0.001) (Figure 3(b)) suggesting the need for moderate
autophagy during hypoxia. Next we attempted autophagic
preconditioning before exposure to hypoxia as an alternate
strategy. A high-throughput screen of small molecules [22]
has identified among inducers of autophagy, several FDF-
approved drugs including Niguldipine, Penitrem A and
trifluoperazine. Therefore we screened a number of com-
pounds at different concentrations using MING6 cells cultured
under hypoxia conditions. Based on those results, we tested

some of them in human islets by preincubation followed
by culture under hypoxic conditions. Significant protection
(P < 0.01) from hypoxia-induced apoptosis was seen with
all the compounds tested (Figure 3(c)). Niguldipine showed
that 75% decreases in active cleaved form of caspase-3
followed by penitrem (55%), trifluoperazine (40%), and
trehalose (35%).

3.5. Antiapoptotic Actions of MnSOD and Exendin-4 in
MING6 Cells. MnSOD is an antioxidant enzyme that plays
an important role in scavenging free radicals generated by
oxidative stress. To determine the role of oxidative stress
in cytokine-mediated f3 cell apoptosis, a cDNA encoding
MnSOD-GEFP chimeric protein was overexpressed in MIN6
cells followed by exposure to a mixture of cytokines (IL-
13, TNF-a, and IFN-y) for 48h. Activation of caspase-
9, a marker for the intrinsic pathway of apoptosis, and
activation of caspase 3, a general marker for apoptosis, were
examined in treated cells by immunofluorescent staining.
Cytokines induced apoptosis by the intrinsic pathway in
MING cells as shown by the staining for the active forms of
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FiGure 3: Induction of autophagy in human islets. (a) Human islets were incubated for 8 h in Miami medium (control) or in Hank’s
balanced salt solution for amino acid (AA) starvation. Treated islets were fixed in paraformaldehyde and embedded in OCT. Frozen sections
(7 um thickness) were immunostained for insulin with FITC (Green) and for LC3-II with cy3 (red). Formation of autophagosomes was
visualized by the punctated staining of LC3-II in f3 cells (arrows). (b) Human islets were cultured under normoxic or hypoxic conditions in
the absence and presence of inducers of autophagy, trehalose, rapamycin (Rapa) or salt solution (Salt) for 8 h. Cell lysates were processed
for Western blot analysis of the active form of caspase-3. Induction of autophagy during hypoxia exacerbated apoptosis in islets. (¢) Human
islets were preincubated with inducers of autophagy for 4 h. Following change of medium, the cells were cultured under normoxic or hypoxic
conditions for 12 h, lysed and processed for the Western blot analysis of active caspase-3. Autophagic preconditioning protected islets from
hypoxia-induced apoptosis. Representative images from experiments with three independent batches of human islets are presented.
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FIGURE 4: Antiapoptotic actions of MnSOD and exendin-4 in MING6 cells: MING6 cells cultured on chamber slides were transfected with
¢DNA encoding MnSOD-GFP chimeric protein. The transfected cells were exposed to a mixture of cytokines (2 ng of IL-1f3, 10 ng of TNF-
o and 10 ng of IFN-y) for 24 h. The cells were fixed, permeabilized and probed with antibodies specific for the active cleaved fragment
of caspase-9 (a) and caspase-3 (b). This was followed by probing with secondary antibodies linked to Cy3. The images were analyzed by
digital deconvolution microscopy. The cells expressing MnSOD (green) are protected from cytokine-induced apoptosis. Images from three
independent experiments are presented. (c) MING6 cells were cultured in the absence and presence of exendin-4 (50 nM). ER stress was
induced by exposing the cells to thapsigargin (Th; 100 nM) or tunicamycin (Tu; 1 ug/mL) for 24 h. Lysates of the treated cells were analyzed
by Western blotting for active caspase-3 and f3 actin. Band intensities were quantitated by scanning. Results are M = SE of three independent
experiments. **P < 0.001 when compared to untreated control. *P < 0.01 versus respective ER stress control in the absence of exendin-4.
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FIGURE 5: Ceramide is a mediator of cytokine-mediated CREB downregulation. (a) Human islets were exposed to C2 (10 uM), a synthetic
ceramide, for 24 h. The islets were fixed and immunostained for phospho Akt (Thr 308). The images were analyzed by digital deconvolution
microscopy. Decrease in the active form of Akt was observed in ceramide-treated islets. (b) Islets were incubated in the absence and presence
of C2 and a combination of cytokines for 24 h and processed for the Western blot analysis of phosphorylated form of CREB, total CREB
and f3 actin. Band intensities were quantitated by scanning. The results are M + SE of 3 independent experiments. *P < 0.01; **P < 0.001;
#P < 0.05 compared to untreated control. Active form of CREB was decreased by both C2 and cytokines. (c) MING6 cells were transfected
with a CRE site-containing bcl-2 promoter linked to a firefly luciferase reporter and a constitutively active renilla luciferase (for transfection
efficiency). The transfected cells were exposed to increasing concentrations of C2 and 50 yuM of an inactive analogue (dh) for 24 h. The
cells were processed for luciferase activities using a dual luciferase assay kit. The ratio of firefly and renilla luciferase activities was taken
as a measure of bcl-2 promoter activity. Bcl-2 promoter activity was inhibited by the ceramide. The results are M + SE of 4 independent
experiments. *P < 0.01; **P < 0.001 compared to untreated control.
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FIGURE 6: Activation of JNK by cytokines. (a) MIN6 cells were incubated in the absence and presence of 20 uM JNK inhibitor, SP600125
and/or a combination of cytokines, IL-1f (2 ng/mL) TNF-« (10 ng/mL) and IFN-y (10 ng/mL) for the indicated time periods. The treated
cells were processed for the Western blot analysis of phosphorylated (Phos) c-jun, total c-jun, phosphorylated (Phos) JNK and total JNK.
((b) and (c)) MING cells were transfected with a CRE site-containing bcl-2 promoter linked to a firefly luciferase reporter and a constitutively
active renilla luciferase. A combination of plasmid mixture encoding the JNK isozymes or their vector was also included for one experiment
(b). Transfected cells were incubated in the absence and presence of a combination of cytokines and JNK inhibitor (SP600125) as indicated
for 24 h followed by the assay for luciferases. Bcl-2 promoter activity was inhibited by cytokines and JNK isozymes. Cytokine action on bcl-2
promoter activity was blocked by the JNK inhibitor. The results are M = SE of 4 independent experiments. *P < 0.01; **P < 0.001 versus

untreated control.

caspase-9 (Figure 4(a)) and caspase-3 (Figure 4(b)) with cy3
(red). MnSOD-expressing cells were identified by the green
fluorescence. Staining for active caspase-9 and -3 did not
colocalize with MnSOD-GFP-expressing cells suggesting that
these cells are protected from cytokine-induced apoptosis.
At least 1000 GFP-expressing cells were examined for each
experiment. We also tested the cytoprotective action of
exendin-4, a glucagon-like peptide- (GLP-1) analogue, in
MING cells following induction of ER stress. Exposure of
MING cells to thapsigargin and tunicamycin, inducers of ER
stress, caused apoptosis as shown by 135-180% (P < 0.001)
increases in the levels of active caspase-3 (Figure 4(c)).

Preincubation of MING6 cells with exendin-4 resulted in
significant (P < 0.01) protection with 40% decrease in the
activation of caspase-3.

3.6. Cytokine-Generated Ceramides Interfere with Activation
of Akt and CREB. Ceramides generated by cytokines are
known to decrease Akt phosphorylation [23]. Akt plays a
significant role in CREB phosphorylation and activation,
leading to improved cell survival [24]. Therefore, human
islets were exposed to 10uM of synthetic ceramide (C2)
and the active phosphorylated form of Akt was immunoflu-
orescently stained with Cy3 (red) along with staining for
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insulin with FITC (green). Treatment with C2 resulted in
decrease in the levels of active form of Akt (Figure 5(a)).
Western blot analysis of human islets treated with C2 or a
combination of IL-1f3, TNF-«, and IFN-y showed 40-55%
decrease in PCREB, the active phosphorylated form of CREB
(Figure 5(b)). There was also a modest decrease (P < 0.05)
in CREB levels in cytokine-treated islets. The activity of
CRE-site containing bcl-2 promoter was also inhibited in a
dose-dependent manner by C2 whereas the inactive analogue
(dh C-2) did not affect the reporter activity (Figure 5(c)).
We have previously reported similar downregulation of bcl-
2 promoter by cytokines [25]. Thus a synthetic ceramide
mimics the action of cytokines on f cell apoptosis.

3.7. Activation of JNK Pathway by Cytokines Plays a Role
in Downregulation of Bcl-2 Promoter Activity. Cytokines
strongly stimulate the signaling pathways leading to JNK
activation. JNK-mediated activation of the transcription
factor c-jun plays a critical role in inducing stress-associated
genes in f cells [26]. A combination of cytokines strongly
increased the active phosphorylated forms of JNK isozymes
with the peak activation (P < 0.001) being observed at
30 min (Figure 6(a)). The levels of total JNK remained the
same during the 6h incubation period. Activation of JNK
led to increases in the active phosphorylated form of c-jun.
Maximum activation (370%) was seen at 1h. The levels
of c-jun also increased (110-235%) during 6h exposure
to cytokines as it is an autoregulated gene. Preincubation
with the JNK inhibitor resulted in significant (P < 0.01)
decreases in the phosphorylation of c-jun and in the levels
of c-jun. As SP600125 also acts on kinases upstream of JNK,
the phosphorylation of JNK itself was reduced. The bcl-2
promoter activity was inhibited when a combination of JNK
isozymes was also expressed (Figure 6(b)). Cytokines further
enhanced the downregulation of bcl-2 promoter activity by
JNK isozymes whereas JNK inhibitor blocked cytokine action
on bcl-2 promoter (Figure 6(c)).

4. Discussion

Oxidative stress is known to play an important role in f3
cell death in diabetes and in transplanted islets. Autophagy
is a physiological mechanism that protects f cells under
conditions of starvation and hypoxia. However, excessive
autophagy resulting from oxidative stress can lead to 8 cell
death by crosstalk with apoptosis pathway. In this study, we
report the complex modulation of apoptosis pathway genes
in human islets exposed to oxidative stress, hypoxia, and
cytokines suggesting interactions between pathways involved
in cell death as well as cell survival. We demonstrate that
autophagic preconditioning of human islets leads to protec-
tion against hypoxia-induced apoptosis. Inducers of ER stress
were also found to activate autophagy and apoptosis in f3
cells.

Pathway-specific, PCR-based arrays represent a novel
technique to determine the expression of a family of genes
associated with a specific pathway. We examined the expres-
sion of apoptosis pathway genes in human islets exposed
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to multiple stresses associated with diabetes, islet isolation,
and transplantation. We observed significant increases in the
expression of genes that are involved in opposing pathways
of cell survival and cell death. It is also important to mention
four genes, namely BFAR, CARDS, CIDE-A, and BNIP3, as
their role in f3 cell apoptosis has not been reported previously.
BFAR is a multidomain protein that improves cell survival
by interacting with members of extrinsic and intrinsic path-
ways of apoptosis. Caspase-associated recruitment domain
(CARD) family of proteins participates in the activation
or inhibition of caspases. CARDS inhibits the activation of
caspase-9. The levels of both BFAR and CARDS8 decreased
significantly in islets exposed to oxidative stress and hypoxia,
suggesting a decrease in antiapoptotic defense in islets. Levels
of CIDE-A, a gene that acts downstream of caspases to
mediate DNA fragmentation, increased 2- to 3-folds in
islets exposed to stress, suggesting late stages of apoptosis.
The expression of BNIP3 which plays an important role in
autophagy by disrupting the interaction between Beclin 1
and Bcl-2 was induced by peroxynitrite and hypoxia. BNIP3
promotes mitochondrial autophagy as an adaptive response
to hypoxia [27].

Several studies have reported significant interactions
between the pathways of apoptosis and autophagy [12, 28,
29]. Apoptosis and autophagy could act as partners to
induce cell death. For example, death-associated protein
kinase (DAPK) family members, activated by cytokines, are
involved in cell death by apoptosis as well as autophagy
[12]. Conjugation of ATG5 with ATG12 is an important
step in the formation of autophagosomes during basal
autophagy. However, when there is excessive autophagy,
ATG5 has been reported to interact with components of
pathways of apoptosis. Calpain cleaves ATG5 to generate
a truncated form of this protein which translocates to
mitochondria and induces the release of cytochrome c
from mitochondria to activate the intrinsic pathway. The
antiapoptotic proteins Bcl-2 and Bcl-xL bind and inhibit
Beclin 1-mediated autophagy [30]. This interaction results
in the inhibition of autophagy because Beclin 1 will not be
able to bind to class III PI 3-kinase (VPS34) and UVRAG,
an important step in the initiation of autophagosome
formation. Essentially, Bcl-2 keeps autophagy under control
(Figure 7). We have demonstrated previously that Bcl-2 levels
are regulated by CREB [25]. Therefore, under conditions
of CREB downregulation, the pathway of autophagy can be
dysregulated. In addition, JNK1-mediated phosphorylation
of Bcl-2 also results in the disruption of its interaction
with Beclin 1, leading to activation of autophagy [31]. Thus
physiological autophagy which improves cell survival can
become uncontrolled when f3 cells are exposed to oxidative
stress and cytokines.

Autophagy is beneficial to islets in the transplantation
setting because it clears organelles damaged by oxidative
stress generated during islet isolation and provides energy
during starvation (hypoxia). Immediately after transplan-
tation, islets are exposed to hypoxia due to delayed revas-
cularization, leading to a decreased supply of nutrients to
B cells at the islet core. However, we did not observe pro-
tection of islets when autophagy was induced by trehalose,
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FIGURrE 7: Interactions of signaling by ER stress, oxidative stress, and cytokines with the pathways of autophagy: Induction of autophagy
requires the assembly of Beclin-1 with class IIT PI 3 kinase (Vps34) and UVRAG. Rapamycin is an activator of autophagy as it is negatively
regulated by class I PI 3 kinase through mammalin target of rapamycin (mTOR). The elongation step involves two ubiquitin-like conjugation
system. ATG12 is activated by El-like ATG7, transferred to E2-like ATG10 and conjugated to ATGS5. Similarly, LC3-I is activated by E1-like
ATG7, transferred to E2-like ATG3, and conjugated to phosphatidylethanolamine (PE). Inhibitors of autophagy include 3 methyl adenine
which inhibits class IIT PI 3-K and bafilomycin A1 which inhibits the formation of autophagolysosome. Interaction of Bcl-2 with Beclin-1
keeps the autophagic pathway under control. CREB induces the expression of Bcl-2 which is downregulated by ER stress, oxidative stress and

cytokines through JNK.

rapamycin and salt solution during hypoxia (Figure 3(b)).
Next, we attempted an autophagic preconditioning experi-
ment with the inclusion of other new inducers. There was
indeed significant protection in these cells when exposed to
hypoxia as shown by decrease in the activation of caspase-
3 (Figure 3(c)). Especially, FDA-approved drugs including
niguldipine and penitrem A showed significant protection.
Islets immediately following isolation are likely to display
defects in the autophagic machinery and are likely to
succumb to hypoxia-induced cell death after transplantation.
Thus, there is a need to restore the normal autophagic
pathway in cultured islets before transplantation. Current
understanding in the islet transplantation field is that it is
desirable to culture islets for 24-72 h before transplantation
since islets can recover from isolation-induced stress and
immunogenicity of the islets is reduced. This culture period
could also be used to assess and manipulate autophagic
pathway to improve transplantation outcome.

The pancreatic f cells are particularly vulnerable to
oxidative stress-induced injury due to low-level expression
of antioxidant enzymes [32, 33]. Markers of oxidative stress
and cellular fragility (RBC) have been shown to be elevated
in nondiabetic relatives of type 1 diabetic patients [34]. It
has been reported that f3 cell apoptosis could be significantly
reduced in NOD mice, an autoimmune diabetic animal
model, after administration of an MnSOD mimetic that
is known to scavenge free radicals [35]. Proinflammatory
cytokines induce the expression of iNOS through NF-«B and
GAS sites in INOS promoter leading to the generation of
nitric oxide [36]. When nitric oxide combines with super-
oxide generated by macrophages or cytokines, highly toxic
peroxynitrite is generated. Several studies have demonstrated
that peroxynitrite is an important mediator of cytokine-
induced f3 cell death in type 1 diabetes [37-39]. In addition,
ceramide is known to be one of the mediators of cytokine

action. The decrease of active form of Akt by ceramides can
interfere with growth factor action on CREB. We observed
that peroxynitrite and C2, a synthetic ceramide, mimic
cytokine-induced apoptosis pathway (Table 1 and Figure 5).

Although CREB elicits antiapoptotic pathways in f cells,
its function can be impaired by other transcription factors in
diabetes. For example, JNK and its nuclear target, c-jun, have
been shown to be mediators of  cell-death. JNK-activated
c-jun induces the expression of stress-associated genes [40].
Cytokines strongly stimulate the signaling pathways leading
to JNK activation [26]. Cell-permeable peptide inhibitors of
JNK block cytokine-induced f cell death [41]. Inhibition of
JNK is being considered as an important strategy to improve
B cell survival. We have reported that SP600125, a JNK
inhibitor, activates CREB [42].

ER stress is known to interact with the pathways of apop-
tosis and autophagy. For example, Islet amyloid polypeptide
(IAPP) which is colocalized and secreted with insulin from
B cell granules [43] induces 8 cell apoptosis in cultured
islets and in type 2 diabetes [44-46]. ER stress is the main
mechanism through which IAPP aggregates cause f cell
apoptosis [47, 48]. Silencing of IAPP with siRNA improves
the survival of cultured human islets [49]. ER stress is also a
potent inducer of autophagy [50, 51]. It has been suggested
that autophagy might represent a protective cellular response
under conditions of ER stress [52]. We observed formation
of LC3-II, a marker for autophagy in MING6 cells following
induction of ER stress with thapsigargin and tunicamycin
(Figure 2(c)). ER stress inducers also activated caspase-
3 which was significantly reduced by exendin-4, a GLP-1
analogue (Figure 4(c)).

It this study, we demonstrate that multiple stresses,
generated during islet isolation and transplantation, induce
B cell death by orchestration of gene expression patterns in
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apoptosis pathway. Although a parallel cell survival path-
way is also activated, it is overwhelmed by stress-induced
proapoptotic genes. Autophagy, a physiological cytopro-
tective pathway, interacts with apoptosis when induced in
excess in the islet transplantation setting. Therefore, multiple
approaches are needed to improve islet transplantation
outcome.
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Insulin resistance and pancreatic beta cell dysfunction are major contributors to the pathogenesis of diabetes. Various conditions
play a role in the pathogenesis of pancreatic beta cell dysfunction and are correlated with endoplasmic reticulum (ER) stress.
Pancreatic beta cells are susceptible to ER stress. Many studies have shown that increased ER stress induces pancreatic beta cell
dysfunction and diabetes mellitus using genetic models of ER stress and by various stimuli. There are many reports indicating
that ER stress plays an important role in the impairment of insulin biosynthesis, suggesting that reduction of ER stress could be
a therapeutic target for diabetes. In this paper, we reviewed the relationship between ER stress and diabetes and how ER stress

controls insulin biosynthesis.

1. Introduction

L.1. Diabetes and ER Stress. The endoplasmic reticulum
(ER), a membrane compartment located near the nucleus,
is the organelle where polypeptides, which will become
secretory proteins or membrane proteins, are synthesized
from mRNA and become mature proteins after undergoing
folding, assembly, glycosylation, disulfide bonding, and
posttranslational modifications [1]. The ER is well developed
in endocrine cells such as pancreatic beta cells in which secre-
tory proteins are synthesized. Proper functioning of the ER is
essential to cell survival. ER stress is defined as an imbalance
between client protein load and folding capacity and can
be caused by multiple mechanisms including increases in
improperly folded proteins, impairment of protein transport
from the ER to the Golgi, inhibition of protein glycosylation,
reduced disulfide bond formation, and calcium depletion
of the ER lumen. When ER stress occurs, cellular defense
mechanisms related to the ER stress response are activated.
The ER stress response is comprised of (1) activation of
the protein-kinase-RNA-(PKR-) like ER kinase (PERK) and
reduction of protein translation by phosphorylation of the
eukaryotic translation initiation factor 2 alpha (elF2a); (2)
activation of the inositol-requiring 1 (IRE1)/X-box- binding-
protein- 1 (XBP-1) protein and the activating transcription

factor 6 (ATF6) through the increased expression of ER
chaperones and subsequent increase in ER folding capacity;
(3) ER stress-associated protein degradation, which degrades
unfolded or improperly folded proteins; (4) apoptosis by the
activation of CCAAT/enhancer-binding homologous protein
(CHOP) [2-4].

Type 2 diabetes is characterized by insulin resistance
and pancreatic beta cell dysfunction. Pancreatic beta cells
compensate for insulin resistance by hypersecretion of
insulin; however, at some point, pancreatic beta cells fail
to secrete sufficient insulin, resulting in diabetes [5]. The
pancreatic beta cells are susceptible to ER stress not only
because of physiological variations in glucose levels that
potently stimulate insulin translation but also because of
other conditions that can cause ER stress such as metabolic
dysregulation associated with obesity, including excess nutri-
ents [6-10] and inflammatory cytokines [11-13]. Obesity
can also contribute to insulin resistance via ER stress [14, 15].
In addition, many studies have shown that increased ER
stress induces pancreatic beta cell dysfunction and diabetes
mellitus using genetic models of ER stress [16-24].

1.2. Glucotoxicity or Lipotoxicity. For type 2 diabetic patients,
a common clinical course is to respond to therapy initially by
normalizing their fasting glucose levels, but then to undergo



gradual deterioration in glycemic control, despite optimal
medical management using a variety of drugs [25]. Although
optimal management of type 2 diabetes regulates fasting
glucose levels, most patients continue to have abnormally
elevated postprandial glucose levels, which results in glu-
cotoxicity [26]. Glucotoxicity is defined as nonphysiological
and potentially irreversible pancreatic beta cell damage
caused by chronic exposure to supraphysiological glucose
concentrations [26]. Supraphysiological glucose concentra-
tions also have adverse effects on cellular structure and
function in tissues throughout the body. Chronic exposure
to high glucose concentrations in HIT-T15 cells over 50
weeks caused a decrease in insulin gene transcription factors
such as pancreatic-duodenal-homeobox-factor-1 (PDX-1)
and MafA, insulin promoter activity, insulin mRNA, insulin
content, and insulin secretion [27-31]. Glucotoxicity implies
damage and irreversibility and should be differentiated
from desensitization and exhaustion, which are reversible
phenomena [32].

Obesity is a major predisposing factor for type 2 diabetes.
The increase in free fatty acids (FFAs) due to obesity causes
insulin resistance and, as a consequence, pancreatic beta cells
secrete more insulin to compensate for insulin resistance and
maintain normoglycemia. However, failure to compensate
for insulin resistance by the pancreatic beta cells results in
beta cell dysfunction and diabetes [5]. This phenomenon,
which is a lipid-induced pancreatic beta cell dysfunction, is
lipotoxicity. Chronic exposure to FFAs results in decreased
insulin gene expression and proinsulin processing [33]
and increased pancreatic beta cell death [34]. Recently,
the concept of “glucolipotoxicity” has been introduced
because lipotoxicity is dependent on elevated glucose levels
and elevated glucose and FFAs have a synergistic effect
on impairing pancreatic beta cell function [35]. Recently,
increasing evidence has implicated ER stress in glucotoxicity
and glucolipotoxicity in pancreatic beta cells [6, 9, 10].

1.3. Insulin Biosynthesis. Pancreatic-beta-cell-specific ex-
pression of the insulin gene requires both ubiquitous and
cell-specific activators, which have target sequences within
the enhancer located between —340 and —90 nucleotides
relative to the transcription start site [36, 37]. Transcription
of the insulin gene is regulated primarily by transcription
factors such as PDX-1, BETA/NeuroD, and RIPE3b1/MafA.
Under physiological conditions, MafA and PDX-1 bind to
the C elements and the A boxes, respectively. Glucotox-
icity greatly diminishes protein levels of PDX-1 through
a posttranscriptional mechanism, and of MafA through a
posttranslational mechanism. These abnormalities lead to
decreases in insulin mRNA, insulin content, and glucose-
induced insulin secretion [28, 30].

The ER plays an important role in the biosynthesis of
insulin since the early steps of insulin biosynthesis occur
in the ER [38]. The insulin gene encodes the preproinsulin
polypeptide. Insulin is the posttranslational product of
preproinsulin and is a globular protein containing two
chains, A (21 residues) and B (30 residues). As preproinsulin
is synthesized in the cytoplasm with a signal peptide, it
is cotranslationally translocated into the lumen of the ER
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through the interaction between the signal peptide and the
signal recognition particle on the ER membrane. The signal
peptide of preproinsulin is cleaved in the ER and proinsulin
is produced. In the lumen of the ER, proinsulin undergoes
protein folding whereby three disulfide bonds are formed,
which are essential for stability and bioactivity. Properly
folded proinsulin is then delivered to the Golgi apparatus
and packaged into secretory granules [39]. The conversion
of proinsulin to insulin takes place in the secretory granules.
Mature insulin is then released by exocytosis [40]. Therefore,
ER stress due to increased misfolded proinsulin may induce
beta cell dysfunction and diabetes.

Various conditions that are associated with diabetes
mellitus, such as glucotoxicity and lipotoxicity, have been
implicated in ER stress in pancreatic beta cells [41-43]. This
paper focuses on the relationship between ER stress and
insulin gene biosynthesis.

2. PERK/ATF4

When unfolded proteins accumulate in the ER lumen, the
first response is to attenuate further translation of mRNAs,
which reduces the ER load of new protein, preventing
further accumulation of unfolded protein. This translational
attenuation is mediated by PERK/elF2« [19, 44]. In response
to ER stress, elF2a is phosphorylated by PERK. EIF2« is a
heterotrimeric protein that is required to bring the initiator
methionyl-transfer RNA (Met-tRNA) to the ribosome. PERK
is a type I transmembrane serine/threonine kinase localized
in the ER membrane. Under unstressed conditions, the ER
chaperone Bip binds to the ER luminal domain of PERK and
maintains this protein in an inactive form. Upon induction
of ER stress, Bip binds to unfolded proteins and is thus com-
petitively dissociated from PERK, leading to the activation
of PERK by oligomerization and trans-autophosphorylation.
Consequently, activated PERK phosphorylates elF2a and
inhibits translation [3, 44]. Phosphorylated eIF2«a promotes
expression of stress-induced genes, such as the transcription
factors ATF4 and CHOP [22]. Moreover, in response to
long-term adaptation to stress conditions, phosphorylation
of e[F2a induces the expression of the growth arrest and
DNA damage gene, GADD34. GADD34 is a stress-inducible
regulatory subunit of a holophosphatase complex that
dephosphorylates elF2a together with protein phosphatase
Ic (PP1c), and is an important component of translational
recovery during the ER stress response [45, 46].

Many studies have reported the relationship between
PERK and diabetes [18-20, 47-49]. Wolcott-Rallison syn-
drome indicates that the PERK gene is correlated with dia-
betes. Wolcott-Rallison syndrome is a rare human autosomal
recessive genetic disorder characterized by early infancy type
1 diabetes resulting from mutations in the PERK gene [18,
47]. A similar phenotype has been described in PERK-/-
mice [19]. The exocrine and endocrine pancreases develop
normally in Perk-/- mice, but there is a progressive loss
of insulin-producing pancreatic beta cells in the islets of
Langerhans of Perk-/- mice postnatally, resulting in hyper-
glycemia and reduced serum insulin levels. Moreover, ER
distention and activation of the ER stress transducer IREl«,
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accompanied by increased cell death, leads to progressive
diabetes mellitus and exocrine pancreatic insufficiency [19].
Zhang et al. reported that PERK-deficient mice exhibit severe
defects in fetal/neonatal pancreatic beta cell proliferation and
differentiation, resulting in low pancreatic beta cell mass,
defects in proinsulin trafficking, and abrogation of insulin
secretion, which together culminate in permanent neonatal
diabetes [20]. Yusta B et al. reported that exendin-4, a GLP-
1 receptor agonist, reduced the downregulation of insulin
translation and improved cell survival under ER stress
conditions. Exendin-4 increased ATF4 and CHOP expression
and also potentiated the induction of GADD34 and PPlc
activity, resulting in decreased phosphorylation of elF2«
and a faster recovery from translational repression. These
findings show that GLP-1 receptor signaling modulates the
ER stress response, leading to enhanced pancreatic beta cell
survival [48].

3.IRE/XBP

The second response to ER stress is an increase in pro-
teinfolding activity via the induction of ER chaperones
such as Bip. This response is mediated by IRE1 and ATFeé.
IRE1 is a type I transmembrane endonuclease localized in
the ER membrane. Similar to PERK, activation of IRE1
is triggered by dissociation of Bip from the IRE1 ER
luminal domain, which leads to oligomerization and trans-
autophosphorylation. Subsequently, IRE1 induces splicing of
XBP-1, which upregulates unfolded protein response (UPR)
target genes [2—4, 50]. IRE-XBP-1 signaling is important
in secretory cells, such as exocrine pancreatic cells [51].
Lipson et al. reported that chronic hyperglycemia induces ER
stress and activates IRE1, resulting in suppression of insulin
expression at the transcriptional level [7]. Transient high
glucose conditions induced the activation of IREl« in pan-
creatic islet cells. Inactivation of IREl« signaling by siRNA
or inhibition of IREla phosphorylation decreases insulin
biosynthesis under the transient high glucose conditions.
However, IRE1 activation by high glucose concentrations was
not accompanied by Bip dissociation and XBP-1 splicing,
but IRE1 target genes were upregulated. These findings
suggest that under transient high glucose conditions like
postprandial hyperglycemia, IRElw is activated and enhances
proinsulin biosynthesis. By contrast, sustained activation
of IRE1 signaling by chronic high glucose exposure causes
ER stress, leading to the suppression of insulin mRNA
expression. These findings suggested that sustained acti-
vation of IREla may decrease insulin biosynthesis at the
transcriptional level. Overall, physiological IRElw activation
by transient high glucose conditions has a beneficial effect,
but pathological IREla activation by chronic high glucose
exposure is harmful to cells. In addition, under transient
hyperglycemic conditions, activation of IREla was not
accompanied by XBP-1 splicing, but long-term exposure to
high glucose induced IREla activation and XBP-1 splic-
ing, suggesting that XBP-1 splicing could be a marker of
chronic hyperglycemic conditions [7]. Pirot et al. reported
that IRE/XBP-1 increases degradation of insulin mRNA.
Cyclopiazonic acid (CPA) is a sarcoendoplasmic reticulum

Ca?"-ATPase (SERCA) blocker, which depletes ER calcium
stores and induces ER stress. When INS-1 cells were treated
with CPA, insulin mRNA levels decreased. Treatment with
CPA did not affect insulin promoter activity, indicating
that the decrease in insulin mRNA was not caused by a
decrease in insulin transcription. By contrast, when cells were
pretreated with actinomycin D, which arrests transcription,
treatment with CPA induced a decrease in insulin expression
that was due to mRNA degradation. Moreover, this study
showed that insulin mRNA degradation in response to
CPA was paralleled by an increase in IRE1 activation [52].
Another study has suggested that sustained production of
spliced XBP-1 (XBP-1s) induces beta cell dysfunction by
decreasing insulin gene expression, leading to apoptosis [53].
Adenoviral-mediated overproduction of XBP-1s resulted in
increased XBP-1 activity and increased expression of XBP-
1 target genes. XBP-1s overexpression impaired glucose-
stimulated insulin secretion, increased beta cell apoptosis,
and decreased levels of insulin, Pdx1l, and Mafa mRNA.
XBP-1s knockdown partially restored cytokine/ER-stress-
driven insulin and Pdx1 inhibition. These data suggest that
prolonged XBP-1s production induces beta cell dysfunction
through inhibition of Pdx1, MafA, and insulin expression
leading to beta cell apoptosis [53].

4. ATF6

ATF 6 is another mediator of ER- stress-induced transcrip-
tion. ATF6 is a member of the ATF, cAMP response element-
binding protein, basic-leucine zipper (bZIP) DNA-binding
protein family of transcriptional activators [54]. ATF6 is a 90
kDa protein (p90ATF6) of 670 amino acids [55] and contains
a transmembrane domain (amino acids 378-398) with the N
terminus facing the cytoplasm [56]. In the unstressed state,
P90ATF6 is localized to the ER [56]. In response to ER stress,
ATF6 translocates from the ER to the Golgi [56, 57], where
it is cleaved by site 1 and site 2 proteases [58]. Proteolytic
cleavage of ATF6 removes the N-terminal cytosolic domain,
which is transported into the nucleus and directly induces
transcriptional activation of chaperone molecules such as
BIP/GRP78 and other enzymes that are essential for protein
folding [56, 58—-60]. Moreover, activated ATF6 directly binds
to the ER stress response element (ERSE) and induces XBP-1
expression.

The spliced form of XBP-1 is produced from the upregu-
lated XBP-1 mRNA by activation of IRE1« and binds to ERSE
sequences directly. When ER stress occurs, activation of ATF6
is rapid because it is produced from a preexisting precursor
protein, whereas activation of XBP-1 is slow because XBP-1
mRNA must be induced, spliced, and translated to produce
an active form of XBP-1. This observation suggests that
ATF6 is activated early in response to ER stress and XBP-1
functions in more sustained ER stress [61, 62]. A prolonged
increase in the demand for insulin often leads to defects in
insulin secretion, resulting in sustained hyperglycemia [63].
Chronic hyperglycemia has deleterious effects on beta cell
function, as shown in primary cultured rat and human islet
cells and in beta cell lines [64].
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FIGURE 1: Possible mechanisms of insulin biosynthesis by endoplasmic reticulum (ER) stress. Insulin biosynthesis is affected by ER stress
through different mechanisms, such as activation of the following pathways: transcription factor 6 (ATF6), inositol-requiring 1 (IRE1)/X-
box-binding-protein-1 (XBP-1), and protein-kinase-RNA (PKR-) like ER kinase (PERK). The exposure of beta cells to high glucose
chronically induces ER stress, resulting in the activation of ATF6. Activation of ATF6 impairs insulin gene expression. Long-term exposure
to high glucose induces IREl« activation and XBP-1 splicing, leading to the suppression of insulin mRNA expression and to increases in the
degradation of insulin mRNA. In addition, downstream of PERK, ATF4, and CHOP inhibit proinsulin synthesis via translational attenuation
mediated by PP1c and GADD34. Numbers in parentheses are the references cited in this paper.

Previously, our studies confirmed that chronic high
glucose induces beta cell dysfunction. Under basal glu-
cose concentrations (5mmol/l glucose), insulin mRNA is
expressed abundantly in INS-1 cells, but, in the presence of
30 mmol/l glucose, insulin mRNA expression was decreased
in a time-dependent manner until only minimal levels were
detected by 96h. The expression of PDX-1 and MafA,
which are the main transcription factors associated with
insulin gene expression, also decreased over time in the
30 mmol/l glucose [65]. In addition, chronic hyperglycemia
induced ER- stress in cultured INS-1 cells and ER stress-
induced activation of ATF6 impaired insulin gene expression
via upregulation of the orphan nuclear receptor small
heterodimer partner (SHP). Prolonged exposure of INS-
1 cells to a high concentration of glucose increased ER
stress in the cells, and ER stress induced by the chemical
ER stressors tunicamycin, thapsigargin, and DTT impaired
insulin gene expression. Among the three different signaling

pathways of the ER stress response (ATF6, IRE1, and
PERK), ATF6 inhibited insulin promoter activity, but IRE1-
XBP1 and PERK-elF2a-ATF4 did not. Adenovirus-mediated
overexpression of the active form of ATF6 (Ad-ATF6) in INS-
1 cells down-regulated PDX-1 and MafA gene expression
and repressed the cooperative action of PDX-1, BETA2, and
MafA in stimulating insulin transcription [66].

Several in vitro studies have shown that SHP negatively
regulates insulin biosynthesis and secretion in pancreatic
beta cells [67]. SHP also directly represses the transcriptional
activity of the basic helix-loop-helix transcription factor
BETA2, a positive regulator of insulin gene expression [68],
and indirectly represses p300-enhanced BETA2/NeuroD
transcriptional activity through inhibition of the BETA2-
p300 interaction [69]. Previously, we reported that gluco-
toxicity in INS-1 cells is mediated by SHP. Culture of INS-
1 cells and rat pancreatic islets in the continuous pres-
ence of high glucose concentrations increased SHP mRNA
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expression, followed by a decrease in insulin gene expression.
Furthermore, adenovirus-mediated overexpression of SHP
in INS-1 cells impaired glucose-stimulated insulin secretion
as well as insulin gene expression [65]. Interestingly, Ad-
ATF6 increased SHP gene expression, and downregulation
of endogenous SHP expression by siRNA-SHP blocked
ATF6-induced suppression of insulin gene expression. These
data suggest that ER-stress-induced beta cell dysfunction is
mediated, at least in part, by ATF6-induced transcriptional
activation of SHP. Collectively, chronic high glucose expo-
sure induced ER stress, and ER stress-induced activation of
ATF6 resulted in beta cell dysfunction mediated, in part, by
the upregulation of SHP expression [66].

5. Conclusions

Many studies have reported that ER stress plays an important
role in the pathogenesis of diabetes and that the UPR
has an important role in regulating pancreatic beta cell
functions. These studies have suggested that resolving ER
stress could be a therapeutic target for diabetes. Moreover, it
has been suggested from experimental evidence that ER stress
mediates glucolipotoxicity-induced suppression of insulin
biosynthesis (Figure 1). In addition to impaired insulin
biosynthesis, understanding impaired insulin secretion and
beta cell failure, including apoptosis in glucolipotoxicity-
induced ER stress conditions, could have important implica-
tions for the development of therapeutic strategies for type
2 diabetes mellitus. However, we do not know completely
how ER stress affects the pathogenesis of human diabetes.
To clarify the role of ER stress in insulin biosynthesis,
investigations to determine whether ER stress is implicated
in the development of human diabetes and the interaction
of the three arms of ER stress are needed. Besides, it will
be important for future studies to address the relationship
between the ER stress response gene and human disease by
performing a genetic study.
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Cardiovascular disease (CVD) is the major cause of mortality in individuals with diabetes mellitus. However the molecular
and cellular mechanisms that predispose individuals with diabetes to the development and progression of atherosclerosis, the
underlying cause of most CVD, are not understood. This paper summarizes the current state of our knowledge of pathways and
mechanisms that may link diabetes and hyperglycemia to atherogenesis. We highlight recent work from our lab, and others), that
supports a role for ER stress in these processes. The continued investigation of existing pathways, linking hyperglycemia and
diabetes mellitus to atherosclerosis, and the identification of novel mechanisms and targets will be important to the development
of new and effective antiatherosclerotic therapies tailored to individuals with diabetes.

1. Introduction

Worldwide, cardiovascular disease (CVD) is the leading
cause of premature death in both men and women. Risk
factors for CVD include abnormal lipid levels, smoking,
hypertension, abdominal obesity, stress, sedentary lifestyle,
and diabetes mellitus [1]. While the incidence of CVD has
declined in many developed countries, this trend is expected
to reverse in the near future [2]. This is largely due to the
dramatic, worldwide increase in the incidence of diabetes
mellitus. Driven by changes in lifestyle and an escalating
rate of obesity, the number of individuals with diabetes may
already be as high as 350 million [3, 4]. Diabetes mellitus is
a major, independent risk factor for cardiovascular disease
(CVD), and individuals with diabetes are 2 to 3 times more
likely to die from CV causes than people with no history of
diabetes, even after controlling for other CV risk factors [5—
9]. These individuals are also at increased risk of diseases
that are associated with CVD and atherosclerosis including
hypertension and renal failure. Ultimately, this translates to a
CV mortality rate in diabetic patients of approximately 75%
[6, 7]. The increasing incidence of diabetes means that the

global burden of this chronic disease on health care resources
will continue to rise for the foreseeable future.

It is not clear why individuals with diabetes are predis-
posed to CVD. Recent reports from clinical trials examining
the effects of intensive blood glucose lowering on CV risk,
including ACCORD (Action to Control Cardiovascular Risk
in Diabetes) [10], ADVANCE (Action in Diabetes and
Vascular Disease: Preterax and Diamicron MR Controlled
Evaluation) [11], UKPDS (United Kingdom Prospective
Diabetes Study) [12], and VADT (Veterans Affairs Diabetes
Trial) [13], suggest that the relationship between hyper-
glycemia and CVD is complex. Despite a vast amount of
research, currently available treatments show only limited
CV benefit and CVD continues to be the major cause of
mortality.

There is a strong correlation between hyperglycemia and
both micro- and macrovascular disease [14-18]. The neg-
ative effects of elevated glucose levels on vascular function
can include decreased proliferation of endothelial cells, the
impairment of some parameters of vascular responsiveness,
and increased endothelial programmed cell death [19-
21]. It is well established that aggressive blood glucose



lowering significantly decreases the incidence and severity
of microvascular disease including retinopathy, renal failure
and peripheral nerve dysfunction [14, 15]. Recent evidence
suggests that increased glycemic control also correlates
with a reduction in macrovascular disease; however, the
relationship between glucose lowering and a decrease in CVD
has been much more difficult to demonstrate [15]. Several
explanations have been put forth to rationalize the inability
of clinical trials to demonstrate a strong improvement in
cardiovascular outcomes through glycemic control including
the possibilities that the trials were underpowered, were
too short in duration, or were too focused upon fasting
glucose rather than postprandial glucose levels. Alternatively,
these findings may indicate that the quality of glycemic
control presently achievable is insufficient to be effective
in protecting against macrovascular disease. Therefore, even
short-term deviations in the control of blood glucose may
promote vascular dysfunction.

The pathophysiology of T2D-associated CVD is further
complicated by multiple risk factors, collectively known as
the metabolic syndrome, that commonly accompany chronic
hyperglycemia. The metabolic syndrome is clinically defined
as a combination of abdominal obesity, insulin resistance
(prediabetes), atherogenic dyslipidemia, and hypertension
[22]. The metabolic syndrome is a major cause of morbidity
and mortality with cardiovascular disease being the primary
clinical outcome [22]. Other complications can include
respiratory difficulties, chronic skeletal muscle problems,
gall bladder disease, infertility, hepatic steatosis, circulatory
problems, and certain cancers [23, 24].

Therefore, while a role for hyperglycemia in the devel-
opment and progression of atherosclerosis is supported by
a great deal of basic research, the clinical role of elevated
glucose levels in macrovascular disease is less clear. Fur-
thermore, despite a great deal of research, the mechanisms
that may link high glucose concentrations to the molecu-
lar and cellular pathways of disease development are not
tully understood. This paper will focus on potential direct
proatherogenic consequences of hyperglycemia.

2. Mechanisms and Pathways Linking
Diabetes and Hyperglycemia to CVD and
Accelerated Atherosclerosis

Several mechanisms have been proposed to explain the
proatherogenic effects of diabetes and hyperglycemia. In
general these have focused upon the intracellular effects of
elevated levels of glucose, and the increased availability of
glucose metabolites, in cells of the vascular wall. There is evi-
dence that hyperglycemia is associated with increased aldose
reductase activity that can lead to increased consumption of
NADPH and depletion of GSH levels resulting in elevated
levels of reactive oxygen species (ROS) and subsequent
cellular damage [25, 26]. Glucose-induced PKC activation
has been implicated in decreased endothelial vasodilation
[27] and increased production of ROS [28] that could con-
tribute to endothelial dysfunction. It has also been proposed
that the conversion of sorbitol to 3-deoxyglucosone can
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feed into the production of advanced glycation endproducts
(AGEs). AGES are formed through a nonenzymatic process,
known as the Maillard reaction, involving the reaction of
the aldehyde groups of reducing sugars with the amino
groups of proteins [29, 30]. There are several potential
pathways where AGE-modified proteins could be damaging;
the formation of AGEs may alter protein function [31],
disrupt the extracellular matrix [31, 32], and/or lead to
the modification of lipoprotein particles thereby increasing
their atherogenicity. However the predominant vascular
effect of AGEs appears to occur through their interaction
with RAGE (receptor for AGE) found on macrophages and
endothelial and smooth muscle cells [33-35]. The AGE-
RAGE interaction triggers a signal transduction cascade that
results in the production of intracellular ROS that can initiate
an inflammatory response [36, 37].

While preclinical evidence supports a causative role for
oxidative stress in atherogenesis [38—41], virtually every well-
controlled clinical trial has failed to show a cardiovascular
benefit in diabetic patients receiving antioxidant supple-
ments [42-46]. There are several ways to rationalize this
apparent paradox by questioning: the specific antioxidants
tested, the doses prescribed, and/or the power and duration
of the trials themselves. However, these clinical observations
may be indicative of the existence of other important
molecular mechanisms or pathways that play a causative role
in diabetic atherogenesis in addition to oxidative stress.

2.1. The Hexosamine Pathway. Conditions of hyperglycemia
also result in the shunting of excess intracellular glucose
through the hexosamine biosynthetic pathway (HBP). In a
typical cell, under normoglycemic conditions, 1 to 3% of
total glucose will be converted to glucosamine-6 phosphate
by the enzyme glutamine:fructose-6 phosphate amidotrans-
ferase (GFAT) [47]. When intracellular glucose levels rise,
flux through this pathway increases. Furthermore, increased
GFAT expression and activity have been reported in tissues
from humans with diabetes [48]. The net result is an elevated
intracellular concentration of glucosamine. This effect has
been observed in cultured cells challenged with elevated
concentrations of glucose as well as in vascular and hepatic
tissues of hyperglycemic animals [49-52].

Increased hexosamine pathway flux has been impli-
cated in several diabetes-associated complications including
insulin resistance [47, 53] and pancreatic f3 cell death [54], as
well as atherosclerosis [55]. The molecule mechanisms that
underlie the pathogenic effects of increased HBP flux are
not fully understood. Most research has focused upon the
role of UDP-N-acetylglucosamine (UDP-GIcNAc), the end-
product of the HBP pathway and a substrate for both O- and
N-linked protein glycation, as a causative agent. It is well
established that elevated glucosamine concentrations drive
the O-linked glycosylation of proteins including transcrip-
tion factors [56] and nuclear pore proteins [57], as well as
signaling factors [58] which potentially alters their function,
stability, and/or activity. Specifically, studies have suggested
that O-glycosylation may regulate transcription, plasma
lipids, and gluconeogenesis by modulating the activation
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of RNA polymerase II [59], angiopoietin-like protein 3
[60], FoxO1, and CRTC2 [61, 62], respectively (further
reviewed in [63]). Glucosamine has been shown to desen-
sitize insulin-stimulated glucose uptake in both adipocytes
[47] and skeletal muscle cells [64], probably by inhibiting
the translocation of the glucose transporter, GLUT4, to the
cell surface [65]. In addition, increased hexosamine pathway
activity can promote the transcription of proinflammatory
and prothrombotic factors including TGF-«, TGF-f, and
PAI-1 [66-68]. Therefore, the hyperglycemia-induced O-
GlcNAc modification of proteins may change gene expres-
sion patterns and alter the function of specific factors that
contribute to a proatherogenic, prothrombophilic vascular
environment. More studies are required to test this theory
and to precisely determine the factors and downstream
pathways that may be involved in the acceleration of vascular
disease.

UDP-GIcNAc is also a substrate for N-linked protein
glycation that occurs in the endoplasmic reticulum (ER). N-
glycosylation is an important posttranslational modification
of nascent proteins that is critical for proper protein folding
[69]. Mutations in asparagine residues of specific proteins,
which are critical for N-glycosylation, result in disrupted
folding, secretion and/or activity [70-72]. Tunicamycin, a
UDP-GIcNAc antagonist, has been shown to inhibit N-
glycosylation and activate the cell’s quality control mech-
anism: the unfolded protein response [73-75]. Ultimately,
disruptions in the N-glycation process can lead to an
accumulation of unfolded/misfolded proteins in the ER that
perturb the ER homeostatic balance; this is known as “ER
stress.” An additional intracellular effect of glucosamine,
which has not been investigated in the context of diabetes
and atherosclerosis, is its ability to promote the accumulation
of unfolded proteins in the ER, thereby leading to ER
dysfunction and cell injury [75-78].

3. The Endoplasmic Reticulum and
the Unfolded Protein Response

In a typical eukaryotic cell, the ER is responsible for the
proper modifying, folding, and trafficking of approximately
one-third of all proteins. ER-localized modifications of
nascent proteins include disulfide bond formation and N-
linked glycosylation, which are critical to protein folding
[69]. Unfolded/misfolded proteins are directed to undergo
ER-associated degradation (ERAD), and, under physiologi-
cal conditions, the ER is able to maintain a homeostatic bal-
ance between folded and misfolded proteins [79]. When the
ER processing capacity is overwhelmed, unfolded/misfolded
proteins accumulate and disrupt the ER homeostatic balance;
this is known as ER stress.

Traditional ER-stress-inducing agents are known to
disrupt protein folding by interfering with disulphide bond
formation (dithiothreitol) [80], ER Ca?* balance (A23187,
thapsigargin) [81], ER membrane structure (palmitate,
unesterified cholesterol) [82, 83] or by blocking protein N-
glycosylation (tunicamycin) [84]. Conditions of ER stress
activate the unfolded protein response (UPR) which func-

tions to restore ER homeostasis (Figure 1). The UPR is a
three pronged signaling cascade that is initiated by trans-
membrane ER proteins known as inositol-requiring enzyme
(IRE)-1, activating transcription factor (ATF)-6, and PKR-
like ER kinase (PERK) [85]. Initiation of these pathways
alleviates ER stress by decreasing protein synthesis, increas-
ing ER chaperone levels, and facilitating degradation of
irreversibly misfolded proteins. Under conditions of chronic
ER stress, upregulation of pathways involved in lipid accu-
mulation (SREBP) and inflammation (NF-xB) can occur
(49, 86-88]. If the UPR is unable to restore ER homeostasis,
proapoptotic signaling factors (i.e., GADD153/CHOP) are
upregulated to initiate programmed cell death [89].

3.1. ER Stress and Atherogenesis. There is increasing exper-
imental evidence in support of a direct and causative role
for ER stress in the development and/or progression of
atherosclerosis. First, several independent risk factors for
CVD, including hyperglycemia [49], hyperhomocysteinemia
[7, 88], obesity [90], and elevated levels of palmitate [91]
and unesterified cholesterol [92], have been associated with
ER stress, suggesting that this pathway may represent a
common or unifying mechanism of accelerated atheroge-
nesis [93, 94]. Secondly, activation of the UPR has been
noted at all stages of atherosclerotic development, from a
fatty streak to an advanced occlusive plaque [95]. Third,
conditions of ER stress can activate/dysregulate metabolic
pathways that are directly involved in the development of
atherosclerotic lesions. ER-stress-inducing agents promote
lipid accumulation by activating the sterol regulatory ele-
ment binding proteins (SREBPs), which are transcription
factors that control lipid biosynthesis and uptake [88, 96,
97]. ER-stress-inducing agents also activate NF-«B, the
transcription factor responsible for promoting inflammatory
gene expression [98, 99]. Finally, ER stress has been shown
to activate caspases and promote apoptosis of human aortic
endothelial cells and other cell types [100, 101]. Together,
lipid accumulation, inflammation, and endothelial apoptosis
are the hallmark features of atherosclerosis [102, 103].

3.2. Glucosamine-Induced ER Stress. Our lab has recently
overexpressed the HBP rate limiting enzyme, GFAT, using an
adenoviral expression system in cell culture and measured a
significant increase in UPR gene expression and downstream
effects of ER stress including lipid accumulation, inflam-
matory gene expression, and apoptotic signaling under
hyperglycemic conditions [86]. We have shown that addition
of exogenous glucosamine, or increased endogenous produc-
tion of glucosamine, can disrupt the capacity of the ER to
process nascent proteins and initiate an ER stress response.
Furthermore, this effect has been observed in cell types that
are relevant to the development of atherosclerosis, includ-
ing human aortic smooth muscle cells, monocyte-derived
macrophages, and HepG2 cells [49, 50, 100, 101]. Thus,
elevated levels of glucosamine may play an important role
in ER and cellular dysfunction associated with atherogenesis.

It is not known how increased concentrations of glu-
cosamine (but not mannose) disrupt protein folding in
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Figure 1: The unfolded protein response to endoplasmic reticulum stress. ER stress occurs when the capacity of the ER to process/fold
proteins is exceeded by the load of nascent proteins entering the ER. The function of the UPR is to reestablish ER homeostasis by decreasing

protein flux into the ER (translation block) while increasing the folding

capacity of the ER (increased chaperone expression). Conditions of

ER stress lead to the dissociation of ER chaperone GRP78 from the trans-ER-membrane signaling factors PERK, IRE1, and ATF6, resulting
in their activation. Activated PERK phosphorylates and inhibits the activity of eIF2q, an essential factor in general protein translation.
PERK is also involved with the downstream activation of transcription factors including ATF4 and GADD153. Activated IRE1 assists in the
alternative splicing of XBP-1 resulting in the translation of a transcription factor, XBP-1, which is involved in upregulation of the expression
of ER chaperones. Activated ATF6 translocates to the Golgi where proteases SIP and S2P release an N-terminal transcription activation
domain that works in concert with XBP-1 to upregulate ER chaperone expression.

the ER. UDP-N-acetylglucosamine is an essential substrate
for both O- and N-linked protein glycosylation, and protein
glycosylation is an important step in the proper folding of
many proteins [69]. It is known that elevated concentrations
of glucosamine increase levels of O-linked protein glycosyla-
tion [49] and alter N-linked glycosylation patterns of specific
proteins including ApoB100 [104]. It is possible that either
of these effects could promote ER stress. In cultured HepG2
cells, our lab has shown that PUGNAG, an inhibitor of O-
GlcNAcase, increases protein-O-GIcNAc levels but does not
promote ER stress [49]. This may suggest that glucosamine-
induced ER stress is caused by free and not protein O-
linked glucosamine. We hypothesize that increased levels of
glucosamine, or a derivative of glucosamine, may interfere
with a step in the N-linked glycation of proteins resulting in
the production of misfolded proteins and the activation of
the UPR.

Elevated levels of glucosamine and glucosamine-induced
ER stress have been previously implicated in acquired
insulin resistance [47, 53, 105, 106]; however, there is
some controversy to whether this effect is physiologically
relevant in humans. Incubation of relatively high concen-
trations of glucosamine (1-10 mmol/L) in adipose, muscle,
or endothelial cell cultures has been implicated in impaired
insulin action [106—109]. Furthermore, high levels of intra-
venously injected glucosamine (plasma concentrations of
0.5-1.8 mmol/L) in both animals and humans have also
been shown to cause insulin resistance [110, 111]. The
recommended daily dose of oral glucosamine supplements,
commonly taken to treat joint pain, are far lower (plasma
concentrations of ~3 ymol/L), and data suggest that these
supplements have no effect on insulin sensitivity [112, 113].

Additional studies will be required to determine the effects of
chronic hyperglycemia on endogenous, intracellular levels of
glucosamine and possible effects on insulin resistance.

4. Hyperglycemia, ER Stress, and
Accelerated Atherosclerosis

To investigate the molecular mechanisms that link hyper-
glycemia to atherosclerosis, we have established a model
in which we inject ApoE™~ mice with multiple low
doses of streptozotocin (STZ) [49, 50, 114]. Using this
model we have observed a correlation between hyper-
glycemia, the accumulation of glucosamine in the artery
wall, vascular ER stress, and accelerated atherogenesis [49]
(Figure 2). Significantly, ER stress levels in the endothelium
of hyperglycemic mice increase prior to the development of
the atherosclerotic lesions, a result that is consistent with ER
stress playing a causative role in lesion development [50]. In
addition, accelerated lesion development is observed in these
diabetic mice before the onset of dyslipidemia, suggesting
that hyperglycemia is sufficient to independently promote
the activation of proatherogenic processes [49].

In a direct test of the atherogenic potential of glu-
cosamine, we have recently found that ApoE~/~ mice given
drinking water containing 5% glucosamine (w/v) for 7 weeks
have significantly increased vascular and hepatic ER stress
levels in addition to larger atherosclerotic lesions than mice
given regular water or water containing 5% mannitol (w/v)
[115]. This is consistent with a report from Tannock et al.
who found that 5 weeks of glucosamine supplementation
increased lesion size in LDL-receptor-deficient mice [116].
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FIGURE 2: Analysis of aortic root from normoglycemic, STZ-injected hyperglycemic, and STZ-injected insulin-treated ApoE~/~ mice.
Hyperglycemic mice show increased vascular O-linked GIcNAGg, elevated levels of ER stress markers (GRP78/94), and significantly accelerated
atherosclerotic lesion development, relative to normoglycemic controls. Normalization of glucose levels with insulin attenuates O-GlcNAc

accumulation, ER stress, and atherogenesis.

Our data suggests that glucosamine-induced ER stress plays
a direct and causative role in accelerated atherogenesis.

5. ER Stress in Patients with
Metabolic Syndrome

There is ample evidence in vitro and in animal models
to support a role for ER stress in the development and
complications of diabetes. Recently, small clinically relevant
studies involving humans with metabolic syndrome have
been carried out. Patients with diabetic nephropathy have
been shown to have increased GFAT expression in glomerular
epithelial and mesangial cells and that GFAT is expressed in
most tissues involved in diabetic complications [48, 117].
Pancreatic beta cells isolated from type 2 diabetics have
been shown to have marked expression of ER stress markers
[118] and increased susceptibility to ER stress compared to
nondiabetic controls [119] and that ER stress may contribute
to IL-1f3 production, mild islet inflammation [120], and -
cell failure [118]. Our lab has recently shown that isolated
leukocytes from human subjects with metabolic syndrome,
compared to healthy subjects, have elevated levels of ER
stress markers and that there is an association between acute
and chronic dysglycemia and ER stress in humans [86].

Each of these trials is consistent with diabetes-associated ER
stress playing a clinically relevant role in the pathogenesis of
diabetic complications.

6. Targets for Potential
Therapeutic Intervention

The identification of a role for ER stress and/or the UPR
in the development and progression of diabetes-associated
atherosclerosis is significant, not only because it gives us
insight on an important disease process, but also because it
illuminates novel potential targets for therapeutic interven-
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