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Chapter 1: Introduction

Diabetes mellitus

Diabetes is a disease characterized by elevated blood glucose level either due to
deficit in insulin production and/or the inability of the body to utilize it. Diabetes mellitus can
be broadly classified as Type | DM [Type | Diabetes Mellitus] and Type Il DM [Type Il
Diabetes Mellitus]. Type | DM is manifested by relative lack of insulin secretion due to loss of
pancreatic B-cells by autoimmune aggression. Type Il DM is a metabolic disorder
characterized by an increase in blood glucose levels either due to a decrease in insulin
secretion from pancreatic 3-cells, or tissue resistance to the secreted insulin and accounts
for 90% of the disease. Hypersecretion of insulin by the (B-cells due to tissue resistance to
insulin worsens the situation leading to hyperglycemia and hyperinsulinemia [1]. According to
the WHO, 346 million people are living with diabetes mellitus globally and 80% of deaths

associated with the disorder occur in middle- and low- income countries [Table 1-1 and 1-2].



Country Millions
China 90.0
India 61.3
United States of America 23.7
Russian Federation 12.6
Brazil 12.0
Japan 10.1
Mexico 10.3
Bangladesh 8.4
Egypt 7.3
Indonesia 7.0
Pakistan 6.4
Germany 5.0
Philippines 4.2
Italy 4.0
Thailand 4.0

Table 1-1: Top fifteen countries of the world with diabetes mellitus in 2012 [2, 3].

Country Millions
China 129.7
India 101.2
United States of America 29.6
Brazil 19.6
Bangladesh 16.8
Mexico 16.4
Russian Federation 14.1
Egypt 12.4
Indonesia 11.8
Pakistan 11.4

Table 1-2: Projection for top ten countries of the world with diabetes mellitus by 2030 [2, 3].



Insulin and its receptor

The discovery of insulin in 1920s by Drs Frederick Banting, Charles Best and John
Macleod revolutionized the treatment of diabetes in young patients where starvation therapy
was the only option for those in need. Insulin is a peptide hormone secreted by the B-cells of
the pancreas that facilitates the uptake of glucose, amino acids and fatty acids by the body
cells and inhibits the hydrolysis of their precursors namely glycogen, proteins and fats,
respectively thereby maintaining the plasma blood glucose concentration between 4-7mM [4-
6].

The physiologically active form of insulin in human has two chains. The A chain and B
chain having 21 and 30 amino acids respectively. With the exception of few organs in the
body such as brain, the majority of body cells depend on insulin for glucose uptake. Insulin
binds to its receptor which is tetrameric in nature with two extracellular a- and intracellular (3-
subunits localized on the cell surface of target organs such as liver, kidney and muscle
[Figure 1-1]. Upon binding of insulin to extracellular subunits, the B-subunits which have a
tyrosine kinase activity autophosphorylate and transduce the signals to intracellular targets.
The biological action of insulin such as expression of GLUT4, enzyme activation [increase in
the synthesis of glycolytic and fatty acid synthetic enzymes; eg., acetyl-CoA carboxylase]
and enzyme deactivation [decrease in gluconeogenic enzymes; eg., glucose-6-phosphatase]

are mainly due to the concerted actions of IR/IRS, PI3K and AKT/PKB pathways [5, 7 8].
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Figure 1-1: Insulin and its receptor.

Structure of the A chain [red; 21 amino acids] and B chain [yellow; 30 amino acids] of human insulin
linked by two disulfide bridges [A7-B7 and A20-B19] and insulin receptor which is a tetramer
consisting of two extracellular a- and two intracellular B-subunits [5].

Pathogenesis of Type | DM

Based on the therapeutic approach and epidemiological occurrence, it is also known
as insulin-dependent diabetes mellitus or juvenile onset diabetes mellitus. It is characterized
by an absolute insulin deficiency due to a chronic recurring immune-mediated attack on
functional B-cells by the auto-reactive effector T-cells which dominate over the regulatory
T-cell through time that leads to major loss in B-cell mass [Figure 1-2]. The presence of

auto-antibodies against insulin, glutamic acid decarboxylase 65, islet cell antigen 2, islet



specific glucose-6-phosphatase catalytic subunit related protein, glial fibrillary acidic protein

puts susceptible individual at risk for acquiring the disease [9, 10].
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Figure 1-2: Beta-cell mass and autoimmune reaction.

The loss of B-cell mass over time due to autoimmune reaction leading to a deficit in insulin secretion
and an increase in blood glucose level, and the opposing effect of regulatory T-cells over the auto-
reactive effector T-cell at the earlier time point followed by an increase in number of auto-reactive
effector T-cells [9].

Although the exact cause of the disease is under scientific scrutiny, it is widely
accepted that environmental [e.g., viral infection, presence of nitrosamine in food] and
genetic [e.g., susceptibility loci in human leukocyte antigen region] predisposition factors play
a role in autoimmune mediated destruction of the pancreatic B-cells. Studies from animal
models of type | diabetes and human type | diabetic patients revealed that antigen presenting
cells [APC] for instance macrophages and dendritic cells, lymphocytes [CD4+ and CD8+
T-cells] and proinflammatory cytokines released by those immune cells exert significant roles

in the pathogenesis of the disease. The auto-antigens such as islet cell antigen 2 and/or



insulin are processed by antigen presenting cells and serve as immunologic signals that
disturb the balance of the regulatory and effector T-cell function [Figure 1-3]. The
hyperactivation of the effector T-cell further activates cytotoxic T-cell [CD8+] and
macrophages that lead to the destruction of pancreatic -cells either through generation of
reactive oxygen and/or nitrogen species, through Fas/FasL, granzymes, perforin and release
of proinflammatory cytokines. Among known cytokines, IL-1B8, TNFa, and INFy have been

shown to play a major role in mediating the disease progression [11-14].

The Autoimmune Response in IDDM

"immunogenic"'
signals

granzymes

Rabinovitch A and Suarez-Pinzon WL, Biochem Pharmacol.1998;55(8):1139-1149

Figure 1-3: Autoimmune destruction of pancreatic p-cell.

Self antigen processed by antigen presenting cell disturbs the balance of effector and regulatory T-cell
functions leading to autoimmune destruction of pancreatic p-cell. The hyperactivation of effector T-cell
function mediates pancreatic f-cell destruction through proinflammatory cytokines and reactive
oxygen species [14].

The two principal pathways of apoptosis in pancreatic -cell due to cytokine insult are

the intrinsic pathway and the extrinsic pathway. In intrinsic pathway, cytokines disturb the

balance of anti-apoptotic and pro-apoptotic activities of the Bcl-2 family of the mitochondrial



proteins which leads to the release of cytochrome complex to the cytoplasm and activation of
the initiator [e.g., caspase-9] and effector caspases [e.g., caspase-3]. The extrinsic pathway
is initiated by binding of cytokines to death receptors [e.g., CD95] located on the cell surface
followed by activation of adaptor proteins, kinases and transcription factors which culminate
in the activation of the initiator and effector caspases that cleave different cellular substrates
such as prenylating enzymes [eg., FTase and GGTase] and nuclear envelop proteins [eg.,

lamin B] [13, 15, 16-18].

Animal models

Non obese diabetic [NOD] mice and bio-breeding [BB] rats are the two commonly
used genetic animal models for type | diabetes. Both NOD mice and BB rats share similar
pathogenetic mechanisms and diabetic symptoms. The incidence rate of the disease is much
higher in the female NOD mice than their male counterparts, whereas both sexes of BB rats
equally manifest the disease symptoms. The major histocompatibility complex products
namely RT1"" in BB rats and I-AY in the NOD mice make them genetically susceptible to the
disease [19-21].

NOD mice were established as animal model for type | diabetes in the 1970's in
Shionogi Aburahi Laboratories in Japan by Makino and colleagues from out bred JC1-ICR
mice that are prone to cataracts. Unlike other breeds of mice, there is an increased
frequency and localization of antigen presenting cells in the pancreas of NOD mice since
their birth. This is followed by pre-insulitis, peri-insulitis and intra-insular insulitis [Figure 1-4]
caused by auto-reactive T-cell, dendritic cell, CD4+T cell, CD8+T cell, macrophage and B-
cells leading to a complete destruction of the islets, and the mice show diabetic symptoms
starting from 12 weeks of age and die from the complications around 30 weeks of age, if not

treated [22-24].



Bluestone JA et al. Nature. 2010; 464(7293):1293-1300

Figure 1-4: Pathogenesis of type | diabetes in the NOD mice.

Localization of antigen presenting cells such as dendritic cell to the pancreas starts around 3 weeks of
age and the different stages of the inflammatory conditions [pre-insulitis, peri-insulitis, and intra-insular
insulitis] ensue up to 12 weeks of age. Complete islet destruction and clinical manifestation start from
12 weeks onwards [22, 24].

GTP-binding proteins in islet function

There are three different types of G-proteins in pancreatic 3-cell: trimeric G-proteins
consisting of a-[39-53 kDa], B-[~37 kDa] and y-[7-10 kDa] subunits, small molecular weight
[17-30 kDa] monomeric G-proteins consisting of Ras, Rho, Rab, Sarl/Arf, Ran families and
the elongation factors and Tau proteins. The trimeric G-proteins are involved in receptor
mediated cellular activation primarily due to hormones and neurotransmitters; the monomeric
G-proteins function in vesicular transport and cytoskeletal organization, and the elongation

factor and Tau proteins have a role in protein biosynthesis [25-27].



Post-translational modification of G-proteins

The functions of small monomeric G-proteins are regulated by post-translational
modifications such as prenylation, palmitoylation and methylation. Prenylation is the addition
of either 15 carbon [farnesyl group] or 20 carbon [geranyl group] derivatives of mevalonic
acid into the carboxyl terminal of the cysteine residues by a thioether linkage. Acetyl CoA,
which is an important intermediary metabolite in energy production in the body and the
starting material for cholesterol synthesis, is the precursor for farnesyl and geranylgeranyl
pyrophosphate [Figure 1-5] [25].

Prenylation is catalyzed by a group of enzymes called prenyltransferases which
include farnesyltransferase [FTase], geranylgeranyltransferase [GGTase] | and Il [28, 29].
Based on the specific structural motif of the substrate proteins for prenyltransferase and the
subfamily of the protein they prenylate, the FTase and GGTase-l are referred to as CAAX
prenyltransferase and GGTase-ll is called non-CAAX prenyltransferase or Rab GGTase,
where C stands for cysteine, A is aliphatic amino acid and X is the terminal amino acid.
Addition of farnesyl group, the 15 carbon derivatives of the mevalonic acid, is catalyzed by
FTase, and examples of farnesylated proteins include H-Ras, Lamin A or B and Gy subunits.
Incorporation of geranyl group, the 20 carbon derivatives of mevalonic acid, is catalyzed by

GGTase and some of the geranylated proteins include Racl, Rho and Cdc42 [25, 30].
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Figure 1-5: Biosynthesis of farnesyl and geranyl pyrophosphates.

HMG-CoA synthetase and reductase catalyzes the synthesis of mevalonate from acetyl-CoA and
acetoacetyl-CoA. Mevalonate then serves as a precursor for farnesyl pyrophosphate [farnesyl-ppl,
geranylgeranyl pyrophosphate [geranylgeranyl-pp] and cholesterol. The farnesyl pyrophosphate and
geranylgeranyl pyrophosphate are incorporated into substrate proteins catalyzed by FTase and
GGTase respectively. Lovastatin inhibits mevalonate synthesis; FTI and GGTI inhibit FTase and
GGTase, respectively [25].

Prenylation is the first step of the post-translational modifications and it is followed by
protease-dependent removal of the three amino acids of the CAAX motif after the prenylated
cysteine. In the presence of S-adenosyl methionine [SAM] as a methyl donor, the exposed

carboxyl group is methylated by carboxylmethyltransferase. Moreover, certain proteins

require an additional palmitoylation [addition of palmitate] step upstream of the prenylated
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cysteine. These modifications will help the proteins to associate with the membrane and/or

activate other proteins in the signal transduction pathways [Figure 1-6] [27].
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Figure 1-6: Steps implicated in post-translational modification of small G-proteins.
Farnesylation/Geranylgeranylation is the first modification followed by protease dependent removal of
three amino acids after the prenylated cysteine. These proteins then undergo carboxylmethylation
reaction in the presence of S-adenosyl methionine and/or palmitoylation at cysteine residue upstream
to the prenylated cysteine. These post-translational modifications are requisite for the functions of G-
proteins [27].
Inhibition of G-protein activation

Studies using Clostridial toxins, molecular biological techniques [siRNA and dominant
negative mutants] and pharmacological inhibitors have shown that G-proteins play important
roles in pancreatic B-cell function including insulin secretion [31-36]. G-proteins are also
involved in the metabolic dysfunction of B-cells. Studies from our laboratory and others have

indicated that small G-proteins, namely H-Ras and Racl, are involved in nitrosative and

oxidative stress-induced pancreatic p-cell death. Both H-Ras and Racl are monomeric G-
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proteins with molecular weight of ~21 kDa that shuttle back and forth between cytosol and
membrane thus acting as molecular switches in signal transduction pathways between the
receptor and effector systems. Both H-Ras and Racl proteins undergo post-translational
prenylation, which is catalyzed by FTase and GGTase, respectively [25, 37-39].

I. Clostridial toxins: Clostridial toxins irreversibly glucosylate and inactivate small G-
proteins. Our laboratory provided the first evidence that small G-proteins [e.g., H-Ras] are
involved in cytokine-induced metabolic dysfunction of the islet B-cell. These studies were
further confirmed using pharmacological inhibitors [40].

Il. Inactive mutants and siRNA: Overexpression of an inactive mutant of the
regulatory a-subunit of protein prenyltransferase markedly attenuated glucose but not KCI
induced insulin secretion [35]. siRNA mediated knockdown of a- and B-subunits of GGTase
I, Rab escort protein 1 and isoprenylcysteine carboxyl methyltransferase markedly
attenuates glucose stimulated insulin secretion [41].

lll. Pharmacological inhibitors: Generic [eg., lovastatin] and site specific inhibitors
of protein prenylation [eg., 3-vinyl farnesol, 3-vinyl geraniol, GGTI-2147] as well as the
inhibitor of carboxylmethylation acetyl farnesylcysteine [AFC] indicated that G-proteins are
involved in nutrient induced insulin secretion [30, 32, 34]. The significance of palmitoylation
reaction in pancreatic p-cell was also confirmed by using two structurally different inhibitors
of palmitoylation reaction, namely, cerulenin and 2-bromopalmitate. These inhibitors

protected the insulin-secreting B-cells against noxious effects of cytokines [IL-1(3] [42].

Regulators of G-protein function
There are three major types of proteins that regulate the activity of small G-proteins.
These include GEFs [Guanine nucleotide Exchange Factors], GDIs [GDP Dissociation

Inhibitors] and GAPs [GTPase Activating Proteins]. During the inactive state, GDI causes G-
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proteins to be in the GDP-bound form. Following appropriate stimulation, GDI dissociates
from the corresponding G-protein and GEF facilitates the exchange of GTP for GDP, causing
the G-protein to be in the active form to regulate its effector proteins. The intrinsic GTPase
activity of G-protein along with GAP causes GTP hydrolysis converting the G-protein into

inactive state [25].

NADPH oxidase in islet function

NADPH oxidase [NOX] represents a class of enzymes that has a membrane and
cytosolic components, and it is involved in the generation of intracellular reactive oxygen
species [ROS] in phagocytic and non-phagocytic cells. From the different isoforms of NOX
that exist in the mammalian cells NOX1, NOX2 and NOX4 are found in pancreatic p-cells
[43, 44]. NOXAL [NOX Activator Protein 1] and NOXO1 [NOX Organizer Protein 1] constitute

phox

the cytosolic components for NOX1. gp9l1phox, p22 and Rapl makes the membrane
bound catalytic subunits and p67°"*, p47°"**, p40""** and Rac1 form the cytosolic subunits for
NOX2. Racl is the only cytosolic component for NOX4 [44, 45].

NOX catalyzes one electron reduction of molecular oxygen using NADPH as a
cofactor and this process is associated with the generation of superoxide [O,7] [Figure 1-7].
In addition to the normal physiological stimuli, a number of chemical, physical, and
inflammatory stimuli activate the NOX system. The activation of a prototypical NOX with
proinflammatory cytokines such as IL-1B, TNFa, and INFy causes Rac activation which in
turn activates, phosphorylates and translocates other cytosolic components to the
membrane-associated components to complete the holoenzyme assembly and function [25,
45, 46].

Racl, part of the cytosolic components of the NOX2 enzyme system, undergoes

geranylgeranylation reactions. It is also regulated by GEF such as T-lymphoma invasion and
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metastasis 1 [Tiaml] and Vav2. Blocking the Racl-NOX2 signaling pathway using
pharmacological inhibitors such as NSC23766 and GGTI-2147 prevented cytokine-induced
reactive oxygen species generation and mitochondrial membrane damage in pancreatic B-

cell [47, 48].
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Figure 1-7: The prototypical isoform of NADPH oxidase [NOX] and its subunits in pancreatic 3-cell.

NOX1, gp91”"™ [NOX2] and p22"" constitute the membrane/catalytic subunit. For the membrane
bound catalytic subunits to become active and generate superoxide, they require association with the
cytosolic components which slightly varies between the different isoforms. NOX2 requires Rac,
p67°"% p40P"* and p47°" where as NOX1 needs NOXO1, NOXA1 and Rac proteins [45].
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Oxidative and Nitrosative stress

Pancreatic B-cells, like other cells in the body, use oxygen to fulfill their energy
demand; therefore, they are constantly exposed to oxidants that result from metabolism. In
contrast to majority of the cells in the body, pancreatic B-cells have low antioxidant
machinery; this makes the islet (B-cells more vulnerable to damage by oxidative and
nitrosative stress due to reactive oxygen and nitrogen species, respectively. The reactive
oxygen and nitrogen species include superoxide radical [O,7], hydrogen peroxide [H,O,],

hydroxyl radical [OH], nitric oxide [NO7] and peroxynitrite [OONO] [Figure 1-8] [49-52].
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Figure 1-8: A model for oxidative and nitrosative stress pathways and the corresponding antioxidants
system.

Stimuli such as proinflammatory cytokines activate NOX and iINOS gene expression and these
activations lead to the generation of superoxide and nitric oxide, respectively. In the presence of iron,
superoxide and hydrogen peroxide will be converted to hydroxyl radical through Fenton and Haber-
Weiss reactions causing cell damage. Superoxide also reacts with nitric oxide leading to the
generation of a highly reactive species called peroxynitrite. The presence of antioxidants such as
superoxide dismutase, catalase, glutathione peroxidase and reductase counteract the oxidant effect
and prevent the cell damage [52].
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Although physiological levels of reactive oxygen species are needed for islet function
and insulin secretion, excessive ROS-mediated oxidative stress has been shown to be
detrimental to the cells [47, 51]. The two well known cellular sites for the generation of the
reactive oxygen species are the mitochondria respiratory system and phagocyte-like NADPH
oxidase system. Nutrient-induced insulin secretion from pancreatic B-cell depends on
glucose metabolite, ATP production and ROS generation. The NOX in the pancreatic 3-cell is
the major contributory factor for pathological roles of ROS in 3-cell [53, 54]. Proinflammatory
cytokines such as IL-1B, TNFa and INFy also induce iNOS gene expression through NFkB
[Figure 1-8] leading to generation of reactive nitrogen species such as NO, culminating in (3-
cell death [52]. Several extant studies demonstrating the role of oxidative and nitrosative

stress in cytokine-induced pancreatic B-cell dysfunctions are summarized in Table 1-3.
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Model Cytokines Findings Ref.
Rat islets, RINM5F cells IL-1B/IL-18,TNFa,INFy ROS dependent 17
Human and mouse islet, INS1,

BTC3 cells IL-1B/ TNFa,INFy ROS dependent 55
MING cells, mouse islets TNFa, INFy ROS dependent 56
Rat islet, BRIN BD 11 IL-1B/ TNFa,INFy ROS dependent 57
HIT-T15 cells IL-1B NO dependent 40
HIT-T15, INS-1 IL-18 NO dependent 42
RINmM5F cells, rat islets IL-1B, INFy NO dependent 58
RINmM5F cells IL-1B/ TNFa, INFy NO dependent 59
Rat (LEW.1W and BB/OK)islets  IL-18, INFy NO dependent 60
Pancreatic islet, RINm5F cells IL-1B, INFy NO dependent 61
RINmMS5F, rat islets IL-1B, INFy NO dependent 62
Mouse islet, RINm5F cells, IL-1B/ TNFa, INFy NO dependent 63
RINmMS5F, rat islets IL-1B, INFy NO dependent 64
RINmM5F IL-18/ TNFa, INFy NO dependent 65
INS1E cells IL-1B/ TNFa, INFy NO dependent 66
Rat islets IL-1B, TNFa NO dependent 67
Mouse islet IL-1B/ TNFa, INFy NO independent 68
Bank vole IL-1B/ TNFa, INFy NO independent 69
iINOS knock out mouse Islets IL-1B, INFy NO independent 70
INS 832/13 cells IL-18/ TNFa, INFy ROS and NO dependent 47
RINm5, rat islets IL-1B/IL1B, TNFa, INFy ROS and NO dependent 71
BRIN-BD11 cells, mouse islets IL-1B/ TNFa, INFy ROS and NO dependent 72
RINmM5F cells IL-1B/ TNFa, INFy ROS and NO dependent 73
Human islets IL-1B/ TNFa, INFy Peroxynitrite dependent 74

Table 1-3: ROS generation and NO release in cytokines-induced pancreatic 3-cell dysfunction.

Endoplasmic Reticulum [ER] stress

Endoplasmic reticulum is one of the major cellular organelles involved in the
synthesis and folding of cellular proteins and maintaining physiological concentration of
calcium in the cell. In the pancreatic 3-cell, both physiological and pathological factors cause
ER stress. Mutant proteins, hypoxia, viral infection, environmental toxins, proinflammatory
cytokines are some of the pathological factors causing ER stress. The three principal ER
membrane bound proteins that detect the ER stress are: inositol requiring 1 [IRE1], double-
stranded-RNA-dependent protein kinase-like ER kinase [PERK] and activating transcription

factor 6 [ATF6] [75-78].
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The ER stress initiates a signaling network called unfolded protein response [UPR]
and, depending on the nature of the stimuli and extent of damage, the UPR has either a
homeostatic outcome that helps to resolve the stress or an apoptotic consequence. Studies
have shown that proinflammatory cytokines deplete endoplasmic reticulum calcium by
interfering with sarcoendoplasmic reticulum pump Ca*ATPase2b [SERCA2b] causing

pancreatic (-cell apoptosis through ER stress [77, 79].

Stress kinases

c-Jun N-terminal Kinase [JNK] and p38 are part of the Mitogen-Activated Protein
[MAP] kinase family that are activated by protein kinase cascade following various stress
inducing agents that affect cell survival [80-82]. There are three isoforms of JNK; JNK1 and
JNK2 are expressed ubiquitously in different tissues of the body and JNK3 is expressed only
in brain and heart tissues. There are four different isoforms of p38; p38-a, p38-B, p38-y and
p38-6 [82, 83]. Depending on the nature of the stimuli when these protein kinases get
activated, they cause ER stress, activate mitochondrial apoptotic protein and transcription
factors in the nucleus [83, 84]. Studies in pancreatic B-cells have shown that p38 MAP
kinase and JNK are activated following exposure to proinflammatory cytokines and stress

induced during islet isolation process [85-88].
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Proposed working model

The overall objective of my doctoral dissertation is to determine putative cellular mechanisms

underlying proinflammatory cytokine-induced metabolic dysfunction and demise of the islet

B-cell. To accomplish this goal, | propose to:

test the hypothesis that cytokines induce ROS generation and oxidative stress
via activation of phagocyte-like NADPH-oxidase [NOX2];

test the hypothesis that protein palmitoylation is a key regulatory step involved
in cytokine-induced nitrosative and oxidative stress;

determine the identity of palmitoylated G-proteins, which are involved in
cytokine-induced metabolic dysfunction of the islet 3-cell; and

test the hypothesis that pharmacological inhibition of palmitoylation of specific
G-proteins [e.g., H-Ras and Racl] attenuates cytokine-induced activation of
oxidative, nitrosative and other stress signaling pathways [e.g., JNK1/2]

thereby halting metabolic dysregulation of the islet B-cell.

Based on the results obtained from my studies, | conclude that protein palmitoyl transferase

is a novel therapeutic target for the prevention of cytokine-induced metabolic dysfunction of

the islet B-cell.
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Chapter 2: Materials and Methods

2.1. Materials

Chemicals: IL-1B, TNFa, INFy and Z-DEVD-FMK, a caspase inhibitor, were from
R & D Systems [Minneapolis, MN]. 2°,7-Dichlorofluorescein diacetate, 2-bromopalmitate,
Griess  reagent, N,N -dimethyl-9,9 -biacridiniumdinitrate  [lucigenin],  4'-hydroxy-3'
methoxyacetophenone [apocynin] and 50 mM phosphate buffer solution were obtained from
Sigma-Aldrich [St. Louis, MO]. NADPH and NSC23766 were from Calbiochem [Billerica, MA]
and EHop-016 was kindly provided by Dr Vlaar, Department of Pharmaceutical Sciences,
School of Pharmacy, University of Puerto Rico.

Antibodies: Antisera directed against phospho-p47°"°* [NCF1] and p67°" were from
Abcam [Cambridge, MA]. Total-p47phox, phospho-p38, total-p38 and FTase/GGTase-a
subunit were from Santa Cruz Biotechnology [Santa Cruz, CA]. Racl and gp91°" were from
BD Biosciences [San Jose, CA]. Antisera directed against CHOP, phospho-JNK, total-JNK
and cleaved caspase-3 [active form] were from Cell Signaling [Danvers, MA]. Anti-mouse
and anti-rabbit IgG-horseradish peroxidase conjugates were from Amersham Biosciences
[Piscataway, NJ].

Assay kits: Enhanced chemiluminescence kits were from Amersham Biosciences
[Piscataway, NJ]. Re-blot plus strong antibody stripping solution was from Millipore [Billerica,
MA]. Racl activation assay kit was from Cytoskeleton [Denver, CO]. All other reagents used
in these studies were from Sigma Aldrich [St. Louis, MO] unless stated otherwise.

Animals: NOD/ShiLtJ and BALB/cJ mice were from Jackson Laboratory [Bar Harbor,
ME]. Picolab Rodent Diet was from Lab Diet [Brentwood, MO]. The laboratory animal

bedding, Bed-o’Cobs 1/8", was from Anderson [Maumee, OH].
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2.2. Insulin-secreting cell line and mouse islets

INS-1 832/13 cells were kindly provided by Dr. Chris Newgard, Duke University
Medical Center, Durham. INS-1 832/13 cells were cultured in RPMI-1640 medium containing
10% heat inactivated FBS supplemented with 100 I[U/ml penicillin and 100 1U/ml
streptomycin, 1mM sodium pyruvate, 50 uM 2-mercaptoethanol and 10 mM HEPES [pH 7.4].
The cultured cells were subcloned twice weekly following trypsinization and passages 53-61
were used for the studies. Islets from 7-8 weeks NOD/ShiLtJ and control BALB/cJ mice were
isolated by collagenase digestion method [89]. All protocols, including isolation of pancreatic
islets from mice, were reviewed and approved by Institutional Animal Care and Use
Committee of the Wayne State University.

INS-1 832/13 cells or mouse islets were incubated with cytomix [IL-18, TNFa and
INFy; 10 ng/ml each] or individual cytokines [25 ng/ml] for 0-24 hrs as indicated in the text. In
select studies, INS-1 832/13 cells were incubated with cytomix [IL-1B8, TNFa and INFy; 10
ng/ml each] in the presence and absence of different pharmacological inhibitors for 0-24 hrs
as indicated in the text. At the end of the incubation period the cells were harvested and
lysed in RIPA buffer [50 mM Tris-HCI, pH7.4, 1% NP-40, 0.25% sodium deoxycholate,150
mM NaCl, 1ImM EDTA, 1 mM NaF, 1 mM PMSF, 1 mM NazVO, and 1 pg/ml protease

inhibitor cocktail].

2.3. Isolation of membrane fraction

INS-1 832/13 cells were treated with cytomix for the designated time points as
indicated in the text. At the end of the incubation period, cells were washed with ice-cold
PBS, harvested and pelleted by centrifugation at 2,000 rpm for 5 min at 4°C. After re-
suspending in the homogenizing buffer [50 mM Tris-HCI [pH 7.4], 250 mM sucrose, 1 mM

EDTA, 1 mM DTT, 1 mM PIC, 1 mM PMSF and 1 mM NazVO,4] and sonication, unbroken
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cells and nuclei were separated by centrifugation at 1,300 rpm for 10 min. The cleared
supernatant was further centrifuged at 40,000 rpm for 30 min [Optima™ MAX
Ultracentrifuge]. The cytosol fraction was separated and the membrane fraction was
dissolved in 2% CHAPS [10 mM Tris-HCI, pH 7.6, 1.5 M NaCl, 1 mM PIC, 1 mM PMSF and

1 mM NazVOy].

2.4. ROS generation assay

INS-1 832/13 cells were plated in a 6 well plate and treated with cytomix [IL-13, TNFa
and INFy; 10 ng/ml each] or individual cytokines [25 ng/ml] for 24 hrs as indicated in the text.
Subsequently, the media was removed and the cells were incubated further with 2°7-
dichlorofluorescein diacetate [DCHF-DA] at 37°C for 30 min. The cells were washed twice
with ice-cold PBS and harvested, followed by loading equal amount of protein [50 pg] and
reading the fluorescence using luminescence spectrophotometer [Ex:485nm and Em:535nm]

[PerkinElmer, Waltham, MA].

2.5. NOX2 assay

INS-1 832/13 cells were plated in a 6 well plate and co-incubated with IL-1B [25
ng/ml] and apocynin [100 um] for 30 min. The NOX2 activity was measured using the method
described by Hwang and associates [90]. Control, cytokine [IL-1B] and glucose-treated cells
were homogenized using 50 mM phosphate buffer solution [pH 7.0] containing 1 mM EDTA
and 1 mM PMSF. The homogenates were centrifuged at 3,000 g for 10 min and the clarified
lysates [250 pg protein/ml] were then incubated with N, N-dimethyl-9,9 -biacridinium dinitrate
[lucigenin] for 2 min followed by the addition of NADPH [100 pM]. The chemiluminescence

signal resulting from reaction of superoxide anion and lucigenin was recorded every 1 min for
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15 min using BioTek Synergy HT, Gen5 [Winooski, VT] and the activity was expressed as

chemiluminescence units per mg lysate protein per minute.

2.6. NO release assay

INS-1 832/13 cells were plated in a 6 well plate and treated with cytomix [IL-13, TNFa
and INFy; 10 ng/ml each] for 24 hrs as indicated in the text. At the end of the incubation
period, the media was collected and centrifuged at 1,000 g for 5 min. Equal amount of media
and Griess reagent were mixed and the absorbance [540nm] was measured using a

microplate reader [Molecular Devices, Sunnyvale, CA].

2.7. Racl activation assay

Pull-down assay: INS-1 832/13 cells were pretreated with NSC23766 [20 uM]
followed by treatment with cytomix for 15 min in the absence and presence of the inhibitor
[20 uM]. Cell lysates [250-300 ug] were clarified by centrifugation. Then PAK-PBD [p21-
activated kinase-p21-binding domain] beads [20 pl] were added to the supernatant, rotated
for 1 h at 4°C, and pelleted. The resultant pellet was washed and reconstituted in Laemmli

buffer. Proteins were resolved by SDS-PAGE and immunoblotted for Racl [47].

GLISA: Activated Racl was quantitated using the GLISA activation assay Kit
according to the manufacturer’s instructions. Briefly, lysates were clarified by centrifugation
at 14,000 rpm for 2 min. Equal amounts of protein were incubated in the Racl-GTP affinity
plate for 30 min at 4°C. The wells were washed twice with washing buffer and incubated with
anti-Racl primary antibody and secondary antibody, followed by additional incubation with
horseradish peroxidase-detection reagent. Horseradish peroxidase-stop buffer was added to

stop the reaction, and the absorbance was measured at 490 nm using a microplate reader.
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2.8. Protein phosphorylation assay

INS-1 832/13 cells were treated with cytomix [IL-13, TNFa, and INFy, 10 ng/ml each]
in the presence and absence of pharmacological inhibitors for 0-24 hrs time point and the
cells were lysed with RIPA buffer containing 1 pg/ml protease inhibitor cocktail, 1 mM NaF,
1 mM PMSF, and 1 mM NazVO,. The samples were incubated on ice for 10 minutes followed
by clarification and determination of the total protein content by Pierce 600 nm Protein
Assay. Equal amount of proteins were separated by SDS-PAGE on 10% [w/V]
polyacrylamide mini gels and electro-transferred to a nitrocellulose membrane. The
membranes were immunoprobed with corresponding primary phospho-antibodies and
developed as indicated below. The same blots were used to probe for total-proteins for the

respective phospho-proteins to ensure equal loading and transfer of the proteins.

2.9. Western blotting

Proteins [30-40 pg/lane] were separated by SDS-PAGE on 10% [w/v] polyacrylamide
mini gels and electro transferred to nitrocellulose membrane. The membranes were blocked
with 5% BSA or 5% non fat dry milk in 20 mM Tris-HCI, pH 7.6, 1.5 M NaCl and 0.1% Tween
20 followed by incubation with corresponding primary antibody and secondary polyclonal
rabbit or mouse antibody conjugated to horseradish peroxidase. The protein signal was
enhanced by chemiluminescence system and developed using Kodak Pro Image 400 R
[New Haven, CT]. The same blots were used to probe for -actin to ensure equal loading and

transfer of the proteins.

2.10. Pharmacological inhibitors
INS-1 832/13 cells were incubated with cytomix [IL-18, TNFa and INFy; 10 ng/ml

each] or [IL-1B; 25 ng/ml] in the presence and absence of 2-bromopalmitate [100 pM],



25

apocynin [100 uM], EHop-016 [5 uM], NSC23766 [20 uM] for 0-24 hrs and their effect on
cytomix/IL-1B induced ROS generation, NO release, Racl and NOX2 activation, CHOP

expression, JNK1/2 and p38 MAP kinase activation were analyzed as indicated in the text.

2.11. Statistical analysis of experimental data
Results are expressed as mean + SEM. Statistical significant difference between
groups was evaluated by ANOVA followed by SNK Post-Hoc test where appropriate.

P < 0.05 was considered to be statistically significant.
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Chapter 3: Cytokines activate phagocyte-like NADPH oxidase in pancreatic
B-cell.

e Portions of this work have been published [copies of the published manuscripts are

appended]

Mohammed AM, Syeda K, Hadden T, Kowluru A. Upregulation of phagocyte-like NADPH
oxidase by cytokines in pancreatic B-cells: attenuation of oxidative and nitrosative stress by

2-bromopalmitate. Biochemical Pharmacology 2013; 85(1):109 -114.

Mohammed AM, Kowluru A. Activation of apocynin-sensitive NADPH oxidase [NOX2] activity

in INS-1 832/13 cells under glucotoxic conditions. Islets 2013; 5(3).

Type 1 diabetes is characterized by an absolute insulin deficiency arising from
progressive autoimmune destruction of insulin-secreting pancreatic 3-cells [1, 24, 91]. During
the progression of this disease, several proinflammatory cytokines, including IL-13, TNFa
and IFNy are secreted into the islets by infiltrated and activated T cells and macrophages,
which, in turn, elicit damaging effects on pancreatic 3-cells. However, putative mechanisms
and the underlying signaling mechanisms involved in cytokine-induced loss of 3-cells remain
only partially understood [55, 92]. Among numerous mechanisms proposed, IL-13 has been
demonstrated to mediate its effects via the induction of inducible nitric oxide synthase
(INOS), which, in turn, promotes cytotoxic NO release culminating in B-cell demise. In
addition, TNFa and IFNy elicit regulatory effects on B-cell function via regulation of individual
metabolic signaling steps leading to cell death [16, 40, 71]. Along these lines, previous
studies have suggested that IFNy sensitizes human islets to the effects of IL-18 [93]. In
addition to NO, several recent studies including our own have suggested that phagocyte-like

NADPH oxidase [NOX2] contributes to loss of B-cell function, metabolic dysregulation and
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the loss of B-cell mass under the duress of pathological conditions such as glucolipotoxicity
and exposure to cytokines. Specifically, we have demonstrated that chronic exposure of
isolated [B-cells to cytomix leads to NOX2 holoenzyme activation, ROS generation,
mitochondrial dysfunction and cell death [44, 47, 53, 94]. Moreover, using selective
inhibitors of Racl, a small G-protein, which is a member of NOX2 holoenzyme, we have
been able to demonstrate that inhibition of Racl activation leads to prevention of ROS
generation and mitochondrial dysregulation in isolated B-cells [47, 51, 95]. Interestingly
however, we failed to see any clear effects of Racl inhibitors on cytomix-induced NO
generation suggesting involvement of a Racl-independent mechanism for cytomix-induced
NO release in these cells.

A recent Editorial Focus by Jastroch [96] appropriately pointed out a need for the
development of pharmacological probes/reagents that can block both ROS and NO
generation in pancreatic B-cells exposed to cytomix as simultaneous release of both ROS
and NO could lead to the formation of peroxynitrite, which may be more damaging to the -
cell compared to ROS or NO alone. Therefore, as a logical extension, we undertook an
investigation to assess the roles of protein palmitoylation in the cascade of events leading to

cytomix-induced ROS and NO generation in INS-1 832/13 cells.

IL-18 promotes ROS generation

Our laboratory recently reported a significant increase in NOX2-mediated generation
of ROS in INS-1 832/13 cells. In the current set of experiments we examined effects of
individual cytokines on ROS generation in order to determine which of the three cytokines
exert stimulatory effects on ROS generation in INS-1 832/13 cells. Data in Figure 3-1
indicated that of all the three cytokines tested, namely IL-13, TNFa or IFNy [25 ng/ml each;

24 hr] only IL-1B significantly augmented [~2.5 fold] ROS generation; these values were
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comparable to those demonstrated in the presence of all the three cytokines combined
[referred to as cytomix throughout]. A modest, but insignificant, effect of TNFa [bar 1 vs. 3]
or IFNy [bar 1 vs.4], was demonstrated under these conditions. Therefore, we determined
the effects of cytokines on NOX2 activation in most of the studies described from here on
since the cytomix represents an appropriate model to determine effects of cytokines on islet

B-cell dysfunction.
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Figure 3-1: IL-1B, but not TNFa and INFy, activates ROS generation in INS-1 832/13 cells.

INS-1 832/13 cells were treated with individual cytokines [IL-1B, TNFa and INFy; 25 ng/ml each] for 24
hrs and the amount of ROS generation was measured with 2°7-dichlorofluorescein diacetate assay.
Data represent mean + SEM from three independent experiments and expressed as % of control.
*P < 0.05 versus control.

Cytomix induces p47°"°* phosphorylation

Recent studies from our laboratory and others have shown that cytokines induce the

phox

expression of p47™ and siRNA-mediated depletion of endogenous pools of p47°"*
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markedly attenuated cytokine-induced NOX2-mediated ROS generation in insulin-secreting
cells [47]. Furthermore, evidence in other cell types indicates that p47°"* is phosphorylated
subsequent to agonist activation [97, 98] and the phosphorylation step is necessary for its
translocation to the membrane fraction for association with other members of the NOX2 core
proteins to complete holoenzyme assembly leading to the activation of NOX2. This has not
been examined before in islet B-cells exposed to cytokines. Data in Figure 3-2 [Panel A]
suggested a time-dependent activation of p47°"* [0-60 min] following exposure to cytokines.
We observed nearly a 2-fold increase in the phosphorylation of p47°"* by cytokines within an
hour of incubation [Panel B]. These data suggest that cytokines induce phosphorylation of

pa7P"x,
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Figure 3-2: Cytomix induces phosphorylation of p47°"in INS-1 832/13 cells.

INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml each] for different time
intervals as indicated in the figure. Degree of phosphorylation of p47phox was determined by Western
blot [Panel A] followed by densitometry [Panel B]. Data are normalized to total p47ph°" content in
corresponding lanes. Data represent mean + SEM from three independent experiments and
expressed as percent control of the ratios between phosphorylated- and total—p47ph°x. *P < 0.05
versus control.

Cytomix induces gp91°"* expression
We next investigated alterations, if any, in the expression of gp91°" in cells following
exposure to cytomix. To address this, INS-1 832/13 cells were incubated in the presence of

cytomix for different time intervals [0-60 min] as above [Figure 3-2]. Relative abundance of
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gp91”™ was determined in the total membrane fraction isolated by a single-step
centrifugation method by Western blotting for gp91°"* [Figure 3-3; Panel A] and
densitometry [Figure 3-3; Panel B]. These data indicated a time-dependent increase in the
expression of gp91°"* in INS-1 832/13 cells following exposure to cytomix. A significant
increase in the expression was seen as early as 20 min [~2 fold], which appear to plateau
with time. Together, these data are indicative of positive modulatory effects of cytomix on
NOX2 in INS-1 832/12 cells. Such effects are comprised of increase in the activation of Racl
[47], phosphorylation of p47°"* and expression of gp91°™*: such conditions are essential for

activation of NOX2 enzyme.



32

A)

Time in minutes 0

gp91phox —
Actin| WD — — —

B) 300

200 -

150 -

100 -

50 -

gp91phox/actin (% of control)

0 _
Time in minutes 0 20 40 60

Figure 3-3: Cytomix increases the expression of gp91™"* in INS-1 832/13 cells.

INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml each] for different time
points as indicated in the figure. Degree of gp91ph°" expression was measured by Western blot [Panel
A] followed by densitometry [Panel B]. Data are normalized to 3-actin content in individual lanes. Data
represent mean + SEM from three independent experiments and expressed as percent control of the
ratios between gp91”"* and B-actin. *P < 0.05 versus control and # P < 0.05 versus 20 min and 40
min.
IL-1B increases apocynin-sensitive NOX2 activity

It is well documented that in addition to the phagocyte-like NADPH oxidase, other
cellular organelles such as mitochondria, peroxisomes and endoplasmic reticulum produce
reactive oxygen species [99-102]. Physiological amounts of ROS is required for normal

functioning of the B-cells such as glucose stimulated insulin secretion. The presence and

chronic activation of NADPH oxidase by high glucose, palmitate and proinflammatory
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cytokines could lead to excessive amount of ROS in the B-cell. Hence, follow up studies were
carried out in INS-1 832/13 cells to specifically measure the NOX2 activity under cytokine [IL-
1B] condition. To exclude other oxidoreductase enzyme activities in the assay, a relatively
selective pharmacological inhibitor for NOX2 [apocynin] was used. The results showed that
apocynin has no significant effect on basal NOX2 activation [bar 1 vs. bar 2]. However,
exposure to IL-1B [25 ng/ml] activates the enzyme [~1.7 fold] as early as 30 min [bar 1 vs.

Bar 3] and it was significantly blocked by apocynin [100 uM] [bar 3 vs. bar 4] [Figure 3-4].
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Figure 3-4: IL-18 increases apocynin-sensitive NOX2 activity in INS-1 832/13 cells.

INS-1 832/13 cells were incubated with IL-18 [25 ng/ml] in presence and absence of apocynin [100
pM] for 30 min and NOX2 enzyme activity was measured for 15 min. The enzyme activity was
expressed as chemiluminescence units per mg lysate protein per minute. Data represent mean + SEM
from six independent experiments and expressed as percent of control. *P < 0.05 versus control; #P <
0.05 versus IL-1B.
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2-Bromopalmitate inhibits cytomix-induced ROS generation

Recent studies from our laboratory have demonstrated that activation of Racl is
necessary for cytokine-induced NOX2 activation and ROS generation. In this context we
reported that prior incubation of INS-1 832/13 cells with GGTI-2147, an inhibitor of
geranylgeranylation of Racl or NSC23766, a known inhibitor of Racl mediated by Tiam1, a
guanine nucleotide exchange factor for Racl markedly attenuated cytomix-induced ROS
generation [Figure 3-5]. Therefore, in the present study we determined the effects of 2-
bromopalmitate, a known inhibitor of protein palmitoylation on cytomix-induced ROS
generation. These studies are based on the recent reports of palmitoylation of Racl at a
cysteine residue upstream to the C-terminal cysteine. To address this, cytomix-induced ROS
generation was quantitated in INS-1 832/13 cells incubated in the presence of diluent alone
or 2-BP [100 uM; 24 hr]. Data depicted in Figure 3-6 indicated no significant effects of 2-BP
on basal ROS generation [bar 1 vs. bar 2]. However, cytomix-induced ROS generation was
completely abolished by 2-BP [bar 3 vs. bar 4]. These findings suggest that a palmitoylation-

dependent signaling step is necessary for cytomix-induced ROS generation.
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Figure 3-5: Cytomix-induced ROS generation is inhibited by NSC23766 and GGTI-2147.

INS-1 832/13 cells were treated with either diluent or cytomix [IL-18, TNFa, and INFy; 10 ng/ml each]
in the presence and absence of NSC23766 [20 uM] or GGTI-2147 [10 uM] for 12 h [Panel A] and 24 h
[Panel B] as indicated in the figure, and intracellular levels of ROS was measured using DCHF-DA
assay. Data are representative of three independent experiments, expressed as a percentage of
control and represent means + SEM. Bars with different symbols (*, **, ***) are significantly different at
P < 0.05 [47].
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Figure 3-6: 2-BP attenuates cytomix-induced ROS generation in INS-1 832/13 cells.

INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa and INFy; 10 ng/ml each] for 24 hrs in the
presence and absence of 2-BP [100 yM] and the amount of ROS generation was measured with
DCHF-DA assay. Data represent mean + SEM from three independent experiments and expressed as
% of control. *P < 0.05 versus control and #P < 0.05 versus cytomix.

2-Bromopalmitate inhibits cytomix-induced Racl activation

Racl is one of the components of the NADPH oxidase and its activation is required
for assembly and activation of the holoenzyme. Recent study from our laboratory has shown
that Tiam1 inhibitor [NSC23766] inhibited Rac1-GTP bound form [Figure 3-7] [47]. In the
present study we hypothesize that in addition to geranylgeranylation Racl also undergoes
palmitoylation, the addition of palmitate to a cysteine residue upstream to prenylated cysteine
[Figure 1-6]. To address this, cytomix-induced Racl activation was quantitated in INS-1
832/13 cells incubated in the presence and absence of 2-BP [100 uyM; 15 min]. Data shown

in Figure 3-8 indicated no significant effects of 2-BP on basal Racl activation [bar 1 vs. bar
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2]. However, cytomix-induced Racl activation was blocked by 2-BP [bar 3 vs. bar 4]. These
findings suggest that a palmitoylation-dependent signaling step is necessary for cytomix-

induced Racl activation.
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Figure 3-7: Cytomix induces transient activation of Racl in INS-1 832/13 cells: inhibition of this
signaling step by NSC23766.

Cytomix causes transient activation of Racl in INS-1 832/13 cells, as determined by the pull-down
assay followed by Western blot analysis, Panel A. Pooled activation data from three independent
experiments are shown in Panel B. NSC23766 inhibition of cytomix-induced activation of Racl.
Pooled data from three independent studies are depicted in Panel C. *, represent the values that are
significantly different from control at P < 0.05 [47].
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Figure 3-8: 2-BP attenuates cytomix-induced Rac1l activation.

INS-1 832/13 cells were treated with cytomix [IL-18, TNFa and INFy; 10 ng/ml each] for 15min in the
presence and absence of 2-BP [100 uM] and Racl activation was measured with GLISA. Data
represent mean + SEM from three independent experiments and expressed as fold change. *P < 0.05
versus control; # P < 0.05 versus cytomix.

2-Bromopalmitate inhibits cytomix-induced NO release

It is widely felt that both oxidative [ROS] and nitrosative [NO] stress could contribute
to impairment of the overall health of the islet B-cell [25, 56, 73, 74]. Such concerns were
raised indeed by investigators in the area warranting additional studies to investigate
potential targets which could regulate both ROS and NO generation signaling steps under
the duress of cytokines. To this end, we have previously reported that a palmitoylation-
mediated signaling step may be necessary for cytokine-induced iNOS gene expression and
NO release [42]. Herein, we revisited those earlier studies to demonstrate that inhibition of
protein palmitoylation by 2-BP inhibits cytomix-induced NO release in INS-1 832/13 cells.

Data in Figure 3-9 suggested no direct effects of 2-BP on basal NO release [bar 1 vs. bar 2].
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However, as in the case with ROS generation [Figure 3-6], 2-BP treatment also attenuated
cytomix-induced NO release [bar 3 vs. bar 4]. Together, our findings highlight the importance
of palmitoylation as a unifying mechanism involved in the induction of NOX2-mediated

oxidative stress and iINOS-mediated nitrosative stress in pancreatic 3-cells.
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Figure 3-9: Cytomix-induced NO release is inhibited by 2-BP
INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa and INFy; 10 ng/ml each] for 24 hrs time
point in the presence and absence of 2-bromopalmitate [100 uM] and the amount of nitric oxide
release was measured using Griess assay. 2-Bromopalmitate significantly decreased cytomix-induced
nitric oxide release. Data represent mean + SEM from three independent experiments. *P < 0.05
versus control and # P < 0.05 versus cytomix.
2-Bromopalmitate inhibits high glucose-induced Racl activation

Studies from our laboratory have shown that Racl has both positive as well as
negative regulatory roles in pancreatic -cell function. Inhibiting the Racl function with

pharmacological and molecular approach affects glucose stimulated insulin secretion.

Inhibiting the Racl function also protected pancreatic 3-cell from oxidative stress due to
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chronic exposure to glucose, palmitate and proinflammatory cytokines [39]. In the present
study we determined the role of palmitoylation on glucose-induced Racl activation. Similar to
cytomix effect, incubation of INS-1 832/13 cells with high glucose induces Racl activation.
Data shown in Figure 3-10 indicated no significant effect of 2-BP on Racl activation [bar 1
vs. bar 2]. However, glucose-induced Racl activation was inhibited by 2-BP [bar 3 vs. bar 4]
indicating that both cytomix- [Figure 3-8] and glucose-induced Racl activation is dependent

on palmitoylation.
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Figure 3-10: 2-BP attenuates high glucose-induced Racl activation.

INS-1 832/13 cells were treated with low glucose [LG; 2.5 mM] and high glucose [HG; 20 mM] for 15
min in the presence and absence of 2-bromopalmitate [2-BP; 100 uyM] and Rac 1 activation was
measured with GLISA. Data represent mean + SEM from three independent experiments and
expressed as fold change. *P < 0.05 versus LG; # P < 0.05 versus HG.
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High glucose increases apocynin-sensitive NOX2 activity

Emerging evidence from in vitro and in vivo studies provides strong support to the
hypothesis that chronic exposure of B-cells to elevated glucose [i.e., glucotoxicity], lipids [i.e.,
lipotoxicity], or glucose plus lipids [e.g., glucolipotoxicity] results in a significant metabolic
dysregulation eventually leading to cell demise [103]. Published evidence also suggests a
marked increase in the generation of ROS, which manifests in increased oxidative stress in
cells under the conditions of glucotoxicity [25, 44]. Several mechanisms have been put forth
in this context, including depletion of intracellular redox state via the oxidation of reducing
equivalents [e.g., reduced glutathione] and activation of superoxide-generating enzymatic
machinery [25, 103].

One of the enzymatic steps involved in the increased generation of ROS and
associated induction of intracellular oxidative stress in the pancreatic -cell includes
activation of the phagocytic NADPH-oxidase [NOX2] system [25, 44]. NOX2 is a highly
regulated membrane-associated protein complex that catalyzes the one electron reduction of
oxygen to superoxide anion involving oxidation of cytosolic NADPH. The phagocytic NOX is
a multicomponent system comprised of membrane as well as cytosolic components. The
membrane-associated catalytic core is a complex comprising gp91°", p22°"* and the small
G protein Rapl. The cytosolic regulatory components include p47°", p67°"*, and the small
G protein Rac. After stimulation, the cytosolic components of NOX translocate to the
membrane fraction for association with the catalytic core for holoenzyme assembly. Available
evidence suggests that a protein kinase C{-sensitive phosphorylation of p47°" leads to its
translocation to the membrane fraction. It has also been shown that functional activation of
Rac [i.e., Rac-GTP] is vital for the holoenzyme assembly and activation of NOX [25].

Several recent studies have demonstrated localization and functional activation of the

NOX in clonal B-cells, normal rat islets, and human islets under the duress of various stimuli
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known to cause metabolic dysregulation [44, 94]. Some of these stimuli include, but are not
limited to, high glucose, saturated fatty acids, and proinflammatory cytokines [47, 95].
Recently, our laboratory has reported increased ROS generation in islets from the diabetic
Zucker Diabetic Fatty [ZDF] rat and Type 2 DM human islets. In that study, we also provided
evidence to implicate Racl-NOX2-ROS-JNK1/2 signaling cascade in glucose-induced
metabolic dysfunction of the islet. However, we have not directly quantitated NOX2 activity in
isolated 3-cells exposed to hyperglycemic conditions to conclusively demonstrate that NOX2-
derived ROS generation is critical for high glucose-mediated effects on B-cell dysfunction.
Therefore, a brief study was undertaken to quantitate NADPH oxidase activity in INS-1
832/13 cells exposed to hyperglycemic conditions. To further demonstrate that such an
activity represents NOX2, we included apocynin, a selective inhibitor of NOX2, in the assay.

Data in Figure 3-11 suggested no clear effects of apocynin on NADPH oxidase
activity in INS-1 832/13 cells under basal [low-glucose] conditions [bar 1 vs. bar 2]. However,
exposure of these cells to high glucose resulted in a significant increase [~ 2-fold] in the
enzyme activity [bar 1 vs. bar 3]. Furthermore, coprovision of apocynin to these cells
markedly attenuated the ability of glucotoxic conditions to stimulate NADPH oxidase activity.
These data suggest that glucotoxic conditions promote activation of apocynin-sensitive
NADPH oxidase activity in isolated B-cells.

Our findings provide further support to recently published evidence to suggest
increased generation of ROS in cell culture models of glucotoxicity and in islets from Type 2
DM animals and humans. Biochemical and cell biological studies have also demonstrated
increased expression of p47°"* a member of the cytosolic core of NOX2 in these model
systems [25, 89]. Furthermore, activation of Racl [GTP-bound conformation] has also been
demonstrated in cells exposed to hyperglycemic conditions or in islets from animal models of

Type 2 DM [89]. Lack of no effects of apocynin on basal [LG] NADPH oxidase activity
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suggests very little activation of this enzyme under basal conditions. Along these lines,
recent studies by Koulajian and associates have demonstrated significant activation of
NADPH oxidase activity in rat islets following prolonged exposure to non saturated fatty
acids, such as oleate. Furthermore, they have demonstrated a significant reduction in the
activation of NADPH oxidase by apocynin [104], thus affirming critical regulatory roles for this

enzyme in metabolic dysfunction induced by elevated glucose and lipids.
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Figure 3-11: Exposure of INS-1 832/13 cells to high glucose leads to apocynin-sensitive NOX2
activity.

INS-1 832/13 cells were incubated with low glucose [LG; 2.5 mM] and high glucose [HG; 20 mM] in
presence and absence of apocynin [Apo; 100 um] for 48 hrs and NADPH oxidase enzyme activity was
measured for 15 min. The enzyme activity was expressed as chemiluminescence units per mg lysate
protein per minute. Data represent mean + SEM from three independent experiments and expressed
as percent of control. *P < 0.05 versus LG; #P < 0.05 versus HG.
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Together, findings in this chapter of my thesis highlight the importance of
palmitoylation as a unifying mechanism involved in the induction of NOX2-mediated oxidative

stress and iINOS-mediated nitrosative stress in pancreatic p-cell.

Proinflammatory Cytokines
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Oxidative Stress Nitrosative Stress
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Mitochondrial Defects
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Figure 3-12: Model to implicate the role of palmitoylation in cytokine-induced metabolic dysregulation
and apoptosis of the pancreatic p-cell.



Chapter 4: Studies of downstream signaling events involved in cytokine-
induced dysfunction of the islet B-cell

e Portions of this work have been published [copy of the published manuscript is

appended]

Arora DK, Mohammed AM, Kowluru A. Nifedipine prevents etoposide-induced caspase-3
activation, prenyl transferase degradation and loss in cell viability in pancreatic B-cells.

Apoptosis. 2013; 18(1):1-8.
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Figure 4-1: MAP kinase signaling cascade.

Cytomix activates JNK1/2 and p38 MAP kinase at 30 min
Previous studies have demonstrated a role for mitogen-activated protein [MAP]
kinase signaling cascade in cytokine-induced dysfunction in multiple cell types including

pancreatic -cell [105-107]. Once the mitogen activated protein kinase kinase kinase families
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[MAPKKK] are activated by cytokines [stress], the immediate downstream MAP kinase
kinase [MAPKK] get activated followed by phosphorylation and activation of either p38 MAP
kinase by MAPKK3 and MAPKK6 or JNK by MAPKK4 and MAPKK7 at the threonine and
tyrosine residues which lead to the downstream signaling pathways such as activation of
mitochondrial apoptotic protein, transcription factors and ER stress [Figure 4-1]. Studies
have shown that the stress [proinflammatory cytokines] signals are delivered to the protein

kinases through small GTPase such as Racl and Ras proteins [107-109].

2-Bromopalmitate inhibits cytomix-induced JNK1/2 activation

Recent study from our laboratory has shown that high glucose and palmitate activate
JNK1/2 in INS-1 832/13 cells and this result has also confirmed in Zucker Diabetic Fatty
[ZDF] rat islets, an animal model for type Il diabetes [89]. To study the effect of cytokines on
JNK1/2 and p38 MAP kinase and the role of protein palmitoylation in the signaling pathway,
INS-1 832/13 cells were incubated with cytomix [0-24 hrs] in the presence and absence of 2-
bromopalmitate [100 pM]. Short term [30 min] incubation of INS-1 832/13 cells with cytomix
significantly increased JNK1/2 and p38 MAP kinase activation [Figure 4-2 and Figure 4-7].
However, long term incubation [12 and 24 hrs] with cytomix had no notable effect on JNK1/2
activation [Figure 4-3]. 2-Bromopalmitate significantly inhibited cytomix-induced JNK1/2
activation at 30 min [Figure 4-2] and had no effect on p38 MAP kinase activation [Figure 4-
7] indicating that p38 MAP kinase pathway is not regulated by palmitoylation. Interestingly,
unlike short term incubation, long term incubation [12 and 24 hrs] of 2-BP increased JNK1/2
activation at the basal level [Figure 4-3] implying that there is/are palmitoylated proteins

which suppress JNK1/2 activation in the absence of stress inducing agents.
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Figure 4-2: Cytomix-induced JNK1/2 activation is inhibited by 2-BP.

INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml each] for 30 min in the
presence and absence of 2-BP [100 uM]. JNK1/2 activation was determined by Western blot [Panel
A] followed by densitometry [Panel B]. Data represent mean + SEM from three independent
experiment and expressed as fold change of the ratios between pJNK1/2 and total-JNK1/2. Cytomix
significantly increased JNK1/2 activation [*P < 0.05 versus control] and it is inhibited by 2-BP
[#P < 0.05 versus cytomix for pJNK1 and $P < 0.05 versus cytomix for pJNK2].
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Figure 4-3: Long term incubation of INS-1 832/13 cells with cytomix and 2-BP.

INS-1 832/13 cells were treated with cytomix [IL-1B3, TNFa, and INFy; 10 ng/ml each] for 12 and 24 hrs
in the presence and absence of 2-BP [100 uM] and JNK1/2 activation was determined by Western
blot. Both at 12 and 24 hrs, there is no difference in INK1/2 activation between control and cytomix
treatment [lane 1 vs. lane 3; 12 and 24 hrs]. However, 2-BP increased basal JNK1/2 activation [lane 1
vs. lane 2; 12 and 24 hrs].

EHop-016 and NSC23766 inhibit cytomix-induced JNK1/2 activation

Racl is regulated by three major types of proteins. These include GEFs [Guanine
nucleotide Exchange Factors], GDIs [GDP Dissociation Inhibitors] and GAPs [GTPase
Activating Proteins]. During the inactive state, Racl binds to GDI in the cytoplasmic
compartment. Up on arrival of appropriate stimuli, GDI dissociates from the Racl and GEF
namely Tiam1 and/or Vav2 facilitate the exchange of GTP for GDP causing the Racl to be in
active form and regulates its effector proteins. Once the downstream events are activated by
Racl, the intrinsic GTPase of Racl and/or GAP hydrolysis the GTP loaded on Racl

returning it to inactive state [Figure 4-4].
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We utilized two pharmacological agents that inhibit Racl function. The first being EHop-016

which is more potent inhibitor than NSC23766 [25, 94].

Tiam1l

Va2 ~, (GTPD

GDP exchange @

Gregg D et al. Am J Physiol Cell Physiol. 2003; 285(4):C723-C734

Figure 4-4: Proteins that regulate Racl function.

To study the role of Racl activation in cytomix-induced JNK1/2 and p38 MAP kinase
activation, INS-1 832/13 cells were incubated with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml
each] for 30 min in the presence and absence of EHop-016 [5 uM] and NSC23766 [20 uM].
Both compounds had no effect on basal JNK1/2 and p38 MAP kinase activation where as
cytomix consistently increased JNK1/2 [Figure 4-5 and Figure 4-6] and p38 MAP kinase
activation [Figure 4-8 and Figure 4-9]. While cytomix induced JNK1/2 activation is inhibited
by EHop-016 and NSC23766 [Figure 4-5 and Figure 4-6], their effect on cytomix-induced
p38 MAP kinase activation has not been observed in this study [Figure 4-8 and 4-9]

indicating that p38 MAP kinase activation does not require Racl activation.
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Figure 4-5: Cytomix-induced JNK1/2 activation is inhibited by EHop-016.

INS-1 832/13 cells were treated with cytomix [IL-18, TNFa, and INFy; 10 ng/ml each] for 30 min in the
presence and absence of EHop-016 [5 pM]. JNK1/2 activation was determined by Western blot [Panel
A] followed by densitometry [Panel B]. Data represent mean + SEM from three independent
experiment and expressed as fold change of the ratios between pJNK1/2 and total-JNK1/2. Cytomix
significantly increased JNK1/2 activation [*P < 0.05 versus control] and it is inhibited by EHop-016
[#P < 0.05 versus cytomix for pJNK1 and $P < 0.05 versus cytomix for pJNK2].
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Figure 4-6: Cytomix-induced JNK2 activation is inhibited by NSC23766.

INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml each] for 30 min in the
presence and absence of NSC23766 [20 uM]. JNK1/2 activation was determined by Western blot
[Panel A] followed by densitometry [Panel B]. Data represent mean + SEM from three independent
experiment and expressed as fold change of the ratios between pJNK1/2 and total-JNK1/2. Cytomix
significantly increased JNK1/2 activation [*P < 0.05 versus control] and cytomix-induced JNK2
activation is inhibited by NSC23766 [#P < 0.05 versus cytomix for pJNK2].
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Figure 4-7: Cytomix-induced p38 MAP kinase activation is not inhibited by 2-BP.

INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml each] for 30 min in the
presence and absence of 2-BP [100 pM] and p38 MAP kinase activation was determined by Western
blot [Panel A] followed by densitometry [Panel B]. Data represent mean + SEM from three
independent experiment and expressed as fold change of the ratios between p-p38 over total-p38.
Cytomix increased p38 MAP kinase activation [*P < 0.05 versus control]; however, the activation is not
inhibited by 2BP.
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Figure 4-8: Cytomix-induced p38 MAP kinase activation is not inhibited by EHop-016.

INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml each] for 30 min in the
presence and absence of EHop-016 [5 pM] and p38 MAP kinase activation was determined by
Western blot [Panel A] followed by densitometry [Panel B]. Data represent mean + SEM from three
independent experiment and expressed as fold change of the ratios between p-p38 over total-p38.
Cytomix increased p38 MAP kinase activation [*P < 0.05 versus control]; however, the activation is not
inhibited by EHop-016.
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Figure 4-9: Cytomix-induced p38 MAP kinase activation is not inhibited by NSC23766.

INS-1 832/13 cells were treated with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml each] for 30 min in the
presence and absence of NSC23766 [20 uM] and p38 MAP kinase activation was determined by
Western blot [Panel A] followed by densitometry [Panel B]. Data represent mean + SEM from three
independent experiment and expressed as fold change of the ratios between p-p38 over total-p38.
Cytomix increased p38 MAP kinase activation [*P < 0.05 versus control]; however, the activation is not
inhibited by NSC23766.
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Cytomix-induced ER stress is not inhibited by 2-bromopalmitate

It is well established that ER stress underlies cytokine-mediated metabolic
dysregulation of the islet B-cell [66, 75, 76]. Furthermore, recent studies by Baldwin and
associates have suggested a critical requirement for protein palmitoylation in palmitate-
induced CHOP expression [a marker for ER stress] in that, 2-BP significantly attenuated
palmitate-induced CHOP expression in insulin-secreting RINm5F cells [111]. Therefore, we
investigated if cytomix-induced CHOP expression in INS-1 832/13 cells is sensitive to 2-BP.
To address this, cytomix-induced CHOP expression was measured in cells incubated in the
presence of diluent alone or 2-BP.

Data depicted in Figure 4-10 represents a Western blot for the expression of CHOP.
It suggested no clear effects of 2-BP on CHOP expression under basal conditions [lane 1 vs.
lane 2]. Exposure of these cells to cytomix significantly increased CHOP expression [lane 1
vs. lane 3]. However, provision of 2-BP to cytomix-treated cells did not exert any significant
effect on CHOP expression [lane 3 vs. lane 4] suggesting that protein palmitoylation is not

necessary for cytomix-induced CHOP expression.
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Figure 4-10: Cytomix-induced CHOP [C/EBP homologous protein] expression is not inhibited by 2-BP.

INS-1 832/13 cells were treated with cytomix [IL-18, TNFa and INFy; 10 ng/ml each] for 24 hrs time
point in the presence and absence of 2-bromopalmitate [100 uM]. The level of CHOP expression, a
marker for endoplasmic reticulum [ER] stress, was measured by Western blot. Equal protein loading
was confirmed by B-actin content in individual lanes.

Cytomix induces caspase-3 activation and FTase/GGTase a degradation

Apoptosis, a genetically encoded programmed cell death, plays major role in
cytokine-induced pancreatic p-cell dysfunction and death. The release of cytochrome C from
mitochondrial intermembraneous space causes the initiation and activation of caspase family
of cysteine proteases [112]. Studies from our laboratory have shown that palmitate,
ceramide and proinflammatory cytokines cause loss of mitochondrial membrane potential
and caspase-3 activation [47, 95]. In the present study, the downstream effects of cytomix-
induced damage on mitochondrial membrane have been examined. Incubation of INS-1
832/13 cells with cytomix [IL-1B, TNFa, and INFy; 10 ng/ml each] for 24 hrs significantly
increased caspase-3 activation [Figure 4-11]. Cytomix also caused a significant degradation
of FTase/GGTase a [Figure 4-12], one of the substrate protein for active caspase-3.

To further elucidate that caspase-3 activation leads to FTase/GGTase a degradation,
studies have been carried out using caspase-3 inhibitor and etoposide, a known genotoxic
agent that causes a roboust activation of caspase-3. Incubation of INS-1 832/13 cells with
etoposide [60 pM; 6 h] significantly activated caspase-3 [Figure 4-13] and caspase-3

inhibitor, Z-DEVD-FMK, [25 uM; 6 h] blocked the activation. Similarly, etoposide induces
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significant amount of FTase/GGTase-a degradation [Figure 4-14] that was inhibited by the
peptide inhibitor indicating that caspase-3 activation causes degradation and inactivation of
FTase and GGTase that leads to defective activation of key G-proteins, defective nuclear

assembly of lamins and loss of cell viability.
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Figure 4-11: Cytomix induces caspase-3 activation.

INS-1 832/13 cells were treated with cytomix [IL-1B8, TNFa, and INFy; 10 ng/ml each] for 24hrs and the
expression of cleaved caspase-3 was measured by Western blot [Panel A] followed by densitometry
[Panel B]. Data represent mean + SEM from three independent experiment and expressed as fold
change of the ratios between cleaved caspase-3 and -actin. Cytomix significantly induces caspase-3
activation. *P < 0.05 versus control.
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Figure 4-12: Cytomix increases FTase/GGTase a degradation.

INS-1 832/13 cells were treated with cytomix [IL-18, TNFa, and INFy, 10 ng/ml each] for 24hrs time
points and the expression of FTase/GGTase a degradation product was measured by Western blot
[Panel A] followed by densitometry [Panel B]. Data represent mean + SEM from three independent
experiment and expressed as fold change of the ratios between degraded FTase/GGTase a and $-
actin. Cytomix significantly increases FTase/GGTase a degradation. *P < 0.05 versus control.
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Figure 4-13: Etoposide induces caspase-3 activation: Protection of this signaling step by Z-DEVD-
FMK, an inhibitor of caspase-3.

INS-1 832/13 cells were treated with either diluents or etoposide [60 uM] in the presence or absence
of peptide inhibitor, Z-DEVD-FMK [25 uM; 6 h]. Caspase-3 activation was determined by Western
blotting. Equal amount of lysates protein were resolved by SDS-PAGE [10 %]. Protein loading was
determined by B-actin content in individual lanes. Representatives blot indicating the caspase-3
activation [Panel A] is provided. Quantitative analysis of data obtained from three independent

experiments for caspase-3 activation [Panel B] was carried out by densitometry. Results are shown
as mean + SEM. *P < 0.05.
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Figure 4-14: Etoposide induces FTase/GGTase-a degradation: Protection of this signaling step by Z-
DEVD-FMK, an inhibitor of caspase-3.

INS-1 832/13 cells were treated with either diluents or etoposide [60 uM] in the presence or absence
of peptide inhibitor, Z-DEVD-FMK [25 yM; 6 h]. FTase/GGTase-a degradation was determined by
Western blotting. Equal amount of lysates protein were resolved by SDS-PAGE [10 %]. Protein
loading was determined by B-actin content in individual lanes. Representatives blot indicating the
FTase/GGTase-a degradation [Panel A] is provided. Quantitative analysis of data obtained from three
independent experiments for FTase/GGTase-a degradation [Panel B] was carried out by
densitometry. Results are shown as mean + SEM. ***P < 0.001.
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e | have studied the effect of cytokines on stress signals namely, JNK1/2, p38 MAP

kinase, ER stress, NOX2 activation,

mitochondrial dysfunction.

NO release and downstream effect of

e | have assessed the effect of three pharmacological inhibitors namely, inhibitor of

palmitoylation [2-BP], Vav2-Racl [EHop-016] and Tiam1-Racl [NSC23766] axis.

Stress Signals 2-BP EHop-016 NSC23766
JNK1/2 Inhibition  Inhibition Inhibition

p38 MAP kinase No effect  No effect No effect

ER stress No effect  Not determined Not determined
NOX2 Inhibition  Not determined Inhibition

NO inhibition ~ Not determined No effect

Table 4-1: Summary of the effects of three pharmacological inhibitors on stress signaling

kinases.
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Chapter 5: Preliminary studies to determine potential difference, if any in NOX2
subunit expression and ROS generation in islets from pre-diabetic NOD mice
and the control BALB mice.

Type | diabetes is an autoimmune disorder that results from the destruction of insulin
secreting pancreatic 3-cell. Although the exact causes of the disorder are still under scientific
scrutiny, studies have shown that cytokines play a major role in the pathogenesis of the
disease [12, 14, 16]. To reveal the pathophysiological mechanisms, non obese diabetic
[NOD] mice, a well known animal model for type | diabetes, have been used for more than 30
years.

The NOD mice develop diabetes spontaneously around 12-14 weeks of age and the
incidence rate is higher in the female mice than the male mice [23]. Based on the hypothesis
that NOX2 hyperactivation plays a role in mediating cytokine-induced pancreatic (3-cell
dysfunction in the NOD mice, the present study examined the basal status of NOX2 subunit
expression and activation in the islets of female NOD mice and age matched BALB control
mice [7-8 weeks]. Preliminary results have shown that both islets of NOD and BALB mice
express NOX2 subunits namely phospho-p47°"*, p67°" Racl and gp91°"*. There is no
difference in the expression as well as activation of the NOX2 enzyme system between the
two groups [Figure 5-1 and 5-2]. Incubation of the islets with cytomix [IL-13, TNFa and INFy;
10 ng/ml] for 24 hrs increased gp91°"* expression in both BALB and NOD mice islets

preparation [Figure 5-3].
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Figure 5-1: NOX2 subunit expression in the islets of NOD and BALB mice.

There is no difference in NOX2 subunit expression in the islets of NOD and control BALB mice.
Pancreatic islets were isolated from female NOD and control BALB mice using collagenase digestion
of the pancreas and the expression level of phospho-p47™"®, p67°" gp91°™* and Racl were
determined by Western blot.
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Figure 5-2: ROS generation and Rac1 activation in the islets of NOD and BALB mice.

There is no difference in ROS generation and Racl activation in the islets of NOD and control BALB
mice. Pancreatic islets were isolated from female NOD and control BALB mice using collagenase
digestion of the pancreas and the amount of ROS generation and Racl activation were determined
using DCHF-DA assay and GLISA respectively. Data represent mean + SEM from three independent
experiments and expressed as % of control for ROS generation and fold change for Racl activation.
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Figure 5-3: The effect of cytomix in the islets of NOD and BALB mice.
Cytomix induces gp91phox expression in the islets of NOD and control BALB mice. Pancreatic islets
were isolated from female NOD and control BALB mice using collagenase digestion of the pancreas.
The isolated islets were incubated with cytomix [IL-18, TNFa, and INFy; 10 ng/ml each] for 24hrs and
the expression level of gp91°"*, phospho-p47°"™ and p67°"* were determined by Western blot.

In summary, the results obtained in this preliminary study are inconclusive and are yet
to be confirmed. Future experiment will determine whether or not NSC23766, EHop-016 and

2BP prevent cytokine-induced damage ex vivo and delay or prevent the onset of diabetes in

the NOD mice.



66

Chapter 6: Discussion

e Portions of this work have been published [copy of the published manuscript is
appended]
Mohammed AM, Chen F, Kowluru A. The Two Faces of Protein Palmitoylation in Islet 3-Cell
Function: Potential Implications in the Pathophysiology of Islet Metabolic Dysregulation and
Diabetes. Recent Patents Endocrine Metabolic and Immune Drug Discovery. 2013 [Epub

ahead of print].

The uptake of glucose by the body cells is dependent upon the availability of insulin
and the loss of functional pancreatic B-cell mass leads to a condition called “starvation
amidst plenty” where there is an excess amount of glucose in the blood yet the body cells are
starved. In type | diabetes, proinflammatory cytokines namely IL-1B, TNFa and INFy are
involved in the loss of pancreatic B-cell mass. However the precise mechanisms underlying
the loss of cytokine-induced pancreatic B-cells are relatively poorly understood. Therefore,
the objective of my doctoral work is to study the putative mechanisms of cytokine-induced
metabolic dysfunction of the pancreatic B-cell and identify a novel therapeutic target for the
prevention of cytokine-induced metabolic dysfunction of the islet 3-cell.

Studies have shown that phagocytic-like NADPH oxidase [NOX2] has a significant
role in exerting detrimental effects on the pancreatic (B-cells following exposure to high
glucose [glucotoxicity], palmitate [lipotoxicity] or proinflammatory cytokines [25, 56, 72, 94].
Results from our laboratory have shown that incubation of INS-1 832/13 cells and normal rat
islets with high glucose and palmitate increased Racl activation, p47°"* expression, ROS
generation and mitochondrial damage. Follow up studies in islets from Zucker Diabetic Fatty

(ZDF) rats, an animal model for type Il diabetes, and diabetic human islets confirmed the


http://www.ncbi.nlm.nih.gov/pubmed?term=Mohammed%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=23829395
http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23829395
http://www.ncbi.nlm.nih.gov/pubmed?term=Kowluru%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23829395
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above results including an increase in expression of p47”" Racl and gp91”™* and
activation of p47°" | Racl and ROS generation [39, 51, 89].

Studies using proinflammatory cytokines and INS-1 832/13 cells have shown many
similarities in identifying the NADPH oxidase [NOX2] as a common pathway for metabolic
dysfunction of the pancreatic B-cell under gluco-lipo-toxicity and proinflammatory cytokine
conditions. Those previous findings include, incubating INS-1 832/13 cells with cytomix [IL-,
TNFa and INFy; 10 ng/ml each] transiently [~15min] increase Racl activation, p47°"*
expression, ROS generation and mitochondrial damage. The use of pharmacological and
molecular biological approach indicated the role of Racl and p47”"* in cytomix-induced ROS
generation and mitochondrial membrane damage. Inhibiting the Tiaml1-Racl axis using
NSC23766 and the use of GGTI-2147, a geranylgeranyl transferase inhibitor, attenuated
Racl activation, ROS generation and mitochondrial damage. siRNA p47°™* transfection and
apocynin also inhibited cytomix-induced ROS generation [47].

As a logical extension of these studies, we further explored the mechanism of NOX2
activation during the challenge with proinflammatory cytokines condition. To study the effect
of individual cytokines [IL-1B, TNFa and IFNy; 25 ng/ml] on NOX2 activation, first, the
amount of ROS generation was measured after 24 hrs incubation and the results showed
that IL-1p alone can activate the NOX2 system. As there are other cellular sources for ROS
such as mitochondria and since NOX2 activation specifically produce superoxide we
measured the NOX2 activity following cytokine [IL-1B] and high glucose exposure by
lucigenin [N, N -dimethyl-9, 9 -biacridinium dinitrate] assay. The assay is based on detection
of chemiluminescence signal that results from reaction of superoxide anion and lucigenin.
The result showed that both glucose and IL-13 activate NOX2. IL-18 [25 ng/ml] activated the

NOX2 as early as 30 min and the enzyme activity is completely blocked by apocynin, which
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is relatively a selective NOX2 inhibitor, and the enzyme time kinetics coincide with activation
of the cytosolic [p47°"*, Rac1] and membranous [gp91°"*] components of the Nox2 system.

The complex nature of human being cannot be explained only using the nhumber of
genes in our genome which is ~4-5 times higher when compared with the simple eukaryotic
organisms such as yeast [113, 114]. Hence, post-translational modifications of proteins such
as methylation, phosphorylation, prenylation and palmitoylation play major role in diversifying
protein functions that make specific characteristics for a given species. The present study
discloses that p47™", one of the cytosolic subunits of the NADPH oxidase enzyme system
undergoes phosphorylation in INS-1 832/13 cells following cytomix exposure.

Similar results have been found in other cell types such as alveolar epithelial cell [97],
endothelial cell [98], seabream head kidney [115] under different stimulatory conditions. The
above studies also indicated that protein kinase C [PKC] might be responsible for the

phox

addition of phosphate group to p47~"" that participates in initiating the cascade for activation
of the NOX2 enzyme system. Moreover, studies using protein kinase C [PKC] knockout mice
have shown partial protection from multiple low dose of streptozotocin-induced
hyperglycemia and cytokine mediated islet apoptosis in vitro [116]. Beside p47°"
phosphorylation, the present study also examined the effect of cytomix on gp91°"™
expression, which is a membrane component of NOX2. The result showed acute regulation
[~20 min] by cytomix along with other cytosolic components such as Racl [~15 min] and
p47phox_

In the context of the currently described studies, our laboratory has recently published
evidence to suggest that exposure of isolated B-cells to proinflammatory cytokines results in
increased expression of p47ph°x, a member of the cytosolic core of NOX2, within 12-24 hr. It

has also shown that Racl, another cytosolic component of NOX2, gets activated transiently

[~15 min] following exposure to cytokines [47]. More importantly, the data also suggested
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that inhibition of p47°"* function via sSiRNA-p47°" or Rac1 functions using inhibitors of Racl
prenylation [i.e., GGTI-2147] or its GTP-exchange functions by Tiaml [e.g., NSC23766]
significantly attenuated cytokine-induced ROS generation and loss of mitochondrial
membrane potential. Interestingly, neither GGTI-2147 nor NSC23766 prevented cytokine-
induced NO generation [47] suggesting that NOX2 activation is not upstream to iINOS
induction and NO release, and the two signaling steps are regulated by two distinct
mechanisms.

Existing body of evidence clearly implicates novel regulatory roles for protein
palmitoylation in cellular functions. Unlike isoprenylation, palmitoylation steps are subject to
acute regulation at the level of the “on” steps [addition of palmitoyl group] as well as the “off”
steps [removal of palmitoyl group]. The protein palmitoyltransferases [PATs] catalyze the
transfer of palmitate into the cysteine residues of proteins containing DHHC [Asp-His-His-
Cys] cysteine-rich domains [CRD] via a thioester linkage. Typically, these reactions are
known to occur at the cytoplasmic face of membranes in the secretory pathway [e.g.,
endoplasmic reticulum and Golgi] and the plasma membrane [117, 118]. At least two types
of PAT activities have been reported. The first group catalyzes palmitoylation of farnesylated
proteins including Ras GTPases [e.g., H-Ras and N-Ras], whereas the second group of
PATs mediates palmitoylation of Src family of tyrosine kinases. A distinct class of palmitoyl
thioesterases, namely protein palmitoyl thioesterases 1 and 2 and acyl palmitoylesterase 1
mediate depalmitoylation via hydrolysis of the ester bonds to complete the palmitoylation-

depalmitoylation [i.e., activation-inactivation] cycle [Figure 6-1] [117, 118].
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Figure 6-1: Palmitoylation and depalmitoylation cycle for a classical farnesylated G-protein.

Protein palmitoylation plays key regulatory roles in cellular function including
subcellular localization of proteins, trafficking and stability [117-119]. It is widely felt that
palmitoylation dictates interaction of peripheral membrane proteins. Potential regulatory roles
of palmitoylation of integral membrane proteins still remain unclear. Several cellular proteins
have been demonstrated to undergo palmitoylation. Some of these include, but not limited to,
A-kinase anchoring protein 79/150 [120], phospholipase scramblase [121], ankyrin-g [122],
glutamic acid decarboxylase [123], cytoskeletal-associated protein 4 [124], integrin a6p4
[125], and calnexin [126]. In addition, several GPCRs, including p-opioid receptor [127],
protease-activated recpetor-2 [128], B2 adrenergic receptor [129] somatostatin receptor
[130], regulator of G-protein signaling [RGS4] [131], neurotensin receptor [132], and p63Rho
guanine nucleotide exchange factor [133] appear to be regulated by palmitoylation-
depalmitoylation signaling steps.

Despite considerable experimental evidences on the identity and functional properties
including subcellular distribution of PATs and palmitoylesterases are described in a variety of
cell types, very little is known about the identity and regulation of palmitoyl transferases and

esterases in the islet B-cell. However, pharmacological evidence appears to support key
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roles for these signaling steps in islet B-cell function. For example, cerulenin [CER] has been
shown to inhibit insulin secretion induced by glucose, a-ketoiso-caproic acid, and long chain
acyl CoAs [34, 134-136]. CER also inhibits glucose-induced incorporation of radio labeled
palmitate into islet proteins and inhibition of palmitoylation of a 24 kDa protein [137], and
palmitate-induced tyrosine phosphorylation of insulin receptor [138].

Interestingly, studies by Metz and associates have demonstrated that CER failed to
inhibit insulin secretion facilitated by non-nutrient secretagogues, such as a membrane-
depolarizing concentration of potassium, activators of protein kinase A, or mastoparan [34].
More recent studies by Abdel-Ghany and associates [139] have demonstrated significant
incorporation of [*H] palmitate into islet B-cell proteins, which was stimulated by glucose.
Furthermore, 2-aminobicyclo heptane-3-carboxylic acid, a non-metabolizable analog of
leucine and an insulin secretagogue, also promoted incorporation of labeled palmitate into 3-
cell proteins. Autoradiographic analysis of these proteins separated by gel electrophoresis
demonstrated glucose-mediated increase in palmitoylation of at least four B-cell proteins with
apparent molecular weights of 30, 44, 48 and 76 kDa. More importantly, CER inhibited
incorporation of labeled palmitate into these proteins under basal as well as glucose-
stimulated conditions indicating the role of protein acylation in islet function [139].

In addition to CER, some studies utilized 2-BP to understand the roles of
acylation/lipid metabolism in islet functions including insulin secretion. For example, original
studies by Warnotte and associates demonstrated partial inhibition of palmitate-induced
potentiation of glucose-induced insulin secretion [140]. Studies by Parker and coworkers
[141] have suggested significant inhibition, by 2-BP, of palmitate esterification into cellular
lipids in isolated rat islets. Furthermore, they also demonstrated partial inhibition of palmitate-
mediated potentiation of glucose stimulated insulin secretion [GSIS]. Cheng and associates

[142] reported significant protection of distal inhibitory effects of norepinephrine on
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physiological insulin secretion by CER and 2-BP. Based on these observations these
investigators proposed novel roles for protein acylation signaling steps in exocytotic secretion
of insulin. Together, pharmacological evidence suggests that protein acylation, specifically
palmitoylation, plays critical regulatory roles in islet p-cell function, including insulin secretion.

Recent studies have implicated novel roles for small G-proteins [Arf6, Cdc42 and
Racl] in glucose stimulated insulin secretion [GSIS] [25, 27, 143, 144]. Furthermore, using
various pharmacological and molecular biological approaches, our lab and others
documented a requirement for post-translational prenylation and carboxylmethylation of G-
proteins [e.g., Cdc42, Rho, Racl] for physiological insulin secretion [25, 27]. More
importantly, despite the above described pharmacological evidence to indicate inhibition of
GSIS by CER and 2-BP, very little is known if Racl and Cdc42 also require palmitoylation to
facilitate GSIS. In this context, recently published evidence suggests that Racl and bCdc42
[a splice variant of Cdc42 with predominant localization in the brain] undergo palmitoylation.

For example, Navarro-Lerida and associates have recently demonstrated that Racl
undergoes palmitoylation at cysteine 178 to facilitate its targeting for stabilization at actin
cytoskeleton-linked ordered membrane regions [145]. Interestingly, they observed that
palmitoylation of Racl requires its prior prenylation and the intact C-terminal polybasic region
and is regulated by the triproline-rich motif. In addition, palmitoylation step appears to be
required for Racl activation [i.e., GTP-binding] since non-palmitoylated Racl exhibited
decreased GTP loading and lower association with detergent-resistant membranes. Further
proof that palmitoylation of Rac1 is critical for cellular function was afforded in these studies
since cells lacking Racl exhibited spreading and migration defects. Based on this compelling
evidence, the authors concluded that palmitoylation of Racl is requisite for its role in actin
cytoskeleton remodeling and regulation of membrane organization.

Along these lines, Kang et al [146] have demonstrated palmitoylation of a brain-
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specific Cdc42 splice variant [bCdc42]. Additional studies by Nishimura and Linder have
documented that bCdc42 undergoes classical CAAX processing as well as prenylation and
palmitoylation at the CCAX motif [147]. Interestingly, the prenylated and palmitoylated
bCdc42 interacted less efficiently with RhoGDI [a signaling step critical for Cdc42 activation-
deactivation cycles] when compared to canonical Cdc42, which is only prenylated and
carboxylmethylated, but not palmitoylated. Additional studies are required to determine if
palmitoylation of Racl and/or Cdc42 is necessary for GSIS to occur.

In addition to small G-proteins, heterotrimeric G-proteins also control islet function
including GSIS [25, 27]. Along these lines, our laboratory has demonstrated non-receptor
dependent activation of trimeric G-proteins by glucose. For example, we have reported
phosphorylation of Gg subunits at critical histidine residues in clonal B-cells, normal rat islets
and human islets, which, in turn, is transferred to G,gpp t0 Yield biologically active GTP-
bound G, subunits [148, 149]. In addition, previous studies have also demonstrated glucose-
mediated activation of the carboxylmethylation of G, subunits [33]. Together, these
observations provided the first evidence to indicate activation of trimeric GTPase via
signaling steps generated during glucose metabolism culminating in insulin secretion. It is
noteworthy that recent findings from the laboratory of Gautam [150, 151] have suggested
critical roles for protein palmitoylation in the shuttling of trimeric G-protein subunits between
the plasma membrane and intracellular membranes, which is inhibited by 2-BP.
Potential involvement of protein palmitoylation in glucose-induced activation of trimeric-
proteins in the islet B-cell remains to be verified experimentally.

In addition to their positive modulatory roles, accumulating evidence supports the
view point that protein palmitoylation plays negative modulatory roles in the induction of
metabolic dysfunction of the islet (3-cell under the duress of noxious stimuli such as

proinflammatory cytokines and saturated fatty acids. Original studies from our laboratory
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suggested that a protein palmitoylation step controls IL-1B-induced iINOS gene expression
and NO release in insulin-secreting B-cells [40, 42]. In those studies, H-Ras, a small G-
protein, was identified as one of the palmitoylated proteins, which is involved in IL-13-
induced NO release. These conclusions were confirmed via the use of two selective
inhibitors of protein palmitoylation, namely CER and 2-BP [42]. 2-hydroxymyristic acid, an
inhibitor of protein myristoylation, failed to affect IL-1B-induced NO release suggesting the
relevance of palmitoylation, but not myristoylation, in these signaling steps.

It is also demonstrated that there is a significant accumulation of H-Ras in the
cytosolic fraction in cells incubated with CER indicating that inhibition of palmitoylation leads
to mis-targeting of G-proteins in islet B-cells [42, 152]. Furthermore, it has also been able to
demonstrate that selective inhibitors of protein farnesylation [e.g., allylfarnesols, manumycin,
damnacanthal, FTI-277] markedly attenuated cytokine-induced NO release suggesting that
farnesylation as well as palmitoylation of H-Ras are necessary for IL-1B3-mediated effects on
NO release [25]. Identity of H-Ras as one of the regulatory proteins involved in cytokine-
induced NO release in B-cells was also confirmed through the use of bacterial toxins [40]. In
addition to the H-Ras, iNOS also undergo palmitoylation [153] and the inhibitory effect of 2-
BP and cerulenin on cytokine-induced NO release may be in part due to inhibition of INOS
palmitoylation.

Interestingly, the current findings demonstrated that 2-BP also inhibited cytokine-
induced NOX2 activation and ROS generation suggesting that protein palmitoylation might
be crucial to cytokine-mediated effects. To address the question of potential identity of the
protein, cytomix-and glucose induced Racl activation was quantitated in the presence of
palmitoylation inhibitor [2-BP]. 2-BP completely blocked Racl activation suggesting that for
the Racl to become active and initiate NOX2 activation, it requires palmitoylation reaction.

Along these lines, recent studies from Corbett’s laboratory have demonstrated a requirement
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for a palmitoylation step in palmitate-induced metabolic dysfunction of the islet B-cell [111].
Interestingly, they reported a significant inhibition in palmitate-induced CHOP expression and
associated metabolic dysfunction of the islet B-cell in the presence of 2-BP. While the
present results further validate such a model in the context of cytokines, we failed to observe
any significant effects of inhibition of protein palmitoylation with 2-BP on cytokine-induced
CHOP expression suggesting distinct mechanisms underlying palmitate and cytokine-
induced ER stress and CHOP expression.

Evidences are out there indicating that c-Jun N-terminal kinase [JNK] and p38 which
are part of the MAP kinase family mediate the downstream effect of cytokine-induced
apoptosis in pancreatic B-cell [85-88]. Findings from the present study also confirmed that,
short term exposure with cytomix increased JNK1/2 and p38 MAP kinase activation. To
further explore the role of small G-proteins and their post-translational modification in
cytomix-induced JNK1/2 and p38 MAP kinase activation, the effect of three pharmacological
inhibitors namely, inhibitor of palmitoylation [2BP], Vav2-Racl [EHop-016] and Tiam1-Racl
[NSC23766] axis were assessed on cytomix-induced JNK1/2 and p38 MAP kinase activation.
The result showed that palmitoylation is required for short term cytomix induced JNK1/2
activation. Long term incubation with 2-BP increases JNK1/2 activation at the basal level and
this may imply that a palmitoylated protein/s suppress JNK1/2 activation in the absence of
stress inducing agents. In addition to the small G-proteins such as Racl, Ras or bCdc42,
there may be a condition that JNK1/2 undergoes palmitoylation following cytomix exposure
although this needs to be verified experimentally in the B-cell. This is because palmitoylation
of JNK3, one of the isoform of the JNK, regulate axonal branching and development in
cortical neuronal culture [154].

The upstream role of Racl over JNK1/2 activation in gluco-lipotoxic conditions [89],

cytokine-induced apoptosis of intestinal epithelial cell [107] and JNK1 mediated epithelial cell
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migration during wound healing [155] have shown in this study using Vav2-Racl and Tiam1-
Racl inhibitors. Lower concentration of EHop-016 inhibits both JNK1/2 indicating that EHop-
016 is more potent than NSC23766 in inhibiting Racl activation. The absence of inhibitory
effect of 2-BP, EHop-016 and NSC23766 on p38 MAP kinase activation implies that
palmitoylation and Racl activation are not required for cytomix-induced p38 MAP kinase
activation.

As stated in those previous paragraphs, small molecular mass and heterotrimeric G-
proteins play important roles in cellular signaling events leading to glucose-stimulated insulin
secretion [27, 156]. A growing body of evidence is also suggestive of novel roles for these
signaling proteins in other B-cell functions including cell cycle progression, survival and
apoptosis [25]. It is noteworthy that the majority of these proteins undergo post-translational
modifications at their C-terminal cysteine residues [e.g., prenylation, methylation and
acylation], which are essential for their trafficking to relevant cell membranes for optimal
interaction with their respective effector proteins culminating in optimal regulation of B-cell
function [25, 27, 34].

Despite the compelling evidence that FTase and GGTases are acutely regulated by
glucose in the B-cell [156, 157], and that they are critical for insulin secretion [25, 31, 35],
very little is known with regard to potential alterations in these enzymes under conditions of
cellular apoptosis. Along these lines, studies by Kim and associates have demonstrated
degradation of the FTase/GGTase a-subunit under conditions of caspase-3 activation [158].
With this in mind, we quantitated caspase-3 activation, FTase/GGTase degradation and
cellular dysfunction in isolated B-cells exposed to cytomix and etoposide, a known inducer of
apoptosis in pancreatic B-cells. Our findings suggested that both cytomix and etoposide
induce caspase-3 activation and FTase/GGTase a degradation, and blocking the caspase-3

activation prevented the degradation of the common a-subunit of FTase/GGTase indicating
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that caspase-3 activation causes degradation and inactivation of FTase and GGTase that
leads to defective activation of key G-proteins, defective nuclear assembly of lamins and loss
of cell viability.

As a logical extension of the in vitro findings of cytokine-induced pancreatic (3-cell
dysfunction to an in vivo animal model, preliminary results have shown that both NOD mice
and BALB control mice islets express NOX2 subunits namely phospho-p47""[NCF1],
p67°"* Racl and gp91°"* ;however, the results obtained in this study are inconclusive and

yet to be confirmed.
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Chapter 7: Conclusion and Future directions

NADPH oxidase [NOX2] has cytosolic and membranous components. p47°"*,
p40P"* p67°"* and Racl constitute the cytosolic components and the membranous core is
comprised of gp91P"™/p22""* and Rapl. It is well established that the cytosolic core
translocates to the membrane for association with the membranous core to complete the
holoenzyme assembly and catalytic activation. Several lines of evidence from multiple
laboratories including our own implicated NOX2 in dysregulation of the islet B-cell exposed to
a wide variety of pathological conditions, including chronic exposure to high glucose,
palmitate and proinflammatory cytokines. The present study yielded some novel findings
suggesting that: [i] cytokines induce p47°"* phosphorylation, gp91°"™* expression, NOX2
activation, JNK1/2 and p38 MAP kinase activation under acute regulatory conditions; [ii] 2-
BP, a classic inhibitor of protein palmitoylation significantly attenuated cytomix-induced Racl
activation, NOX2-mediated ROS generation, iINOS-mediated NO release, JNK1/2 activation
providing clues that protein palmitoylation step represents a novel therapeutic target for
cytokine-induced pancreatic B-cell dysfunction; [iii] Cytokine-induced JNK1/2 activation
requires Tiam1-Racl and Vav2-Racl axis.

Follow up studies to present findings will include the following:
» Evaluate if 2-BP, EHop-016 and NSC23766 prevent NOX2 activation and ROS
generation in pre-diabetic islets exposed to cytokines in vitro.
» Demonstrate if treatment of pre-diabetic NOD mice with 2BP, EHop-016 and

NSC23766 prevent the incidence or delay the onset of diabetes.

» Molecular biological studies [siRNA] of the regulatory role of palmitoyl
transferase/esterase in cytokine-induced metabolic dysfunction of the pancreatic (-

cell.
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» Study the role of other isoforms of NADPH oxidase [NOX] in cytokine-induced

pancreatic -cell dysfunction.
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ARTICLE INFO ABSTRACT

Article hisory: Phagocyte-like MADPH oxidase (Mox2) has been shown to play regulatory roles in the metabolic
Received 24 August 2012 dysfunction of the islet B-cell under the duress of glucolipotoxic conditions and exposure to
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proinflammatory cytokines. However, the precise mechantsms underlying Nox2 activation by these
stimuli remain less understod. Tothisend, we report a time-d epend ent phosphorylation of pa7phe:,
acytosolic subunit of Nox2, by cytomds (IL- 15 + THFx + IFN+) in insulin-secreting INS-1 832/13 calls.
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NADPHu:dE: Eromapalmitate (2-EPL, a known inhibiter of protein palmitoylatien, markedly attensated cytokine-
2. Brormeamiali induced, Moxd-mediated reactive oxygen gpecies (ROS) generation and inducible nitric oxide
Cytakines symthase (INOS -med lated nitric oxide (ND ) generation. However, 2-BP failed to exert amy significant

Oxidative stnees
Nitrosative shress

effects on cytom bt-induced CHOP expression, a marker for endoplasmic reticulum stress. Toget her,
ouer fimdimgs id ent ify palmitoylransferase as a target for inhibd ton of cytomix-induced ostldative (ROS

generation) and nitrasative (MO generation) stress in the pancreatic f-cell
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1. Introduction

Type 1 diabetes is characterzed by an absolute insulin
defidency arising from progressive autoimmune destruction of
insulin-secreting pancreatic [f-cells [ 1-3]. During the progression
of this disease, several proinflammatory oytokines, including IL-
1[5, TNFe and IFMy are secreted into the islets by infiltrated, and
actvated T cells and macrophages, which, in turn, elicit damaging
effects on pancreatic f-cells. However, putative mechanisms and
the underlying signaling mechanisms involved in coytokine-
induced loss of [B-cells remain only partally understood [4.5].
Among numerous mechanisms proposed, IL-1j3 has been demon-
strated to mediate its effects via the induction of indudhble nitric
oxide synthase (iNOS5), which, in turn, promotes cytotoxic NO

Abbreviahions: 2-BF, 2-Bromopalmitate; BSA, Bovine serum albumin; CHAPS, 343-
chalamid opropyl) dimethylammaonio | 1-propanesufonate; CHOP, CEBP homalo-
gous probein; DTT, Dthiothreiin |; EDTA, Ethylenedi amineestraacetic acid; S, Petal
bovine serum; HEPES, 4+ 2-hyd racyesthyl)-1- piperazinesthanesul fonic acid; iNCE,
inducible mitric axide synthase; NO, nitric oxide; Mox2, phagocyte-lilke NADPH
oxidase; NagWdy Sodium orthovandate; IO Protease inhibitor aoddadl; PMEF,
Phenylmethanesulfonyfluoride; RIPA, Rad io immuno-precipi taton assay; and ROS,
Reactive oxygen species.

* Comespanding author at: B4237 Research Service john D. Dingd] VA Medical
Center 4646 |ohn B Detroit, Ml 28201, United States. Tel: +1 313 577 54a0;
fax: +1 313 577 2033,

E-mail addrece: aloowhim@med waynesdu (A Kowhiml

O006-2952 8 - see front matter. Published by Elsevier Inc.
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release culminating in [3-cell demise. In addition, THFa and IFMy
elicit regulatory effects on [B-cell function via regulation of
individual metabolic signaling steps leading to cell death [6-8]
Along these lines, previous studies have suggested that [FMy
sensitizes human islets to the effects of IL-13 [9].

In addition to NO, several recent studies including our own have
sugpested that phagocyte-like NADPH oxidase (Mox2) contributes
toloss of f-cell function, metabolicdysregulation and the loss of -
cell mass under the duress of pathological conditions such as
glucolipotoxicity and exposure to oytokines, Spedfically, we have
demonstrated that chronic exposure of isolated f-cells to oy tomix
leads to Mox2 holoenzyme activation, ROS generation, mitochon-
drial dysfunction and cell death | 10-14]. Moreover, using selective
inhibitors of Racl, a small G-protein, which is a member of Mox2
holoenzyme, we have been able to demonstrate that inhibition of
Racl activation leads to prevention of ROS generaton and
mitochondrial dysregulation inisolated [-cells [14-16]. Interest-
ingly howewver, we failed to see any dear effects of Rac1 inhibitors
on cytomix-induced MO generation suggesting involvement of a
Raci-independent mechanism for cytomix-induced MO release in
these cells.

Jastmch recently pointed out a need for the development of
pharmacological probes reagents that can block both ROS and MO
generation in pancreatic [f-cells exposed to cytomix as simulta-
neous release of both ROS and MO could lead to the formation of
peroxynitrite, which may be more damaging to the [-cell
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compared to ROS or NO alone [17] Therefore, as a logical
extension to our recently published evidence | 14], we undertook
an investigationto assess therole sofprotein palmitoylationinthe
cascade of events leading to cytomix-induced ROS and NO
generationin INS-1 83213 cells. Wedesaibe evidence to suggest
that 2-bromopalmitate, a selective inhibitor of protein palmitoy-
lation, markedly attenuates cytomix-mediated ROS and NO
generation in these cells. Our findings identify pal mitoyltransfer-
ase as a target for inhibition of gytomix-induced oxidative (ROS
generation) and nitrosative (MO generation] stress in the
pancreatic [-cell

2. Materials and methods
2. 1. Materiak

IL-1[, THNF and NPy were purchased from R & D Systems
(Minneapaolis, MN). Antisera directed against p-p47phox (NCF1)
and gp9iphox were from Abcam (Abcam Inc, Cambridge MA).
Anti-pd 7phox was from Santa Cruz Biotechnology (SantaCruz, CA).
2 7-dichlorofluorescein diacetate (DCHF-DA], 2-bromopalmitate,
Griess reagent were obtained from Sigma-Aldrich (5t. Louis, MO,
Anti-mbbit lgG-homsemdish peroxidase conjugate and enhanced
chemiluminescence (ECL) kits were from Amersham Biosciences
(Piscataway, ML

2.2 Insulin-secredng INS1 832/13 cells and culture conditions

INS-1 832/13 cells were cultured in RPMI-1640 medium
containing 10% heat inactivated FBS supplemented with 100 U}
ml penicillin and 100 IUjml streptormydn, 1 mM sodium py nuvate,
50uM 2-mercaptoethanol and 10 mMHEPES{pH 7.4 ). The cultured
cells were subcloned twice weekly following trypsinization and
passages 5361 were used for the study. IN5-1 832/13 cells were
incubated with oytomix (IL-1[3, TNFe and INFy; 10ng/ml each) or
individual cytokines (25 ng/ml) for 0-24 h as indicated in the text.
In select studies, INS-1 832/ 13 cells were incubated with cytomix
(IL-1[@, TMFz and IMFy; 10 ng/ml each) in the presence and
absence of 2-bromopalmitate (100 pM) for 24 h. At the end of the
incubation period thecells were harvested and lysed in RIPA buffer
containing 1 pgiml protease inhibitor codktail, 1 mM MNaF, 1 mM
PMSF, and 1 mM MazV0..

2.3, Isolztion of membrane froction

IMN5-1 83213 cells were treated with oytomix forthedesignated
time points as indicated in the text. At the end of the inubation
period, cells were was hed with ice-cold PBS, harvested by scraping
and pelleted by centrifugation at 2000 rpm for 5min at 4 “C After
re-suspending in the homogenizing buffer (50 mM Tris-HO, pH
74, 250 mM sucrose, 1mM EDTA, 1 mM DTT, TmM PIC, 1T mM
PMSF and 1 mM MasV0s)and sonication, unbroken cells and nudei
were sepamted by centrifugation at 1300 rpm for 10min. The
cleared supernatant was further centrifuged at 40,000rpm for
30 min (Opd ma ™ MAX Ultracent rifuge). The cytosol fracion was
separated and the membrane fracion was dissolved in 2% CHAPS.

2.4, ROS generation assay

IMS-1 83213 cells were plated in a 6 well plate and treated with
cytomix (IL-1[3, THFx and INFy; 10 ng/ml each} or individual
cytokines (25 ng/ml) for 24 h as indicated in the text. Subseguent-
ly, the media was removed and the cells were incubated further
with 2 7-dichlorofluorescein diacetate (DCHF-DA) at 37 °C for
30 min. The cells were washed twice with ice-cold PBS and
harvested, followed by loading equal amount of protein (50 pg)
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and reading the fluprescence using luminescence spectrophotom-
eter (Bo4B5nm and Em:535 nm) {PerkinElmer, Waltham, MAL

25 NO release assay

INS-1832/13 cells were plated in a 6well plate and treated with
cytomix (IL-1[3, TMFax and INFy; 10ng/ml each) for 24 h as
indicated in the text. At the end of the incubation period, the media
was oollected and centrifuged at 1000 g for 5 min. Equal amount of
media and Griess reagent were mixed and the absorbance
(540 nm} was measured using a micoplate reader (Maolecular
Devices, Sunmyvale, CA)

2.6, Westemn blotting

Pmoteins (- 30-40 pg/lane) were separated by SD5-PAGE on
10% (wjv) polyaoylamide mini gels and electro transferred to
nitrocellulose membmane. The membranes were blocked with 5%
BSA in 10 mM Tris-HQ, pH 7.6, 1.5M Nad and 0.1% Tween 20
followed by incubation with corresponding primary antibody and
secondary polyclonal rabbit antibody conjugated to horseradish
peroxidase. The protein signal was enhanced by chemilumines-
cence system and developed using Kodak Pro Image 400 R (New
Haven, CT) and Carestream Molecular Imaging Software was used
tomeasurethe band density. The same blots were used to probe for
[B-actin and total p47phox to ensure equal loading and transfer of
the proteins.

2.7. Smnstcal analysis

Results are expressed as mean + SEM. Statistical significant
difference between groups was evaluated by ANOVA followed by SNK
Post Hoo test where appropriate. P < 0005 was considered to be
statistcally significant.

3. Results

3.1. IL-1[3, but not TNFx or [FN+y promates ROS generation ininsufn-
seqreting INS-1 832/13 cells

We recently reported a significant increase in Nox2-mediated
generation of ROS in INS-1 832/13 cells. In the current set of
experiments we examined effects of individual oytokines on ROS
generation in order to determine which of the three cytokines
exert stimulatory effects on ROS generation in INS-1 832/13 cells.
Data in Fig. 1 indicated that of all the three oytokines tested,
namely IL-1[%, THFex or IFMv (25 ng/ml each; 24 hr) only IL-15
significantly augmented (.25 fold) ROS generation; these values
were comparable to those demonstrated in the presence of all the
three oytokines combined (referred to as gytomix throughout ). A
maodest, but insignificant, effect of TMFo@ (bar 1 vs. 3 JorIFN-y (bar 1
vs 4], was demonstrated under these conditions. Therefore, we
determined the effects of gytokines on Mox2 activation in all the
studies described from here on since the cytomix represents an
appropriate model to determine effects of cyto kines on islet f-cell
dysfunction

32 Cyromix stimulates the phosphorylation of pd Fphox in @ ome-
dependent manner

Recent studies from our labomtory and others have shown that
cytokines induce the expression of pd7phox, and siRNA-mediated
depletion of endogenous pools of p47 phox markedly attenuated
cytokine-induced Mox2-mediated ROS generation in insuline
seeting cells [14] Furthermore, evidence in other cell types
indicates that p47phox is phosphorylated subsequent to agonist
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Fig. 1. IL-1[ bt not THF ce and INF vy, activates RS generation in IMS-1 83213
oells INS-1 832/13 cells wene treated with individual gaolkines (IL15, TNF @ and
INF ~y; 25 ng fmil =ach) for 24h and the amount of ROS generation was mezxursd
with 2" 7-dichlorofluorescein discete assay. Data repressnt mean =5EM from
three indspendent agpariments and expresed 2= L of aomtral. * P« 0 0% versus contral.

actvation [18,19] and that the phosphorylation step is necessary
for its translocation to the membrane fraction for assodation with
other members of the Mox2 core proteins to complete holoenzyme
assembly leading to the activation of Mox2. This has not been
examined before in islet B-cells exposed to cytokines. Data in
Fig. 2 (Panel A} suggested a time-dependent activation of p47pho
(0-60 min) following exposure to cytokines. We observed nearly a
2-fold increase in the phosphorylation of p47 phox by cytokines
within an hour of incubation (Panel B). These data suggest that
cytokines induce phosphorylation of p47phoo
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Fig 2 Cybom x induoes time-dependent phosphory Lation ofp47? phocin |MNS=1 83213
oells IMNS=1 832713 o=lls weere treated with cytomix (1L 1[5, THPe. and INFy, 10 ngfmil
each) fiar different time intenval s as indi @tedin the figure. Degree o fphospharylation
of pd7phox was determined by Western blot (Panel A) followed by densitometry
{Pamel B Data are normalized to toil pdfphoxcontentin @r s ponding lnes. Data
represent mean = 5 M fom three independ ent experiments and expressed a5 peroent
comral of the ratios between phosphorylated and iotal p4iphox * F < 0L05S versus
camtral
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33 Cytomix simulates the expression of gp9iphox n a time-
dependent manner

We next investigated alterations, if any, in the expression of
egp9iphox in cells following exposure to cytomix To address
this, INS5-1 832/13 cells were incubated in the presence of
oytomix for different time intervals (0-60 min) as abowve (Fig. 2).
Relative abundance of gp91phox was determined in the total
membrane fraction isolated by a single-step centrifugation
method [see Methods] by Western blotting for gp91 phox (Fig. 3;
Fanel A) and densitometry (Fig. 3; Panel B). These data indicated
atime-dependent increase in the expression of gp@1phox in IN5S-
1 832113 cells following exposure to cytomix. A significant
increase in the expression was seen as early as 20min (-2 fold),
which appear to plateau with time. Together, these data are
indicative of positive modulatory effects of oytomix on Mox2 in
IM5-1 832/12 cells. Such effects are comprised of increase in the
activation of Racl [14,16], phosphorylation of p47phox and
expression of gp9iphox (this study); such conditions are
essential for activation of Nox2 enzyme.

3.4, A protein palmitoylation step is necessary for cytomix-nduced
ROS penerz on in INS-1 832413 cellk

Our recent studies have demonstrated that activation of Raci is
necessary for cytokine-induced Nox2 activation and ROS genem-
ton. In this context we reported a marked increase in Racl -GTP
(active conformation) formation in IN5-1 832{13 cells following
exposure to oytomix |14). We also showed that prior incubation of
INS-1 832/13 cells with GGTI-2147, an inhibitor of geranylger-
amylation of Racl or NSC23766, a known inhibitor of Raci
mediated by Tiam1, a guanine nucleotide exchange factor for
Rac1 markedly attenuated cytomix-induced ROS generation [14]
Themfore, we determined the effects of 2-bromopalmitate, a
known inhibitor of protein palmitoylation, on oytomix-induced
RO5 generation. These studies are based on the recent repors
of palmitoylation of Racl at a cysteine mesidue upstream to the
C-terminal cysteine. To address this oytomix-induced ROS
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Fig. 3. (yimmix increases time- dependent expression of gp91 phax in INS-1 83213
ks INS-1 83211 3 ozl bs weene treated with cytomix (111 [ THPz, and INFy, 10 ngfmil
each) for different tme points a5 indicted in the figure. Degree of gpd91phax
expression was measured by Western blot (Panel A) followed by densitometry
(Pamel B} Data are normalized to f-actincontent in individual lnes. Dat represent
meean = SEM from three independent experiments and expressed & % of aontral. *
Pz Q05 versus aontral and & P e (U05 versus 20 min and 20 man.
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penerabion was guantitated in INS-1 832/13 cells incubated in
the presence of diluent alone or 2-BP (100 pM; 24 h) Data
depicted in Fig. 4 indicated no significant effects of 2-BF on basal
ROS generation (bar 1 vs. har 2). However, gytomix-induced ROS
penerabion was completely abolished by 2-BP (bar 3 ws. bar 4).
These findings suggest that a palmitoylaton-dependent signaling
step is necessary for cytomix-induced ROS genemtion.

3.5 A protein palmitoylation step is necessary for cytomie-induced
nitric wade generaton m INS-1 832713 cells

It is widely felt that both oxidative (ROS5) and nitrosative (NO)
stress could contribute to impairment of the overall health ofthe
islet [f-cell |7,20-23). Such concerns were raised indeed by
investgators in the area warranting additional studies to
investgate potental targets which could regulate both ROS
and MO generation signaling steps under the duress of cytokines.
To this end, we have previously reported that a palmitoylation-
mediated signaling step may be necessary for cytokine-induced
iNOS gene expression and NO release |24 ] Herein, we revisited
those earlier studies to demonstrate that inhibition of protein
palmitoylation by 2-BP inhibits cytomix-induced NO release in
INS1 832{13 cells. Datain Fig. 5 suggested no direct effects of 2-
BF on hasal NO release (bar 1 vs bar 2). However, as in the case
with ROS generation (Fig. 4], 2-BP treatment also attenuated
cytomix-induced NO release (bar 3 ws. bar 4). Together, our
findings highlight the importance of palmitoylation asa unifying
mechanism involved in the induction of MoxZ-mediated oxida-
tive stress and iNOS-mediated nitrosative stress in panoreatic -
cells (see Section 4).

3.6 A protein palmitoylation step is not necessary for cytomix-
induced (HOP expression, a marker for endoplasmic redoufum siress

It is well established that ER stress underlies oytokine-
mediated metabolic dysregulation of the islet B-cell [25-27].
Furthermore, recent studies by Baldwin and assodates have
suggested a citical requirement for protein palmitoylation in
palmitate-induced CHOP expression (a marker for ER stress) in
that 2-BPF significantly attenuated palmitate-induced CHOP

Fig. & (ywmmix-induced NO release is inhibited by 2-BF INS-1 832113 o=lls weere
treated with oytomix (IL1fE, THF e and INFry; 10 ngiml sach) for 24 h time pointin
the presence and absence of 2-bromopalmitate {100 M) and the amount of nitric
oxide release wan measured using Griess assay. 2 -Bromopalmitate signifiamihy
decreased cytomix-induced nitric axide release. Data represent mean = SEM from
three independent experiments. * P« LI5S versus commol and & P Q05 versus
Cytamis

expression in insulin-secreting RINmSF cells | 28]. Therefore, we
investigated if cytomix-induced CHOP expression in INS-1 832/13
cells is sensitive to 2-BF. To address this, cytomix-induced CHOP
expression was measured in cells incubated in the presence of
diluent aloneor 2-BP. Data depicted in Fig. & represents aWestern
blot for the expression of CHOP. It suggested no clear effects of 2-
BF on (HOP expression under basal conditions (lane 1 vs. lane 2).
Exposure of these cells to cytomix significantly increased CHOP
expression (lane 1 wvs. lane 3). However, provision of 2-BP to
cytomix-treated cells did not exert any significant effects on CHOP
expression (Lane 3 vs.lane 4) suggesting that protein palmitoyla-
tion is not necessary for cytomix-induced CHOP expression.

4. Discussion

Emerging evidence from multiple labomtories including our
own implicates megulatory roles for Mox2 in the metabaolic
dysfunction under the duress of glucolipotoxicity and cytokines
|10,14-16.21]. The owerall goal of this study was to further
understand Mox2 regulaton in pancreatic [i-cells exposed to
cytomix. Our studies yielded some novel clues suggesting that: (i)
cytokines induce p47 phox phosphorylation and gp9 1phox ex pres-
sion under amute regulatory conditions; (ii) 2-BF, a dassic inhibitor

CHOP ﬂ! — —

ACHn — — — —
Cytomix - - + *
2-RP < + s +

Fig & Cytomix-induesd CHOP (CEBP homologows protein) expression @5 not
inhibited by 2-bromopal mitate. 1M8-1 832713 cells were treatesd with oyiomix
{IL1[5, TNF e amd INF -y; 10 ngfml each for 24 h time point in the presenos and
abzence of 2-bromopalmitate (100 g3 ) The level of CHOP expression, amarker for
endoplasmic retiaulum (ER) stres, was measured by Western blot. Bqual protein
loading was eonfirmeed by [B-actin content inindividual Lmes_ A repres=ntative blot
from three independent sxperiments is shown here
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of protein palmitoylaton significantly attenuated cytomix-in-
duced, Mox2-mediated RO5S generation and iNOS-mediated NO
generation Interestingly, 2-BP failed to affect cytomix-induced ER
stress (CHOP expression ). We believe that ourcurrent data provide
clues that protein palmitoylation step may represent a novel
thempeutic target for cytokine-induced ROS and MO generaton

Mox2 holoenzyme is comprised of cytosolic and membranous
cores, The cytosolic core is comprised of pd7phox, pdOphox
p67phox and Rac1 whereas the membranous core is comprised of
e iphox/p2 2phox and Rapl [12,13.21]. Itis well established that
the oytosolic core translocates to the membrane for association
with the membmnous core to complete the holoenzyme assembly
and catalytic actvation. Several lines of evidence from multiple
laboratories including our own implicated Nox2 in dysregulation
of the islet [B-cell exposed to a wide variety of pathological
conditons, inchuding chronic exposure to high gluoose, palmitate
and pminflammatory cytokines [10,11,14,15]). More recent studies
from our laboratory have also suggested hyperactivation of Mox2
in islets derived from type 2 diabetic human donors and animal
models such as the Zucker Diabetic Fatty rat [29). Together, the
above studies implicate novel megulatory roles for Mox2 in the
pathophysiology of diabetes.

In the context of the currently described studies, we have
recently published evidence to suggest that exposure of isolated (-
cells to proinflammatory cytokines results in ineased expression
of pd47phox, a member of the oytosolic core of Nox2, within 12-
24 h We have also shown that Racl, another oytosolic component
of Mme2, gets activated transienty (15 min) following exposure
to cytokines |14). More importanty, our data also suggested that
inhibition of p47phox function wia siRMNA-p47phox or Racl
functons using inhibitors of Racl prenylation (ie, GGTI-2147)
or its GTP-exchange functions by Tiami1 {eg. MNSC23IT766)
significantly attenuated cytokine-induced ROS generation and
loss of mitochondrial membrane potential. Interestingly, neither
GGETI-2147 nor NSC23766 prevented oytokine-induced NO gener-
ation |14 ] suggesting that Nox2 activaton is notupstream toiNOS
induction and MO release and the two signaling steps areregulated
by two distinct mechanisms.

Original studies from our laboratory have suggested that a
protein palmitoylation step controls cytokine-induced iNOS gene
expression and NO release in insulin-secreting [-cells |8.24].
Therein, we identified H-Ras, a small G-pmotein, as one of the
palmitoy lated proteins, which is involved in cytokine-induced NO
release. These conclusions were confirmed via the use of two
selective inhibitors of protein palmitoylation, namely cerulenin
and 2-BF [24]. Furthermare, we have also been able to demonstrate
that selective inhibitors of protein farnesylaton (e.g., allylfarne-
sols, manumycin damnacanthal, FTI-277] markedly attenuated
cytokine-induced MO release thereby suggesting that farnesylation
as well as palmitoy lation of H-Ras may be necessary for oytokine-
mediated effects on MOrelease [ 21). Identity of H-Ras as one of the
regulatory proteins imvolved in cytokine-induced MO release in [3-
cells was also confirmed through the use of bactenral toxins | 8].
Interestingly, our current findings demonstrated that 2-BP ako
inhibited cytokine-induced Moo adtivation and ROS generation
suggesting that protein palmitoylation might be crudal to
cytokine-mediated effects. While these data do not directly
address the guestion of potential identity of the protein, it may
be Racl since recent studies [30] suggest that Racl undergoes
palmitoylation at cysteine residues upsiream to the prenylated
cysteine This remains to be verified in the context of current
studies. Along these lines, recent studies from Corbett’s laboratory
have demonstrated a requirement for a palmitoylation step in
palmitate-induced metabolic dysfunction of the islet f-cell [28].
Interestingly, they reported a significant inhibition in palmitate-
induced CHOP expression and associated metabolic dysfunction of

the islet f-cell in the presence of 2-BP. While our results further
validate such a model in the context of optokines, we failed to
observe any significant effects of inhibiton of protein palmitoyla-
ton with 2-BP on cytokine-induced CHOP expression suggesting
distinat mechanisms underlying palmitate and cytokine-induced
HOFP expression and ER stress. Additional studies are needed to
furtherunderstand these signaling steps under these experimental
oonditions,

Cur current findings also implicate alterations in the oytosolic
and membranous core proteins under amute conditons in the
presence of cytokines. For example, we have demonstrated that
exposure of IN5-1 §32/13 cdls to grtomix resulted in a time-
dependent phosphorylation of pd47phox and expression of
g iphox within 20 min of exposure. Interesingly, we have
mreported a significant activation of Racl by cytokines under short-
term exposure conditions |14 ] These kinetics are consistent with
translocation of gytosolic components to the membrane fraction
for holoenzyme assembly. Together, our studies further validate
regulation of Mo2 function by oytokines under short-and long-
term exposure conditons leading to metabolic dysregulation of
the islet B-cell.

Based on the data accrued thus far we propose a working
madel (Fig. 7) for cytokine-induced metabaolic dysregulation of
the islet [F-cell with an emphasis on Mox2 and iNOS signaling
pathways. We propose that exposure of isolated [B-cells to
proinflammatory cytokines leads to generation of oxidative
(increase in RO%) and nitrosative (indease in NO) stress
mediated by Mox2 and iNOS, respectively. Previously published
evidence from our laboratory suggested marked attenuation of
oytokine-induced Mox2 activation and ROS generation by siRMNA-
pi7 phox, apocynin, N323766 and GGTI-2147. We have also
demonstrated that the abowe manipulations prevented mito-
chondrial dysfunction induced by cytokines |[14]. Published
evidence from our laboratory also suggested a marked diminu-
ton incytokine-induced iNOS gene expression and NO release by
Qostridial toxins [8,3 1], farnesyl ransferase inhibitors [21], and
inhibitors of palmitoylation such as cerulenin and 2-BP [24].
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COur current observatons further implicate a palmitoylation-
dependent signaling step in cytokine-induced MNox2-mediated
ROS generation Together, these data suggest that protein
palmitoyltransferase might serve as a novel the mpeutic target
for the preventon of gytokine-induced oxidative and nitrosative
stress leading to mitochondrial dysfunction and accelerated cell
death. In addition, our current studies are also suggestive of acute
regulation of Mox2 subunits by cytokines, which has not been
demonstrated before in the islet B-cell. While our earlier studies
identified H-Ras as the palmitoylated protein which regulates NO
release induced by cytokines, the identity of the palmitoylated
protein that regulates cytokine-induced ROS generation remains
to be determined. It would be interesting to see such a protein
that regulates Mox2 activaton and ROS generation under the
duress of various pathological stimuli inchuding high glucose,
saturated fatty acids and ceramide. These are being investigated
in our laboratory currently.
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Severﬂl lines of recent evidence pro-
vided compelling evidence to suggest
increased generation of reactive oxygen
species (ROS) as causal for mitochon-
drial dysregulation and apoptosis in
islet B-cells exposed to noxious stimuli
including high glucose, lipids and pro-
inflammatory cytokines. Studies along
these lines are also sugpestive of a sig-
nificant contributory role for NADPH
oxidase in the generation of ROS under
the above conditions. We have recently
reported a marked increase in the expres-
sion and activation of cytosolic compo-
nents of MADPH oxidase (p47phox,
Racl} in cell culture models of glucotox-
icity and in islets from T2DM animals
(Zucker Diabetic Fatty rat) and humans.
In this communication, we provide fur-
ther evidence indicating significant acti-
vation of NADPH activity (-2-fold) in
INS-1 832/13 cells exposed to chronic
hyperglycemic conditions (20 mM; 48
h). We also report marked attenuation
of this activity, by apocynin, a selective
inhibitor of phagocyte-like NADPH oxi-
dase (Mox2) activity. Topgether, our find-
ings implicate Mox2 as a source for ROS
generation in B-cells exposed to gluco-
toxic conditions.

Introduction

Emerging evidence from in vitro and in
vivo studies provides strong support o
the hypothesis that chronic exposure of
B-cells to clevated glucose (e, glucoto-
icity), lipids {ie.. lipotoxicity) or glicose
plus lipids {e.g.. glucolipotoxicity) results
in a significant metabolic dysregulation

eventually leading to cell demise [for a
review see ref. 1], Published evidence also
suggests 2 marked increase in the genera-
tion of ROS, which manifests in increased
oxidative stress in cells under the condi-
tions of plucotoxicity [for a review see
refs. 2 and 3]. Several mechanisms have
been put forth in this context, includ-
ing depletion of intracellular redox state
via the oxidation of reducing equivalents
{e.g., reduced glutathione) and activa-
tion of superoxide-generating enzymatic
machinery."*

One of the enzymatic steps involved in
the increased peneration of ROS and asso-
ciated induction of intracellular oxidative
stress in the pancreatic B-cell includes
activation of the phagocytic NADPH-
oxidase {Mox2) system.™ Nox2 is a highly
regulated membrane-associated  protein
complex that catalyzes the one electron
reduction of oxygen to superoxide anion
involving oxidation of cytosolic NADPH.
The phagocytic NOX is 2 multicompo-
nent system comprised of membrane as
well as cytosolic components. The mem-
brane-associated catalytic core is a com-
plex comprising gpd17=, p22¥= and the
small G protein Rapl. The cytosolic regu-
latory components include p47e=, paiehes
and the small G protein Rac. After stimu-
lation, the cyrosolic components of NMOX
translocate to the membrane fraction for
association with the catalytic core for
holoenzyme assembly. Available evidence
suggests that a protein kinase Cl-sensitive
phosphorylation of p47= leads to its
translocation to the membrane fraction. It
has zlso been shown that functional acti-
vation of Rac (Le, GTP-Rac) is vital for

©2013 Landes Bioscience. Do not distribute.
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Figure 1. Exposure of IN5-1 832013 cells leads to activation of apocynin-sensitive NADPH oxidase
activity. IN5-1-832-13 cells were incubatad with low glucose (LG) and high glecose (HG) inpres-
ence and absence of apocynin (Apa; 100 pM) for 48 h and MADPH oxidase enzyme activity was
measured for 15 min. The data are expressed as percent of control. Nox2 enzyme activity was
expressed as chemiluminescence units per mg lysate protein per minute. *p < 0.05 vs. LG; "p <

the holoenzyme assembly and activation
of NON.?

Sewveral recent studies have demon-
strated localization and functional acti-
vation of the NOX in clonal B-cells,
normal rat islets and human islets under
the duress of various stimuli known to
cause metabolic dysregulation® Some
of these stimuli include, but are not lim-
ited to, high glucose, saturated fatty
acids and proinflammatory cytokines®*
Recently, we have reported increased
RO generation in islets from the diabetic
Fucker Diabetic Fatty (ZDF) rat and
type 2DM human islets.” In that study,
we also provided evidence to implicate
Racl-Mox2-ROS-JNK1/2 signaling cas-
cade in glucose-induced metabolic dys-
function of the islet. However, we have
not directly quantitated Nox2 activity in
isolated B-cells exposed to hyperglycemic
conditions to conclusively demonstrate
that Mox2-derived ROS generation is
critical for high plucose-mediated effects
on B-cell dysfunction. Therefore, a brief
study was undertaken to  quanticate
MNADPH oxidase activity in INS-1 B32/13

cells exposed to hyperglycemic condi-
tions. To further demonstrate that such
an activity represents Mox2, we included
apocynin, a selective inhibitor of Nox2, in
the assay. We provide evidence below to
demonstrate a significant increase in apoc-
ynin-sensitive NADPH oxidase activity in
[MN5-1 832/13 cells exposed to glucotoxic
conditions.

Results and Discussion

As stated above, Nox2 is comprised of
cytosolic and membrane core of proteins.
Following stimulation, cytosolic com-
ponents of the enzyme translocate to the
membrane for association with the mem-
branous components to form the holo-
enzyme culminating in the functional
zctivation of the enzyme. Since earlier
studies have demonstrated  significant
increase in ROS generation in B-cells
exposed to high glucose,” we aimed here to
quantitate Nox2 activity in IN5-1 832/13
cells, and then to determine potential
regulatory  effects of glucotoxic condi-
tions. Data in Figure 1 sugpgested no clear

Islets

effects of apocynin on NADPH oxidase
activity in INS-1 832/13 cells under basal
{low-glucose) conditions (bar 1 vs. bar 2).
However, exposure of these cells to high
glucose resulted in a significant increase
{-2-fold) increase in the enzyme activity
{bar 1 vs. bar 3). Furthermore, coprovi-
sion of apocynin to these cells markedly
artenuared the ability of glucotoxic condi-
tions to stimulate MADPH oxidase activ-
ity. These dara suggest that glucotoxic
conditions promote activation of apocy-
nin-sensitive NADPH oxidase activity in
isolated B-cells.

Owr findings provide further support
mw recently published evidence to sug-
gest increased generation of ROS in cell
culture models of glucotoxicity and in
islets from T2DM animals and humans.
Biochemical and cell biological stud-
ies have also demonstrated  increased
expression of pd7phox, 2 member of the
cytosolic core of Mox2 in these model sys-
tems.”” Furthermore, activation of Racl
{GTP-bound conformation) has also been
demonstrated in cells exposed to hypergly-
cemic conditions or in islets from animal
models of T2DM.” Lack of no effects of
apocynin on basal (LG) NADPH oxidase
activity suggests very little activation of
this enzyme under basal conditions. Along
these lines, recent studies by Koulajian and
associates have demonstrated significant
activation of NADPH oxidase activity in
rat islets following prolonged exposure
o non-saturated fatty acids, such as ole-
ate. Furthermore, they have demonstraged
a significant reduction in the activation
of NADPH oxidase by apocynin,? thus
affirming critical regulatory roles for chis
enzyme in metabolic dysfuncrion induced
by elevated glucose and lipids.

Materials and Methods

Materials. N.N-Dimethyl-9,9'-
biacridinium  dinitrate  {Lucigenin).
4'-Hydroxy-3'-methoxyacetophenone
{Apocynin) and 30 mM phosphate buf-
fer solution were from Sigma Aldrich Co.
NADPH was from Calbiochem. IL-1R
(201-LB-005) was purchased from R & D
Systems.

Cell culture and Mox? activity mea-
surement. IN5-1 832/13 cells were plated
in a G-well plate and starved overnight

Volume 5 lssue 3
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with low serum and low glucose media
in the presence and absence of apocy-
nin (100 pM}). Following this, cells were
treated with either low (2.5 mM) or high
glucose (20 mM) in the presence and
absence of apocynin (100 pM) for 48 h.
The NADPH oxidase enzyme activity was
measured using the method described by
Hwang et al.” Treated cells were homog-
enized using 50 mM phosphate buf
fer solution (pH 7.0} containing 1 mM
EDTA and 1 mM PMS5F. The homog-
enates were centrifuged at 3000 g for 10
min. The cleared lysates (250 ppiml of
protein} were then incubated with M, N'-
Dimethyl-9,9"-biacridinium dinitrate
(Lucigenin) (5 ubd) for 2 min followed by
the addition of MADPH (100 wM). The
chemiluminescence signal resulting from
rezction of superoxide anion and lucigenin
was recorded every 1 min for 15 min using
BioTek Synergy HT, Gen5. Nox2 enzyme
activity was expressed as chemilumi-
nescence units per mg lysate protein per
minute.
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Abstract Emerging evidence implicates novel roles for
post-translational prenylation (ie., farnesvlation and gera-
nylgemnylation) of vanous signaling proteins in a variety
of cellular functions including hormone secretion, survival
and apoptosis. In the context of cellular apoptosis, it has
been shown previously that caspase-3 activation, a hall-
mark of mitochondrial dysregulation, promotes hvdrolvsis
of several key cellular proteins. We report herein that
exposune of insulin-secreting INS 83213 cells or normal
rat islets o etoposide leads w0 significant activation of
caspase-3 and subsequent degradation of the common
a-subunit of farnesyl/geranyvlgerany]l tmnsferases (FTase/
GGTase). Furthennore, the above sited signaling steps
were prevented by Z-DEVD-FME, a known inhibitor of
caspase-3. In addition, trestment of cell lvsates with
recombinant caspase-3 also cmsed FTase/GGTase a-subunit
degmdation. Moreover, nifedipine, a caldum channel
blocker, markedly attenuated etoposide-induced caspase-3
activation, FTase/GGTase a-subunit degradation in INS
B3N cells and normal rat islets. Funther, nifedipine sig-
nificantly restored etoposide-induced loss in metabolic cell
viahility in INS 832/13 cells. Based on these findings, we
conclude that etoposide induces loss in cell viability by
inducing mitochondnal dysfunction, caspase-3 activation
and degradation of FTase/GGTase x-subunit. Potential
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significance of these findings in the context of protein
prenylation and f-cell survival are discussed.

Keywords Etoposide - Caspase-3 - Famesyl transferase -
Geranylgerany] transferase - Nifedipine

Abbreviations

CSP3 Caspase-3

ET Etoposide

FTase o Famesyvltransferase o subunit
GGTase x Geranylgeranyliransferase @ subunit

A FTase/GGTase  Hydrolvtic product of FTase/GGTase

x-subumnit

MTT F-4, 5-dimethylthi weol-2-y1)-2,
S-di phenvhetrazolium bromide

Nif Mi fesdi pine

Introduec ton

A variety of signaling proteins including small G-proteins
(e.g., Ras, Cde42 and Racl), the p-subunits of trimeric
Gproteins and nuclear laminsg (eg., lamin-B) undergo a
series of post-trans lational modifications at their C-terminal
cwvsieine residues including prenvlation (ie., farnesylation
and  geranylgeranylation) and  carboxylmethylation  [1].
Eurier studies have also demonstrated that such modifica-
tion steps are necessary for the tmificking of prenylated
proteins o appmoprigte cellular compartments for optimal
internction with and activation of their effector proteins
leading to cellular activation [2-5]. Prenvlation represents
the first modification step in which either a 15-cathon (far
nesyl) or a 20-cathbon (geranylgeranyl) derivatives of mew-
alonic acid ane incorporated into the substmite proteins. The
farnesy] transferase (FTase Jcatalyzes the transfer of farnesyl
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proups where as the geranyvlgeranyl transferase (GGTase)
facilitates the incorpomtion of the geranylgemnyl groups in
the presence of farnesyl pyrophosphate and peranylgeranyl
pymphosphate, respectively [6]. Examples of farnesylated
priteins include H-Ras, lamin-B and geranylgeranylated
proteins inclode small G-proteins such as Cded2, Racl, Rho
and Rapl [1]. FTase and GGTases are heterodimenc in
nature comprising of a common s-subunit, but distinet
f-subunits, amd the later confer the substmite speci ficity for
FTase and GGTases [7]. Using various pharmacological
inhibitors of FTase and GGTases (e.g., FTR2T77 and GGTI-
2147), or dominant negative mutant of the FTase/GGTase-x
subunit or sSIRNAS for FTase or GGTase f subunits, several
recent studies have demonstrated novel mles for protein
prenylation in nutrient-induced insulin secretion from clonal
B-cells and normal rodent 1slets [RB—12].

In the comtext of prenyl trans femse-medi ated regulation of
cellular iimetion, Kim et al. [13] have reported that the
commimn z-subunit of Flase/GGTase undergoes caspase-3
mediated cleavage into a smaller peptide { ~35 kDa) under
conditions of cellular apoptosis. For example, they demon-
stratesd caspase-3 activation and FTase/GGTase x-subunit
degmdation in 2 mouse lymphoma cell line (W4 cell
expressing the Fas receptor) following exposure 1o anti-Fas
antibodies. They also observed caspase-3 activation and
FTase/GGTase x-subunit degradation in Bat-2/H-ras cells
treated with an FTase inhibitor (LB42708) or in Rat-1 cells
treated with etoposide. Based on these observations, these
authoms implicated key mles for caspase-3 mediated degra-
dation of FTase/GGTase-x-5 ubuni tin cel lul ar apoptosis [ 13].

Given the above mentioned mgulatory roles of famesy-
latiom and geranylgemnylation in islet function including
insulin secretion and cell survival [1, 18], we undertook the
current study o determine if FTase/GGTase  e-subunit
undergoes cleavage inder conditions of caspase-3 activation
and cellular apoptosis in pancreatic f-cells. Speci fically, we
have examined the effects of etoposide, a genotoxic agent,
known to induce robust activation of caspase-3 in insulin-
secreting cells on FTase/ GG Tase a-subunit cleavage and cell
vighility in isolated pancreatic f-cells [14]. Lastly, we also
investigated potential roles of influx and intrac ellular accu-
mulation of calcium as an intermediary signaling event in
etoposide effects on caspase-3 activation, FTase/GGTase
x-subunit degmdation steps in the cascade of events leading
ter loss in cell viability in these cells.

Materials and methods
Materials

Z-DEVD-FME, a caspase mnhibitor, was from R&D Sys-
tems, Inc. (Minneapolis, MN). Antisera directed agninst
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cleaved caspase-3 (active form) and f-actin were from Cell
Signalling (Danvers, MA). The antiserum agunst the
FTase/GGTase-2 subumit was from Santa Cruz Biolech-
nology, Ine. (Santa Croz, CA). Anti-mouse or anti-rabbit
IgG-horseradish  peroxidase conjugates and  Enhanced
Chemiluminescence (ECL) kits were from  Amersham
Biosciences (Piscataway, NI). All other reagents used in
these studies were from Sigma Aldrich Co. (56 Louis, MO)
unless stated otherwise,

Insulin-secrzting cell culture and treatments

INS B32/13 cells were cultured in RPMI-1640 medium
contining 10 % heat-inactivated fetal bovine semum sup-
plemented  with 100 IW/ml  penicilin and 100 IU/ml
streptomyein, | mM sodiom pymvate, 50 ph 2-mencap-
toethanol, and 10 mb HEPES (pH 7.4). The medium was
chinged twice, and cells were subcloned weskly, Islets
from normal 6 week-old male Sprague—Dawley rats (Har-
lan Laboratories, Oxford, MI) were isolated by collagenase
digestion method. All prvocols, including isolation of
pancreatic islets from rats, were reviewed and approved by
our Institutional Animal Care and Use Committes. [NS
BIZN3 cells or rat islets were incubated with diluents
(DM S0 andfor ethanol) or etoposide (60 M) in presence
or ahsence of nifedipine (10 pM) for 6-12 h as indicated in
the text. In a separate experiment INS 832013 cells were
treated with either diluent or etoposide (60 phd) in the
presence or ahsence of peplide inhibitor Z-DEVD-FME
(25 pM) fer 6 h as stated in the texl

Recombinant caspase-3 studies

INS B32/13 cells were cultured to 80 % confluency and
washed twice with PBS, harvested and resuspended in
saumple buffer [0.5 % MNonidet P-40, 20 mM HEFES (pH
7.4), 100 mM NaCl and 20 mM DTT]. 50 pg of lysate
proteins were treated with recombinant caspase-3 (0-0.1
unit/mg protein) and incubated at 25 °C for 1 b Samples
were processed and immumopmbed for caspase-3 and
FTase/GGTase o

Western blotting

Proteins from INS 832/13 cells or mtislets wen separated
by SDS-PAGE on 10 % (w/v) polyacrylamide mini gels
and electrotransferred o mitrocellulose membrane. The
membranes were blocked with 5 % non fat dry milk in
TBS-T (10 mM Tris—HClL; pH 7.4, 88 g/ NaCl, and 0.1 %
Tween 20) for 2 h at room tempemture. The membranes
were then incubated overnight at 4 °C with antisera ruised
agninst the cleaved (active frgment) caspase-3 (1:250) or
FTuse/ GG Tase-x subunit 1 :400) in TBS-T containing 5 %
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(a)

Active caspasa-3 —
B actin | (P |
Etoposios (M) ¢ o 680 &0
TOEDV-FMK (250M) -  + -+
(b)
B
—

Caspase-3 activation (A L)
&

Fig. 1 Eioposide induwces caspase-3 activation and FTase/GGTase-a
degradation in TNS 832413 cells: Protection of these sgnaling deps by
Z-DEVD-FME, an inhibitor of caspase 3. INS 3213 cells were
treaied with ether dilvens (DMSO andior ethanol) o etoposide
{60 pM) in the presence o absence of peptide ishibdior Z-DEVD-
FME (25 pM: 6 h). Caspase-3 activation and FTase/GGTase-z
degradation were determined by Western blogting. Equal amount of

BSA. The membranes wemns washed 5 times for 5 min each
with TBS-T and probed with appropriate horseradish per-
oxidase-comugated secondary antibodies 1in 5 % non fat
dry milk in TB5-T at room temperature for 1 h. After
wishing, the immune complexes comprising of the target
proteins were detected using the ECL kit The membranes
then were stripped and repmbed with factin, The hand
intensity was gquantified and protein expression levels were
calculated melative o f-actin in the same sample.

Metabolic cell viability assays

INS B32/13 cells were seeded in 96-well plates and treated
a8 described above. After 6 h cell viability was determined
by wsing 3-(4 5-dimethy lthig ool -2-v1)-2 5-di phenyltetraeo-
liun bromide (MTT) assay  which was carmied oot
using manufacturer’s instructions. The mesults are shown as
relative optical density.

Statistical analysis

Results ame expressed as means with their standard errors as
indicated. Data are analyzed vsing one way ANOVA
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lysates protein were resolved by SDS-PAGE (10 %). Protein loading
was delemminad by actin conlent in individual lanes. A representative
blot indicaiing te caspase-3 activation (a) and FTase/GGTase-a
degradation (¢) i3 provided Quantitative analysis of data obiained
from three independent experiments for caspase-3 activation (b) and
FTase/GGTase-= degradation (d) was carried out by densiiometry.
Resulis are shown & mean £ SEM. *P < 008, ***F < (001

followed by Bonferroni posthoc test (GruphPad Prism 5:
GrmphPad Software, Inc., La Jolla, CA, USA). Differences
between control and trestment groups were considensd

significant if P - 005,

Resul s

Etoposide induces caspase-3 activation in INS B32/13
cells

At the outset, we quantitated etoposi de-induc ed activation of
caspase-3 in INS B32/13 cells. This was accomplished by
incubating these cells with etoposide (60 pM for 6 h) fol-
lowed by identification of the cleaved peptide of caspase-3
{active form) by Western blotting method. Data in Fig. 1a
show that etoposide significantly increased the emergence of
the active fonm of caspase-3 (lane 3 v, lane 1) Further,
coprovision of Z-DEDV-FME, a known inhibitor of cas-
pase-3, markedly atenuated etoposide-induced activation of
caspase-3 (lane 4 vs, lane 3). Data from multiple experiments
are prowided in Fig. 1b sugpesting that etoposide signifi-
cantly augments caspase-3 activity in INS 832/13 cells.
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(a)

Active caspase-3 —_—
ﬁ actin St e g — —
Recombinant caspase-3 i 1 10 100 1000
{X 10 wimg protein)
(b)
FTase/GGTase-a el p—
AFTase/GGTase o —
ﬁ actin C— — — |

Recombinant caspase-3 0 1 10 100 1000

(X 10 wmg protein)

Fig. 2 Incubation of INS 83213 cell lysates with homan recombd-
nani caspase-3 (CPP3I2) resulis in FTase/GGTae-a depradation in
INS 832713 cells. INS 832713 oell lysaes were weated with CFF32
{001 unit'mg protein) for 1 h as indicated in the fi gore followed by
separation on SDS-PAGE (10 %). Separaied proteins were iransferred
onto a ndirocellulose membrane and immunohloted for Caspase-3
and FTase/GlTase-=. A representative Western blot for caspase-3
activation (a) and FTaa/GGTaxe- degradation (b) is shown hene

(a)
l.n:l'rv:n:nq)ue-3| — —"'|
[ actin |— — — —|

Etcpoaide (1M 0 ] &0 B0
Mifedipine (10 gM] - . - .

(b)

1]
g

g

60

A0

20

Caspase-d activation (A

ﬂ_
Con Con+MNH  ET ET + NI

Fig. 3 Nifedipine prevenis etoposide induced caspase-3 activaton
and FTase/GGTaes degradation in INS 8313 cells. INS §3213
celk were eated with either diluents (DMSO andéor ethanol) or
etopodde (ET) {60 pM) in the presence or ahsence of MNifedipdne (Nif:
10 pM; & h). Caspase-3 activation and FTase G0 Tae o degradation
were determined by Western blod analysis. Protein loading was

@ ﬁpri:n.ge:

Etoposide nduces FTase/GG Tase a-subunit
degradation in INS 83213 cells and nomal mt islets

Asstated above, earlier observations from Kim and associates
have shown that the x-subunit of FTase/GGTase underpoes
cleavage by caspase-3. We next determined i etoposide-
induced caspase-3 activation cul minates in the degradation of
the FTase/GGTase x-subumit. To examine this, [vsates from
studhes describad under Fig. 1o, b were subjected 1o SD5-
PAGE amd relative sbundance of the degraded product of
FTase/GGTase a-subumit (~35 kDa) was determined by
Westem blotting. As depicted in Fig. le, d. a significant
increase in the degradation of FTase/GGTrse xsubunit was
naoticed in cells incubated with etoposide (Fig. le: lane 3 vs,
lane 1) In a manner akin to caspase-3 activation (Fig. 1a, b),
incubation of NS 83213 cells with an inhibitor of caspase-3
markedly  mduced  etoposide-induced  FTase/GGTase
z-subumit degradation (Fig. 1e: lane 4 vs, lane 33 Data from
multiple experiments are included in Fig. 1d.

Recombinant caspase-3 degrades FTase/GGTase
z-subumit in INS 832/13 cells

To further demonstrate that caspase-3 medistes  the
hydmlysis of FTaseGGTase wsubumit, INS 83213 cell
Ivsates wene incubated with human recombinant caspase-3

amd the mlative abundance of cleaved product of FTase/

(e)
Flase/GGTase-a | iy W W w—
AFTazelGGTase-a — —
B actin | — — — — |
Etoposide () o 0 ] 1]
Mifedipine {10 pM) - + - +
(d)
5
o 4 e
; 4 - —
P
]
= 2
o
o 2
o
1
-
e
- 0
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determined by actin content in individual lanes. Dhata are represen-
tative of four independent experiments. A mepresentative hlot
indicating the caspase-3 activation (a) and FTaaGGTae-x degra-
dation () is shown here. Quantitaiion of the active caspase-3 (b) and
FTasefGiTase-x degradation {d) was carded out by densiometry.
Resulis are shown a5 mean £ SEM. ***F < (.001
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GG Tase x-subunit was determined as above, Indeed, data is
Fig. 2 show the emergence of the degradative product of
FTase/GGTase a-subunit under conditions of caspase-3
activation. These data further support our observations in
Fig. 1 suggesting that etoposide induces caspase-3 activa-
tion leading o cleavage of Flase/GGTase a-subunit in
pancreatic f-cells,

Mifedipine protects etoposide-induced caspase-3-
medisted degmdation of FTase/GGTase w-subunit
in INS 832/13 cells and normal rodent 1sleis

Existing evidence in other cell types implicates critical
roles for intracellularly accumulated calcium in eliciting
mitochondrial — dvsfunction  and  caspase-3  activation
[15-18] In addition, avamlable data in many cell tvpes
indicated that etoposide-induced caspase activation may, in
part, be due o sccumolation of calcium intrmcellularly
[19, 20]. Themfore, in the next set of experiments, we
inwest gated 1f blocking the influx of extracellular calcium
by nifedipine, a known blocker of voltage-gated caleium
channels [21, 22], prevents etoposide-induced caspase-3
activation amd FTase/GGTase xsubunit cleavage in INS
BIV13 cells, Data depicted in Fig. 3a demonstrates a sig-
nificant reduction in etoposide-induced caspase-3 activa-
tiom in INS B3213 cells following coprovision with
nifedipine. Data  from  multiple  experiments  revealed

(a)

Active caspase-3 |

-

B actin

Etopoaide (uM) (] (] &0 &0
Hifedipine (10 pbl] - . - .

£ - . ——
5 -
4
3
-
14
o

Campase-3 activation (AU) T

Con Coni+NE ET ET + Nl

Fig. 4 Nifedipine prevenis etoposide induced caspase-3 activaton
and FTase/GiTase-a degradation in rat slets. Rat ilets wene treabed
with either diluens (DMSO andior ethanol) o eoposde (ET)
{6 |.|'H:| i the retenos of abdenos of Nifadi]:hue {Nif: 10 |.|'H: 12 hij.
Caspase-3 activation and FTaeGGTase-a degradation were deter-
mined by Weaemn blot analysis. Proein bading was determinad by

~ 70 % inhibition in etoposide-induced caspase-3 activa-
tion following incubation with mifedipine (Fig. 3b). We
then investignted if nmifedipine-trestment of pancreatic
fi-cells prevents etoposide-induced degradation of FTase/
GGTase-z-subunit. Data in Fig. 3o, d demonstrate a
marked reduction in etoposide-anduced  FTase GG Tase
x-subumt hyvdmlysis by nifedipine.

In a manner akin to INS 832713 cells, we also observed
privtective effects of nifedipine against etoposide induced
caspase 3 activation and FTase/GGTase a-subunit degra-
dation in normal rat islets. As shown in Fig. 40, b copro-
vision of nifedipine markedly attenuated etoposide-induced
caspase-3 activation in rat islets. Futthermore, nifedipine-
treatment of mt islets resulted in omatked reducton in
etoposide-indoced  FTase/GGTase  a-sobunit  hydrol vsis
(Fig. 4¢, d).

Mifediping protects etoposide-induced loss in cell
viability in INS 832/13 cells

As mentioned above, several lines of evidence in multiple
cell types including the islet f<cell implicate roles for
prenylated G-proteins in cell survival [1, 10]. Therefore, in
the lust seres of studies, we have examined if: etoposide
induces loss in metsbaolic cell viahility under conditions it
induced caspase-3 activation and FTase/GGTase x-subunit
degradation, amd if 50, whether nifedipine prevents such an

(c)
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.'!Fl'uuﬁﬁ'l'm-ul — e WEE |

ﬂ-lﬂ'ﬁﬂ | — E— U S— |
Etoposide [uM) 0 ] & B0
Mifedipine [10 M)} - + - +
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]

A FTasef GGTase-n(AL) 7
= K -

=)
I

Con Con+MNf ET ET+Nif

actin conient in individual lanes. Datm are representative of foor
independent experiments. A mepresentative blot indicating the
caipaie-3 activation (a) and FTase/GlTase-z degradstion (c) is
shown here. Quantimtion of the active capate-3 (b)) and FTase/
GGTase-a degradation {(d) was camied out by densitometry. Resulis
ame dhown &5 mean + SEM. *F = (005, **P = (001
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Fig. 5 Nifedipine prevents eioposide induced reduction in metabaolic
cell vishility in TNS 832413 celk. TNS 832/13 cells were incubated
with elther dilnens or etoposide (ET; 60 pM) in the presence o
ahsence of Nifedipine {Nif; 10 pM: & h) & indicaied in the figune.
Cell viability was measured by MTT assay. Data represent mean +
SEM from four independent experiments. ***P = 0.001

effect, To test this, cells were incubated with diluents or
etoposide andfor nifedipine in different combinations fol-
lowied by quantitation of viability of these cells using the
MTT method (see “Matenals and methods™ section for
additional detsils). Data in Fig. 5 indicate no significant
effects of nifedipine on cell viability (bar 1 vs. bar 2); these
data are in agreement with lack of effects of nifedipine on
caspase-3 activation and FTase/GGTase e-subumit degra-
dation in these cells. In a manner akin o its effecls on
caspase-3 activation and FTase/GGTase x-subunit degra-
dation, etoposide significantly reduced cell viability in INS
B33 cells (har 3 vs, bar 1), Coprovision of nifedipine o
these cells alongside etoposide markedly prevented loss in
cell viahility (bar 4 vs. bar 3). Together, these data suggest
that mifedipine affords protective effects against etoposide-
indvced caspase-3 activation, Flase/GGTase x-subunit
degmdation and loss in cell viability in pancreatic f-cells,

Dhiscussion

It is well established that small molecular mass and het-
erodrimeric G-proteins play important roles in cellular
signaling events lewding o glucese-stimulated  insulin
secretion [5, 12] A gmowing body of evidence is also
sugpestive of novel roles for these signaling prveins in
other fi<ell functions including cell cyele progression,
survival and apoptosis [1]. It is noteworthy that the
majority  of these proteins undergo  post-translational
moddi fications at their cderminal cysteine residues (eg.,
prenylation, methylation and acylation), which are essen-
tial for their trafficking o relevant cell membmnes for
optimal ntersction with their respective effector proteins
culminating in optimal regulation of f-cell function [1, 4,
5]. Despite the compelling evidence that FTase amd
GGTases are acutely regulated by plucose in the fcell
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[11, 12], and that they are critical for insulin secretion [1, §
4], very little is known with regard to potentiol alterations
in these enevmes under conditions of cellular apoptosis,
Along these lines, studies by Kim and associates have
demonstrated degradation of the FTase/GGTase x-subunit
under conditions of caspase-3 activation [15]. With this in
mind, we quantitated caspase-3 activation, Flase/GGTase
degradation and cellular dvsfunction in isolated f-cells
exposed to etoposide, a known inducer of apoplosis in
pancreatic f-cells. Our findings suggested that: (i) etopo-
side-induces caspase-3 activation, which in i, degrades
the common x-subunit of FTasefGG Tase; these signaling
events are blocked by a peptide inhibitor of caspase-3; (ii)
nifediping, a known inhibiter of plasma membrane-
associated calcium channels, madkedly attenuates etopo-
side-medinted effects on caspase-3 activation and FTase/
GGTase a-subunit degradation in INS 83213 cells and
normal rat islets: and (i) nifedipine protects pancreatic
fi-cells apninst etoposide-induced loss in metabolic viabil-
ity., Based on these findings we speculate that influx and
intracellular accumulation of calcium as one of the sig-
naling events leading 10 etoposi de-induced metabolic dys-
function of the islet f-cell, leading to the activation of
caspase-3 and FTase/GGTase x-subunit degrudation (see
below). Given our observations, one might ask the question
ahout the relevance amd implications of these cument
findings in the context of f-cell survival and function
These aspects are discussed below,

Existing evidence suggests that mhibition of protein
prenylation colminates in growth arrest, loss in cell vie-
bility and apoptiwis, thus implicating regulatory roles for
prenylated proteins, including small molecular mass and
trimeric G-proteins as well as nuclear lamins in cell survival
pathways [23, 24]. Furthermore, it has been demonstrated
that Nimetional inactivation of G-pmteing or GTP-requiring
signaling steps by depletion of intracellular GTP results in
cell demise. For example, onginal studies by Li and
associates [25] have suggested that prolonged depletion of
intrmeellular GTP via inhibition of inosine monophosphate
dehydrogenase wsing mycophenolic acid, results in the
apoptotic demise of the islet f-cell. These authors have
also demonstrated that fmctional  nactivation of Rho
Gproteins by clostridial toxins further potentisted myco-
phenalic acid-induced f-cell apoptosis. These data mise an
intemsting possibility that functional insctivation of islet
endogenous G-proteins either by GTP-depletion or func-
tiomal insctivation via Clostridial woxins or FTase/GG Tuse
inhibitors results in impaired cell viability, Lastly, it was
also demonstmted that inhibiion of protein farnesylation
using selective inhibitors of FTases (FTI-277 and FTE
2628) or siRNA-mediated knmockdown of the f-subunit of
FTase, markedly reduced plucoss-induced ERK1/2 phos-
phomvlation, Racl activation and insulin secretion in clonal
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fcells and normal rat islets [11]. Our current findings
ndicating a potential causal relationship betwesn  the
degmdation of FTase/GGTase a-subunit and loss in cell
vighility further validates the above experimental models
und postulations.

It 15 also noteworthy that our cument observations also
suggested mpgulatory roles for accumulation of cvtosolic
calcium in etoposide-mediated effects on caspase-3 acti-
vation and Flase/GGTase x-subunit degradation. These
findings are in concert with recent ohservations by Wang
et al. [26] who reported cvtoprotective effects, by nifiedi-
pine, against endoplasmic reticulum stress and apoptosis
induced by glucotoxic conditions in pancreatic f-cells.
Therefore, it is likely that such conditions could also pm-
mote fcell dysfunction wia a calcium-mediated  mito-
chondrial dysmegulation, caspase-3 activation and FTase/
GG Tase x-subunit degradation pathways leading to loss in
cell viability. This possibility nesds to be verified experi-
mentally, Indeed, recent observations from Shalev's labo-
ratory [27] have provided compelling evidence to suggest a
marked reduction by verapamil, a calcium channe] blocker,
of incressed expression of pro-apototic thioredoxd n-inter-
acting protein expression and restoration of normal f-oell
survival and function in the BTBR ob/ob mice. Our current
findings provide further evidence in support of the for-
mulation that influx of extracellular calcinom and sub-
sequent overload of mitochondrial calcium  leads w0
dysregulation of cellular function. Thus, calcium channel
blockers such as verspamil [27] and nifedipine {current
stdv) appear 10 exsdt cviopmlective effects in f-cells
aguinst noxious stimuli amd improve f-cell survival and
function.

Our current findings form the basis for future investi-
gations including determination of overall impact of deg-
radation of FTase/GGTase z-subumit in the functional
regulation of other key cellular proteins such as Probin, a
novel farnesylated protein that has been shown o suppress
the activation of survival proteins (e.g., Akt) n the islet
f-cell [28]. Second, potential implications of our current
findings on nuclear lamins amd the assembly of nuclear
envelope mmains o0 be verified since inhibition of post-
translational prenvlation of lamins is known o increase
their susceptibility 1o degradation leading to the collapse of
nuclear assembly [29, 30]. Along these lines, recent studies
by Chung and associates have demonstrated that inhibition
of farnesylation using FTTs led to a marked reduction in the
bingenesis of mature lamin A culminating in the accumu-
lation of prelamin-A intracellulady. Further, their data
suggested a critical requirement for a geranylgeranylation
signaling step in the conversion of frnesylated lamin A w0
its mature form mediated by a zine metalloprotesse [31].
Together, these fndings implicate novel mles for post-
translational prenylation steps in the functional regulation

Etoposide

Nitecipine ————| |

Elevation of intracellular Ca *

l

Mitechondrial calcium
overload

l

Releass of cytochrome ¢

l

Caspase-3 activation

|

Degradation and inactivation of
FTasa/GiGTase

/ N
Defective activation of key Defective nuclear assembly of
G-protein lamins
\ /

Loss in cell viability

Fig. 6 Propmed model for einposide-induced s in vahdlity of the
P-cell. Based on the dats acorued in the current study we speculate
that exposune of pancreatic S-cells v etoposide leads o mitochondrial
dysfunction mediaed via inracellulsr sccumulation of calejom,
which i3 sensitive i nifedipine. Such a signaling siep leads o
incressed activation of caspase-3, and peptidic cleavage of FTase/
GGTase z-subunit. While our coment dsta do not provide dinect
evidence, exiging data from multiple bboratores neluding our own
suggests that pharmacological and molecular biological inhibition of
FTase/GlTaes lead to functional nactivation of G-proeins and
abnormal lmin metsbolism leading do defective nuclesr sssembly
and cell demise { e text for additional detils). Lastly, we cannot mle
oui the poential possbility thai the cleavage product of FTase/
GGTase z-subunt could exen direct effects on inducing loss in
metsholic cell viahility in INS B3%13 celk. This remains o be
verfied experimentally

of lamins [23, 24]. Lastly, it is hkely that the cleavage
product of Flass/GGTase a-subunit could have direct
effects on the induction of cell death. Indesd, findings by
Kim and associates further substantiste this viewpoint
These mvestigators provided direct evidence o suggest
that expression of p35, the cleavage product of FTase/
GGTase x markedly increased cell death probably by
interfering with the prenylenzyme activities [13]. This
remains o be comfirmed in the f-cell.

In summary, we propose (Fig. 6) that etoposide-induced
metabolic dysregulation and loss in cell viability may, in
part, be due to calcium-mediated, caspase-3-indoced deg-
radatiom  of FTase/GGTase  s-subumit  and  associated
downstreamn signaling events, which remuin to be deter-
mined m the context of prenylation-dependent regulation
of survival and function of the islet f-cell.

@ Springer
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Abstract: Several cellular proteins nndergo post-oanslational lipidagon, inchiding prenylation, palmitoyladon and myris-
toylation, which are falt to promote intracellular tarzeting, membrane associaton and interaction with effector parmer pro-
teins. Fecent findings implicate defimiave roles for isoprenylation in islet f-cell fonction including glocose-stimulated m-
sulin secretion [GSIS]. Published evidemce also suzgests movel regulatory roles for protein palmitoylation mot only in
G515 but also in the metabolic dysfonction induced by promflammatory cytokines and lipotoxic conditions. Herein, we
overviewed the existing evidence on the regulatory roles of protein palmitoylaton in the metabolic [dysjregulaton of the
islet f-cell and highlizhted the developments in this area, specifically on potential identity of palmitoyated proteins, and
on the ntility of two stmacmrally distinct inhibitors of palmitoylation [e.g, cemlenin and 2-bromopalmitate] in haling the
metabolic dysfimction of the islet f-cell known to ocour following exposure to proinflaimmatory cytokines and Lipotoxic
conditons. Potentizl avemies for fumure research, mchoding the immediate need for discowvery novel small moleculs com-
pounds as inhibitors of palmitoy] ransferases to amennate deleterions consequences of promflammatory cytokinesand gha-

colipotoxicity are discussed. Furthermore, some relevant patents are also highlizhted in this review.

Keyvwords: 2-bromo-palmitate, cerulenin, palmatoy]l transferasze, palmitovl esterase, palmitoylation, pancreatic B-cells, prom-
flammmatory cvtokimes, therapeutic targets, type 1 diabetes, and type 2 diabetes.

INTRODUCTION

Glucose-Stimulated Insulin  Secretiom:
Model

It 15 well established that glucose-stmulated msulin se-
cretion [G5I5] 15 mediated largely due to the generation of
solible zecond messenpers, such as cvelic nucleotides, hy-
drolytic products of phospholipasesAs, C and D [1, 2]. The
principal signaling cascade involved m GSIS 15 mnrtiated by-
Ghot-2-mediated entrv of glicose into the f-cell followed by
an increase i the mira-islet ATP/ADP ratio as a comse-
gquence of ghicose metabolizm. Such an merease in AT lev-
els culminates m the closuwre of ATP-sensittve potassium
channels localized on the plasma membrane resulting in
membrane depolanzation, and the mflux of extra-cellular cal-
cium through the voltage-sensitive calemm channel=. A net
increase m infracellular calemm has been shown to be enhical
for the transport of msulin-laden secretory granules to the
plasma membrane for fusion and release of msulin [1-6].

A Simplified

Gip-Binding Protein: In G=is

In addition to the regulatory roles of ATPInGSIS, previ-
ous studies have exammed possible contbutory roles for

*Address comespondence to this author at the B-<237 Ressarch Service,
John I, Dinzell VA Medical Center, 4646 John B Detroit, MI 48201 Tel:
313-576-2478; Fax- 313-576-1112; E-mail: akowhimy@med wayne.edo

1872-2148/13 $100.00+.00

guanme mucleotides [Le. GTP] m GSIS. For example, using
selective mhibitors of GTPF hosynthete pathway (e.z., my-
cophenolic acid), a permissive role for GTP m GSIS was
established [7,8]. Although the precize molecular and cellu-
lar mechanisms underlymg the roles of GTP m G5IS remain
tobe defined, compelling evidence mmdicates that it mught
mmvolve activation of one (or more) G-proteins endogenous
to the islet B-cell In this context, at least two major groups
of G-proteins have been 1dentified within the islet f-cell [9,
10]. The first group comsists of heterotimeric G-proteins,
which are composed of o [39-43 kD], B [35-37 kD] and v
[5-10 kD}] subumits. These signaling proteins are mvolved m
the coupling of wanous G-protem-coupled receptors
[GPCEs] to their infracellular effector proteins, mmcluding
adenvlate cyclase, phosphodiesterase and phospholipases.
The zecond group of G-proteins 15 composed of =small G-
protems [20-25 kIV], which are involved m cvtoskeletal re-
modeling and raffickmg of secretory vesicles [10].

Oniginal obzervahons from multiple laboratones, melud-
ing our own, demonstrated mvolvement of small G-proteins
[e.z.. Racl, Cde42, Eapl andARFS] m GSIS from normal rat
islets, human islets and clonal B-cell preparations [9-11].
Such conchisions were drawn prmanly based on data from
three complementary expernimentz]l approaches. The first
approach ivobred use of Closwidial toxins {e.g. toxin A or
B), which mono-glucosvlate and mactivate specific G-
protems. The second expernimental manipulation wvolved
molecular biological approaches, meluding expression of

i 2013 Bentham Science Foblhishers
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A schematic representation of potential mvolvement of small G-proteins in G515, based on the experimental evidence we propose that G5IS
involves precise interplay between specific G-proteins [e.g, Cdcd2, Racl and ArfS)] and their regulatory factors [e.g., GEFs and GDIs]. Se-
quental activation of Arfé, Cdc42 and Facl leads to increased Wox2-medizted generation of BOS, which, in fum, facilitates cytoskeletal
remodeling culminating in insulin secretion. In addition to regulation by GEFs and GDIs, some of these G-proteins undergo requisite post-
manslational modifications (see below; Fiz. 1) inchuding prenylaton, carboxylmethylation and palmitoylaton, which are cridcal for their
targeting to the respective membranous comparmment for optimal interaction with their effector proteins. Mot included in this schematic are
other small G-proteins, incloding Fapl, Faab3A, Fab5, and Fab27A etc. which also exert direct regulatory roles in the signaling events lead-
ing to G515 [9, 10]. In 2 manner skin to Cdc42 and Racl, the Bap and Rab G-proteins are also modulated by their respective regulatory pro-
teins: and post-Tanslational prenylation signaling steps [10 for reviews]. Addidonal details on this proposed working model can be found m
[15]. Mox2: phagocyte-like NADPH oxidase and F.OS: reactive oxygen species.

Fiz_ (1). G-protein-mediated regulation of GSIS

dominant negatrve mutants and’or selective knockdown [Le.,
sIENA methodology] of the candidate G-protems. The thard
approach imvohred the use of pharmacological inhabtors
ofiz-protem activationto further deciphers thewr regulatory
roles in SIS [9-12].

Several recent studies, most notably from the Thurmond
and the authors’ laboratones, have explored regulatory roles
for small G-proteins [e.g., Cded2, Bacl and Arf-6] m GSIS
[9-12]. Tmme course studies by Jayaram er al [11] have sug-
gested that G515 mvelves sequential actvation of Arf-6 [~1
min], Cded4? [~3 min] and Eael [~15 min]. Eecent studies
have also identified and characterized regulatcry factors for
these G-proteins [9, 10]. They mclude guanine mucleotide
exchange factors [GEF:z], which promote GTP/GDP ex-
change mto candidate G-protems. Stmdies by Eepner and
coworkers have identified Cool-1/BPTY as a GEF for Cded2
in insulin-secreting cells [13]. Veluthakal and associates

have demonstrated Tiaml as the GEF for Facl actvation in
the 1slet f-cell. Jayaram and collegues reported ARNO as the
GEF for Arf-6 m the 1zlet [14]. In addifion to GEFs, several
recent studies have demonstrated expression and regulation
of G-protemn function by specific GDP-dissociation mbabi-
tors [GDIs] m the pancreatic islet. These mchide Fho GDI
for the regulation of Cded4? and Racl and cavolm-1 as the
GDI for Cded2 [9, 10]. Based on the available evidence thus
far, we propose a model for the regulation of GSIS by small
G-protems m the islet (Fig. 1). Ghucose metabolism leads to
AFRMNO-mediated activation of Arf6, which, mn twn, regulates
its downstream signalmg events including phosphorvlation
and actrvation of EREL2. ArfS activation also leads to acti-
wvation of phospholipase D, leading to the generation of bio-
logically-actrve lipids [13]. Evidence 15 zlso awailable to
suggest increased dissociation of spectfic G-protemns [e.z.,
Facl] from thew GDIs by lipid second messengers leading to
theirr functional actrvation [16]. Sequential activaton of
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Fiz. (1). Post-translational medifications of small G proteins

The frst of the four-step reaction is incorporation of either a 15 [famesyl]- or a 20 [geranylgeranyl]-carbon derivative of mevalonic acid into
the COOH-terminzl cysteine vig 3 thioether linkage This reaction is catalyzed by either the famesyl or geranylzeranyl transferases, respec-
tvely. Following this, the three amino acids after the prenylated cysteine are removed by a protease, thereby exposing the carboxylate anion.
This szite is then methylated by a carboxy]l methy] ransferase, which transfers 3 methyl proup onto the carboxylaste group nsing S-adenosyl
methionine [5AM] as the mathyl donor. Numerous smdies from our laboratory have shown carboxy] methylation of specific & proteins (e.g.,
Cdc42, Fapl and y-subumits of tmimeric G-proteins), which are critical islet function and insulin secretion [10]. In addition to these, a grow-
ing body of evidence suggests that certain G proteins [eg., H-Fas, Cdc4? and Facl] undergo palmitoylation at a cysteine residue, which is
upstream to the premylated cysteine. It is thought that palmitoylation provides a “fimm™ anchoring for the modified protein inte the cell mem-
brane for optimal inferaction with its respective effector proteins. Unlike prenylation, the carboxyhmethylation and palmitoylation steps are
aoutely regulated via regulaton by carboxylmethyl and palmitoyl esterases [taken from 12]. FPP: famesyl pyrophosphate; FTase: famesyl
wansferase; CMT: carboxyl methyl oansferase; SAM: S-adenosy]l methionine; and PMT, palmitoy] transferase.

Arf, Cded4? and Racl leads to mereazed phagocyte-hke
MADPH oxidaze [Mox?] resultng mn a tonic increase in reac-
trve oxygen species [ROS] m the glicose-shmmlated islet
[1%]. This, in twrn, leads to cytoskeletal remodeling and fu-
sion of insulin granules with the plasma membrane and exo-
evtotic secretion of msulm ((Fig. 1); ses ref. 15 for additional
details].

G-Protein: Undergo Pozt-Tranzlational Modifications

The majority of small G-protemns and the y-subumts of
heterotnmeric G-proteins undergo post-translattonal modifi-
cations at thew C-terminal cysteine residue (Fiz. 1) The first
of a four-step modification sequence mmvolves meorporation
of a2 mevalomic acid-derived 15-carbon [famesyl] or 20-
carbon [geranylzeranyl] 1zoprencid molety onto a cvsteins
residue toward the C-termimus of the candidate G-protems.
Thas 15 followed by proteclysis of several amino acids (up to
a2 maximum of three) mediated by a protease of mucrosomal
ongm. A carboxyl methylation step then modifies the newly
exposed carboxylate amon of the cysteme. In some caszes, the
covalent addition of a long-cham fatty acid, typically paloa-

tate, at cysteine residues, which are upstream to the CAAT
motf, completes the cascade [10, 12]. It 15 well establhished
that the above mentioned modification steps increase the
hydrophobicity to the modified G-protems thereby enabling
them to translocate to relevant membranous compartments
for mteraction with their respectrve effectors [10, 12]. Be-
cause the soprenylation of G-protems cceurs shortly after
their synthesiz, and because “half-lives” of prenylated pro-
tems are rather long, this 15 not likely to be an acute regula-
tory step. However, m many cazes, prenylation 1= mecessary
to allow prenylated G-proteins to mtercalate into the mem-
brane [10, 12]. In contrast, the methvlation and palmatovla-
tion steps are subject to acute regulation at the level of add:-
tion or deletion of methy] or palmitoyl groups [9, 10]. The
addrfion and removal of methy] groups are catalyzed by car-
boxyl methyl transferaze and esterase, respectrvely. The ad-
ditton and deletion of palmitovl groups are fambhtated by
palmitoy] transferase and esterase, respectively. Studies from
our laboratory and those of others have demonstrated the
requisite nature and roles of postiranslational prenylation and
carboxylmethylaton of small G-protemns and the y-subumits
of mmenc G-protemns m the cascade of events leading to
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G5IS5 [10, 12]. In the followmg sectiom, we will highhight
putative regulatory 1oles of protemm palmitoylahon-
depalmitoylation steps m 15let f-cell function.

Protein Palmitoylation-Depalmitoylation Cyele

Existing body of evidence clearly mmphicates novel regu-
latory roles for protem palmitoylation m cellular funchon
[17, 18]. The protemn palmitoyltransferazes [PAT:] catalyze
the transfer of palomtate into the eysteme residues of protems
contaming DHHC [Asp-His-His-Cys] cysteme-rich domams
[CED]viaa thicester linkage. Typically, these reactions are
known to ocour at the evtoplasmie face of membranes m the
secretory pathway [e.g.. endoplazmic reticulum and Golgi]
and the plasma membrane [17, 18]. At least two types of
PAT activities have been reported. The first group catalvzes
palmitoylation of farmesylated protems meluding Ras
GTPazes [e.g., H-Kas and N-Eas], whereas the second group
of PAT: mediates palmitovlation of Sre family of tyrosme
kinazes [17, 18]. A distinet class of palmitov] thioesterases,
namely protem palmiatoy] thicesterases 1 and 2 apd acyl
palmitoylesteraze | mediate depalmitovlation via hydrolysis
of the ester bonds 4o complete the palmitovlation-
depalmitoylaton [Le., achvation-mactivaton] cyecle. As
stated above, protein palmitovlation plavs keyv regulatory
roles in cellular fimetion mcluding subcellular localization of
proteins, trafficking and stability [17-19]. It 15 widely felt
that palmitovlanion dictates mteraction of peripheral mem-
brane proteins. Potential regulatory roles of palmitovlation of
mntegral membrane proteins stll remam unclear. Several cel-
lular protems have been demonstrated to undergo palmitoy-
latton. Some of these melude, but not limited to, A-kmase
anchormg protemn 79150 [20], phospholipase scramblasze
[21]. ankvrim-g [22]. ghitamic acid decarboxylase [23], cv-
toskeletal-associated protein 4 [24], mntegrin affd [25], and
calmexin [26]. In addibon, several GPCRs, meluding p-
opioad receptor [27], protease-activated recpetor-2 [28], B2
adrenergic receptor [29] somatostatin receptor [30], regulator
of G-protein sigmalmg (RG541[31]. neurotensin receptor
[32], and p63Bho guanine pucleotide exchange factor [33]
appear to be regulated by palmitovlation-depalmitoylation
signalng steps.

Pharmacological Inhibiters of Protein Palmiteylation

Advancement m the area of regulatory roles of profemn
palmitoylation 15 hampered due to the unavailability of spe-
cific mlmbitors for PAT:. Onginal stadies have utilized ceru-
lenm [CER], an antifungal antibiotic, to decipher the roles of
protemn palmitoylaton mn cellular fanchon mm many cell tvpes
mncluding the 1=let B-cell [see below]. However, use of CER
15 hioated due to the fact that it has been shown to exhabit
non-spectfic effects meluding mibihon of fatty acid and
steroad brosymihesis as well as lipoprotemn lipase [34]. Other
studies have emploved tunicamyein az an mhibitor to study
roles of protein palmitovlation m cell function, but agam, as
m the case of CER, umicamyem has been shown to mbabit
fatty acid svothesis and N-ghreosvlation of protems [35]. In
addihon, tunicamyein mduces endoplasmic reticulum stress
[36]. Several recent studies have utihzed 2-bromopalmitate
[2BP] to study roles of protein palmitoylation in cellular
function [37, 38]. Even though 2BP appears to be a relatively
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selective mhubitor of palmitovlation, 1t has been shown fo
mhibit several signaling steps/enzymes mvolved m miracel-
lular lipid metabolism mehding mhibition of fatty acyl Cold
ligase [39]. Therefore, data accrued from CEER. tunicamyycin
and 2BP experiments should be mterpreted with zome degree
of caution [see below]. Along these hnes, more recent studies
by Jenmings and associates [40] compared mhibitory effects of
2BP and Compound V [2-{2-hydroxy-3-mitrobenzylidene)-
benzo[b]tuephen-3-one] on DHHC-mediated palmitevlation
in vitre. Data from these mvestigations have sugzested that
the mhibitory effects of Compound V on palmitoylation are
reversible mm contrast to the ireversible mhibitory effects of
2BP.Based on the above discussion 1t appears that additional
studies, mchidmg the development of movel mhubitors of
PATs, 15 necessary to further decipher the roles of protein
palmitoylation i cellular function.

Pozitive Modulatery Roles of Palmitoylation i Islet
Function

Despite considerable expenmental evidence the identity
and functional properfies meluding subeelllar distibution
of PAT: and palmitovlesterases are described 1o a vanety of
cell types, very hitle 15 known about the identity and regula-
tion of palmitoy]l ransferases and esterases m the 1slet f-cell
However, pharmacological evidence appears to support key
roles for these sipnaling steps mn islet f-cell funchon. For
example, CER has been shown fo mhibit msulm secretion
mduced by glucose, o-ketolso-caproic acid, and long chain
acyl CoAs [41-44]. CER also mbibits glucose-induced in-
corporaton of radio labeled palmatate mto 1slet proteins and
mhimtion of palmitoylation of a 24 kDa protemn [43], and
palmitate-induced tyrosme phospherylation of msulm recep-
tor [46]. Interestingly, studies by Metz and associates have
demonstrated that CER failed to inhibit msulin secretion
famlitated by non-nutrient secretagogues, such az 2 mem-
brane-depolarizing concentration of potassium, activators of
protem kmase A, or mastoparan [41]. More recent studies by
Abdel-Ghany and associates [47] have demonstrated siznofi-
cant incorporation of [‘H] palmitate mto islet B-cell proteins,
whach was stimmulated by glucose. Furthermore, 2-ammobicyelo
heptane-3-carboxvhe acid, 2 non-metzbolizable anzlog of
leucine and an msulin secretagogue, also promoted imcorpo-
ration of labeled palmitate mto B-cell protemns. Auradio-
graphic analysiz of hrsate protemns separated by gel electro-
phoresis demonstrated glucose-mediated merease in pabmi-
toylation of at least four B-cell protemns wath apparent mo-
lecular weights of 30, 44, 48 and 76 kD'a. More mportantly,
CEER. mhibited incorporation of labeled palmatate mto these
protems under basal as well as glucose-shmmlated condi-
tons. Based on these findmgs the authors concluded that
protem acvlation plays regulatory roles n islet function [47].

In addition to CER, some studies uhlized 2BP to under-
stand the roles of acylationlipid metabolizm 1o 1slet funchon
including insulin secretion. For example, ongmal studies by
Wamnotte and assoctates demonstrated partial mhibiton of
palmitate-mduced potentation of glucose-induced msulin
secretion [48]. Studies by Parker and coworkers [49] have
suggested sigmificant inhibation, by 2BP, of palmatate ester-
fication mnto cellular hpids m 1zolated rat 1slets. Furthermore,
they also demonstrated partial imhibition of palmitate-
mediated potentizhon of GSIS. Cheng and associates [30]
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reported significant protection of distal mhibitory effects of
norepmephnne on physiclogical msulm secretion by CER
and 2BP. Based on these obzervations these mvestigators
proposed novel roles for protemn acylation signaling steps in
exocytotic secretion of mesubn Together, pharmacelogical
evidence suggests that protein acylation, spectfically paloa-
tovlation, plays crifical regulatory reles m 1slet f-cell fune-
tion, including insulin secretion.

A= indicated above, recent studies have mmplicated novel
roles for small G-protems [ArfS, Cded? and Racl] mm GSIS
[9-12]. Furthermore, using vartous pharmacological and mo-
lecular iological approaches, we and others documented a
requirement for post-ranslatonal prenylaton and car-
boxyimethylaton of G-proteins [e.g., Cded?. Bho, Racl] for
physiological msubm secretion [10, 12]. More mportantly,
despite the above descnbed pharmacclogical evidence to
mdicate mhibiton of GSIS by CER and 2BP, very lttle 15
known if Racl and Cded? also require palmitovlation to fa-
cibtate G5IS. In this context, recently published evidence
suggests that Kacl and bCded? [a splice vartant of Cded2
with predominant localization 1n the brain] undergo palmito-
valhon. For exampls, Navaro-Lenda and associates have
recently demonstrated that Racl undergoes palmitovlation at
cystemme 178 to facihitate 1ts targetmg for stabibization at acthin
cvtozkeleton-limked ordered membrane regions [31]. Inter-
estingly, they observed that palmitovlation of Racl requires
its prior prenmylation and the mtact C-termmal polybaszie re-
gion and 15 regulated by the trprolme-rich motif. In addition,
palmitoylation step appears to be required for Racl activa-
tion [Le., GTP-binding] since non-palmitoylated Facl exhib-
ited decreased GTP loading and lower associatton with de-
terpant-resistant membranes. Further proof that palmitoyla-
tion of Racl 15 crtical for cellular function was afforded in
these stadies since cells lackmg Racl exhibited spreading
and mugration defects. Based on this compelling evidence,
the authors concluded that palmutovlation of Facl 15 requ-
site for its role in actn cyvtoskelaton remodeling and regula-
tion of membrane orgamization. Along these lmes, Eang ear
al [52] kave demonstrated palmitoylation of 2 bram-specific
Cded? sphee vanant [bCde4?]. Addiional studies by MNishi-
mura and Linder have documented that bCded? undergoes
elassieal CAAY processing as well a= prenylation and palma-
tovlation at the CCAX monf [33]. Interestingly, the prenv-
lated and palmitovlated bCded? mteracted less efficrently
with FEhoGDI [a signaling step crifical for Cded? actvation-
deactivatton cyvcles] when compared fo canomical Cded2,
which 1= only prenylated and carboxylmethylated but not
palmitovlated. Additonal studies are required to determine 1f
palmitoylaton of Racland/or Cded? 15 necessary for GSIS to

QT

In additon to small G-proteins, heterotnmeric G-protems
also control 1slet function mehding GSIS [10, 12]. Along
these lines, we have demonstrated non-receptor dependent
actrvation of trimenc G-proteins by glucose. For example,
we have reported phosphorylation of G subunits at eritical
histidine residues in clonal f-cells, normal rat 1slets and hu-
man islets, which, m tum, 15 transferred to G, e to vield
biologically active GTP-bound G, subumits [54, 55). In addi-
tion, previous studies have also demonstrated glucose-
mediated activation of the carboxymethylation of G,
subunits [56]. Together, these observations provided the first
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evidence to mdicate activation of rimeric GTPase via signal-
ng steps generated during glicose metabolism enlminating
m msuln secretion. It 15 noteworthy that recent findmgs
from the laboratory of Gautam [57, 58] have suggested crfi-
cal roles for protem palmitoyvlaton m the shutting of
timeric G-protein subunits between the plasma membrane
and mtracellular membranes, which 15 mhibited by 2BP. Po-
tential mmvolrement of protem palmitoylation m ghicose-
mduced activation of tumeric-proteins m the slet B-cell re-
mizains fo be verified experimentally.

Negative Modulatery Roles of Protein Palmitoylation in
Izlet Function

In additton to thewr positive modulatory roles, accumulat-
mg evidence supports the view point that protein palmatovia-
tion plays negative modulatory roles m the mducton of
metabolic dysfanction of the islet f-cell under the duress of
noxious stmuli such as prommflammatery evtokimes and satu-
rated fatty acids. Along these lines, we fust reported that
funchonal mactivaton of H-Ras, a small G-protein, and re-
sults in sigmficant reducton m IL 1E-mediated effects on
isolated f-cells [59]). Our findings m clonal f-cells [HIT-T15
and TNS-1 cells] also showed a sipmficant mhibition of IL-1
f-induced mducible mitne oxide synthaze and N0 release by
CER and 2BP. 2-hydroxymynste acid, an inlubitor of pro-
tem mynstovlation, failed to affect IL-nduced MO relsaze
snggesting the relevance of palmitoylation, but not myristoy-
latton, m these sigmaling steps. Further, we demonstrated
sigmificant accumulation of H-Fas in the cyvtosolic fraction in
cells ineubated with CER; these data supported cur erigmal
proposal that mhubiton of palmutoylaton leads to mis-
targeting of G-protens m islet B-cells. Interestingly, we
noted that depletion of membrane-bound cholesterol using
methyl-f-cyclodexinn, which alse dismupts caveolar orgam-
zaton within the plasma membrane, abolished IL-1 B-
mdnced N0 release suggesting that IL-1f-mediated Fas-
dependent signaling in these cells mvolves the intermediacy
of caveolae and thewr kev constituents [e.z. caveolmn-1] m
1solated B-cells. Confocal Light microscopic evidence indi-
cated sigmaficant co-locahzaton of Ras with caveolin-1.
Based on this evidence we concluded that palmitovlation of
Fas 1s essential for IL-1 f-induced cytotoxic effects on the
1slet B-cell [39]. A follow-up study mvestgated [60] poten-
fial cross-talk between H-Fas and caveolin-1 in the signaling
events leading to cviokine-induced metabolic dyv=function of
the islet B-cell Using mmmwmologic and confocal micro-
scople approaches we demonstrated a transient but sigmfi-
cant stimmulation of tyrosine phosphorylaton of Cav-1 i B-
cells bnefly [~15 mm] exposed to IL-10; three structurally
distmnet mhibitors of protemn tyrosine phosphorylation mark-
edly attermated tyrosine phosphorvlation of Cav-1. Cwver
expression of an mactive mutant of Cav-1 lackmg the tyro-
sme phosphorvlation site (Y 14F) or sitBENA-mediated Cav-1
knock down also resulted in marked atteruation of IL-1 B-
mduced 1INOS zene expression and NO release from these
cells, thus further mmplicating Cav-1 i this signalmg cas-
cade. IL-1 B treatment also increased (within 20 min) the
translocation of H-Ras mto hpid rafts. Based on this evi-
dence we proposed that tyrosine phosphorylation of Cav-1
and subsequent mteraction among members of the Bas sig-
naling pathway withn the membrane hpid microdomams
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represent earlv signalng mechamizms of IL-1f in [-cells
[60]. It 15 noteworthy that earlier stwdies by Di Vizio and
associates have proposed potennial mvolvement of palmitoy-
latton of caveolm-l for s mteracton with fatty acid swvn-
thase mn the liptd rafts [61]. The reader 15 referred to 2 recent
review by Eisenberg and associates [62] on contnbutory
roles of palmitovlation m subcellular localization and fune-
tion of Ras. It will be mteresting to determume if CER or
2BP-mediated mhibition of iINOS gene expression and asso-
ciated MO release 1= due to disruption 1 the mtferac-
tion/cross-talk between Caveolin-1 and H-Fas.

More recent obzervatons from our laboratory have =ug-
gested novel regulatory roles for phagocyvte-lhike NADFPH
oxidase [Mox2] m the induction of metabolic dysfunction of
the i1zlet f-cell under the duress of glucolipotoxic conditions
and exposure to promflammatory cytokmes [63, 64]. In an
attempt to further understand the sipnaling mechanizms un-
d.erl} ing the activatton of Mox2 and the associated increases
in supercxide generation and mefabolic dysfunchon m B-
cells exposed to prommflammatory cytokines, we reported that
2-BPmarkedly attenuated cytokine-induced, Wox?-mediated
RO5 generation and iNO5-mediated WO generation. Al-
though 1t needs to be confomed expermmentally, the observed
mhibition of Wox? activaion and associated BOS generation
by 2BP mav, mn part, be due to mhibition of palmitoylation
of Facl [see zbove]. Based on these observations we con-
clude that eytokme-induced metabolic dy=function of the B-
cell invelves 2BP-sensitive sigmalmg steps that condfrol
1MO5-induced NO releaze and NOX2-induced KOS genera-
tion leading to mitochondrial dyvsregulation [caspasze 3 achi-
vaton] and apoptotic demise of the slet B-cell We also con-
clude that palmitovlation of small G-protemns [e.g., H-Ras,
Racl] may represent an upstream signalmg step in the cas-
cade of events leading to the generation of mtrosatrve and
oxidative stress nduced by promflammatory cytokmes in the
1slet f-cell (Fiz. 3).

Besides cyvtokine-mduced dysfunction, recent evidence
appears to support key roles for protem palmitovlation n
free fattv acid [FFA]-mduced dvsregulaton of the 1slet. For
example, using RINmSF cells and pormal rat 1slets, Baldwin
and assoclates have proposed a role for palmutoviation in
FFA-induced endoplasmic reticulum stress and f-cell death
[69]). Data from their studies suzgested concentrabon-
dependent loss m f-cell viability by palmitate, which was
attenuated by XBP. The latter also mhibited mcorporation of
[Hlpalmitate into EINmSF cell proteins. Lastly, 2BP also
reduced palmitate-induced mhibition of insulin secretion, ER
stress and caspase activation. Based on thus evidence thew
postulated key roles for protem palmitoylaton m FFA-
mduced ER stress actrvation and loss of f-cell viability [69].

CUREENT & FUTURE DEVELOPAMENTS

From the above diseussion, at least bazed on the pharma-
cological evidence [CER and 2BF]. we conclude that palma-
tovlaton plays a2 sigmificant role m GSIS. Potential
pleotropic effects of the pharmacologic whibitors remam a

sigmificant concern. Furthemmore, potential identity of the
palmitoylated protems remains to be a subject of mmediate
investigation. This is eritical, at least for Raecl since it has
been shown to play both posiive and pegative modulatory
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roles 1n 1slet function [65]. For example, 1t has been shown
to be mveolved in cytoskeletal rearrangement, vesienlar
tran=port and msulin secretion 1 clonal B-cells, nommal rat
slets and human 1slets [®, 10, 12]. Besides, it has been
shown te play regulatory roles in the generation of cxidative
stress, mifochondrial dvsfunction and demuse of the B-cell
under the duress of glicotoxicity, lipotoxicity, and exposure
to cvtokmes [63-67). Additional studiss are needsd to con-
clusrvely demonstrate that palmitoylabon of specific G-
protems [e.g.. H-Bas, Bacl and Cded?] 1z crmifical for islet
funchon and msulm secretion under mormal physiological
condifions [68], and pathophysiological conditions such as
glucolipotoxicity and cytokine exposure [63-67].

In addifion to proinflammatory eytokmes, several recent
studies bave mmplicated movel regulatory roles for chemok:-
nes as mediators of apoptotic demise of the 1slet f-cell mm
dizbetes. Chemokmes are small molscular weght [-8-10
kDa] glv{:nprutems that chemo-atiracts a vanety of cells ex-
pressmg appropnate GPCEs [70]. Accumulatmg evidence
suggests moreased expression of specific chemokines [z,
CHCLID) i the serum and in tissuwes of models of autoim-
mune diseases hike Tvpe 1DM [70-72]. Eecent studies by
Sarkar and coworkers have demonstrated sizmificantly hugh
levels of CHCL10) expression i the izlet enviromment of
predizbetic anmmals as well as Tvpe 1DM humans compared
to other chemckines such as CCL5, CCLE, CICLY and
CH3CLI1 [72]. Becent studies by Burke e al. have suggested
novel mechanizms for the mereased expression of the
CHCLI0 gene by proanflammatory eytokimes such a= IL-15
and IFMy; these mechude NF-xB actrvation, tyrosine phos-
phorylaton of STATI] and acetylation of histones H3 and H4
[73]. Studies along these hnes hﬁ.r Parom and associates have
wdentifies the Toll like receptor 4 as the cognate receptor for
CHCL10-induced cytotoxic effects on the islet B-cell [74].
Despite the compellmg evidence on CHCL10-mediated
regulation of islet f-cell death, very lLittle 15 known thus far
with regard to potential mmtracellular down-stream signaling
steps, includng G-protein activation This represents a
promising arez of research in the future.

It should be kept in mind that whle the pharmacelogical
data are eumungmg it 1= mecess ssary to confirm these obser-
vations mn these model systems usmmg melecular biclogical
approaches [:1EMAs andfor adenovmal] to specifically
knockdown individual PATs to further deduce regulatory
roles for these signaling steps mm the onset of metabolic dys-
funchon of the f-cell. Furthermore, as discussed m the above
section, there 15 a eritical need for the development of more
spectfic mhibitors of PAT=, especially m hight of the known
plectropic effects of CER and 2BP that could negate other
cellular funchions. In addibon to the development of specific
mhibators for PATs, 1t may be worthwhile to develop meth-
odologies probes to augment palmitoy] esterase activities in
B-cells under the duress of chrome hyperglvesmia, hpademna
or mflammatory cytokine exposure condifions.

Lastly, it 15 well establiched that glueotoxicity and hpo-
toxicity contribute sigmificantly to the metabelic impairment
of the wmlet [75]. Comvinemmz observabon: from mmulhple
laboratorzes have provided evidence to suggest sigmificant
defects m the transeription of genes [eg., msulm gene] rele-
vant to islet funchion. Such defects could come from exces-
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I Proinflarmmatory Cyvtokines I

Palmitoylation of Rac1

| Activation of Nox2 | [ Activation of iNOS |

Palmitoylation of H-Ras

ROS

v ¥

| Oxidative Stress | | nitrosative Stress |

N\

| witochondrial Defects

v

Beta-Cell Dysregulation and Apoptosis

Fiz. (3). Model depicting potential regulatory roles for protein palmitoylation in the metabolic dyiregulation and demise of the islet
P-cell under the duress of exposure to proinflammatory cytokines

Existing evidence mggests that exposure of isolated f-cells to proinflammatory cytokines [e.g., IL-1f, THNFa and IFNy] results in a signifi-
cant increase in the oxidative and nitrosative sress. Increase in oxidative stress may, in part, be due to increased activation of phagocyte-like
WADPH oxidazse [MoxX]. The holoenzyme assembly and functional activation depends on fransiens activation of Bacl, which has been
shown to be mediated via activation of Tiaml, a guanine nucleotide exchange factor for Flacl [63]. Inhibition of activation of this pathway
by H5C23766 has been showm fo prevent Mox? activation and OS5 generation [$3]. Fecent findings from our laboratory demonsiratethat
cytokine-induced FO5 gensration is inhibited by 2-BP [$#4], indicating the role of protein palmitoylation in this signaling cascade. Based on
above discussion, it is likely that palmitoylation of Facl may be necessary for cytokine-induced Mox2 activation In addifion, cytokine expo-
sure leads to increased nitrosative stress, which is mediated via activationof iNO5. Earlier smudies imveolving radiometric messurements and
CER have identified H-Fas as one of the palmitoylated G-proteins invelved in cytokine-induced MO release. Fequirement for protein palmi-
toylation in this sirnaling cascade was confirmed using 2-BF [59]. Based on these observations, we propose that palmitoylaton plays a key
modulatory role i cytokine-induced f-cell dysregulation and demize It must be noted that similar palmitoylation-mediated defects in islet -
cell fincton might be occumng in other pathophysiclegical conditions such as gluco- and lipotoxicity since increased Tiaml-Facl-mediated
actvation of Wox2 and FUO5 generation have been reported in f-cells nnder these conditnons [65-68]. Moxl: phagocyte-like MADPH oxidase;
05 inducible niric oxide synthetase; F05: reactive oxygen species; and MO: nitric oxide.

sive palmitoylation of cellular protems/factors mvolved 1n candidate protems under ghucolipotoxic conditions contrib-
traﬂ:v:ript_iunal regulation of pmp&im. Along thgse lmmes, re- utes to reduced expression of meretin receptor expression.
pent studhes by Kang and assoeiates [76] provided compel- Tt should be noted that inhibitors of HMG-CoA reductase
sioi of meretin ;eciilet;m and assoviated signaling ;ZE n ez .stattns] Iu'.re been used m many wl}.r sbud_jes. to mhibit
1slets under the duress of elevated glucose and lipeds. More profem preuflahc.-n [?T_BCI.] since mevalonic acid 1s the pre-
impo ly. dministration of lipid lowering drugs alongside cursor for the hac-:»;-’nﬂ:esls_ of farnes_'fl_ and gﬂan}_.rgaanfl
DPP4 inhibitors or GLP-1 azonist to diabetic nimals mark-  Pyrophosphates, which are incorporated into C-ferminal cys-
edly improved glucose tolerance and prevented loss m B-cell temes of cm!im protems ]:,,}.- famesyl zmd geranylgeranyl-
mass. Based on these observations, the authors concluded ““Sf‘?”:’“ (Frz. :_j' A zrowmg de} of EL_-'d'Eu{"E appears ta
that restoration of circulatng levels of lipids to normal levels m"'h:’]:i:;l ‘:Sl;rlimklis:vw;f:t E];d;fb dt”'“""_ﬁ,;’-“d 5::“‘;_
in T2DM diabets 1d significantl; the th - therapy [81-83]. It1s - etogemc” effects o
o enCs COu € sig anty agment SrapEn statins may, in part, be due to mhibition of ghicose metabohic

tic efficiency of moretin hormones [76]. However, it remams = Patt. - : i -
to be seen if alterations [ie., excessive] in palmitovlation of events [e.z., mhibition of requisite prenylation of G-protems]
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leading to mpawred msubn secretion ultimately leadmz to
loss o f-cell viability culminating in the onset of diabetes. In
the context of this article, HMG-Cod reductasze inhibifors
are not expected to mhibit affect 1slet function via mhabition
of protein palmitoylation although it remains to be verified
exparmentally.

RECENTPATENTS FOR DEVELOPMENTOF
PALMITOYLTRANSFERASES TO FREVENT
DIABETES AND ITS COMPLICATIONS

It 15 important to note that a sigmificant amount of work
has been camed out m the development of inhabators for
palmitovltransfarases such as carmitine palmatoylransferazes
eg, patent publicatons USEE41226; TUSRE40861;
US6444701; US6369073 [34] and senme palmitoylirans-
ferazes US2008028747%; TW200831487; WO2008084300;
CA26T1138 [35, 86]. Inlubitors of camnitine palmitoyltrans-
feras have been patented for the mduecton of apoptosis, mhi-
bitton of cell proliferation, for the treatment of tvpe 2 diabe-
tes, metabolic syvndrome, mpamed glucose tolerance, Cush-
ing's disease, cardiovascular diseasehvperglveemma, obesity,
hypertension, hyperlipidemia, fatty hiver disease, renal fail-
ure, diabetes, mflammatory diseases, sepsis syndrome, ma-
laria, Crohn's disease, cachexia, inflammatory bowel dis-
eases, mycobactenial mfechon, retimitis pigmentosa and es-
pecially for the treatment of cancer [E87-93]. However, very
liftle has been done m the area of development of =mall
molecule compounds with greater efficacy to inhabat palmi-
tovlaton of proteins at cyshene residues of DHHC class of
proteins; such compounds could have potential whlity melud-
ing the prevention of loss of B-cell mass, onset of diabetes
and 1ts associated complications. In conclusion, we are hope-
ful that data reviewed o this article will form the basis for
future mmvestiganons to conchisrvely demonstrate the thera-
peutic wthty of PAT mubitors and/or palmitoylesterase ac-
trvaters m the prevention 1slet metabolic dysfunchon 1 in-
flammation and diabetes.
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Type | diabetes is characterized by an absolute insulin deficiency due to loss of
pancreatic B-cell mass by autoimmune aggression. During the progression of the disease
proinflammatory cytokines such as IL-13, TNFa and INFy are secreted by infiltrated and
activated T-cells and macrophages which ultimately damage the pancreatic 3-cell. However,
the signaling mechanisms involved in cytokine-induced damage are only partially
understood. Phagocyte-like NADPH oxidase [NOX2] has been shown to play regulatory roles
in the metabolic dysfunction of the islet B-cell under the duress of glucolipotoxic conditions
and exposure to proinflammatory cytokines. However, the precise mechanisms underlying
NOX2 activation by these stimuli remain less understood. Herein, | determined some of the
putative cellular mechanisms underlying proinflammatory cytokine-induced metabolic
dysfunction and demise of the islet B-cell. Some of the novel findings of my study are: [i]
cytokines induce ROS generation and oxidative stress via activation of phagocyte-like
NADPH-oxidase [NOX2] such effects are comprised of Racl activation, p47phox
phosphorylation, and gp91phox expression. | further confirmed that NOX2 is one of the

sources for ROS generation under proinflammatory cytokines and glucotoxic conditions as
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demonstrated by activation of NOX2 activity which is sensitive to apocynin under those
conditions; [ii] 2-Bromopalmitate, a classic inhibitor of protein palmitoylation, markedly
attenuated cytokine-induced Racl activation, NOX2-mediated reactive oxygen species
generation and inducible nitric oxide synthase-mediated nitric oxide release indicating that
palmitoylation of specific G-proteins [e.g., H-Ras and Racl] is a key regulatory step involved
in cytokine-induced nitrosative and oxidative stress.

In addition to oxidative and nitrosative stress, the effect of cytokines in other stress
related signaling pathways were also examined. Cytokines activated JNK1/2 and p38 MAPK
kinases. They also increased CHOP [C/EBP homologous protein] expression, a marker for
endoplasmic reticulum stress, caused caspase-3 activation and FTase and GGTase
degradation which leads to defective activation of key G-proteins, defective nuclear
membrane assembly and loss in cell viability. Pharmacological inhibitors such as 2-
bromopalmitate [inhibitor of palmitoylation], EHop-016 [inhibitor of Vav2-Racl axis] and
NSC23766 [inhibitor of Tiaml-Racl axis] attenuated cytokine-induced JNK1/2 activation
implying that Racl is upstream to cytokine-induced JNK1/2 activation. Based on the results
obtained from my studies, | propose that protein palmitoyl transferase is a novel therapeutic
target for the prevention of cytokine-induced metabolic dysfunction of the islet p-cell.

As a logical extension of the in vitro studies, a preliminary work has been done in the
NOD [non obese diabetic] mice, an animal model of Type | diabetes, and the results showed
that both the islets of NOD and control mice express the NOX2 subunits namely, p47°",

p67°"°* Racl and gp91°"*.
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