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Abstract

The metabolic syndrome is associated with an increase in the activation of renin angiotensin
system (RAS) and inhibition of RAS reduces the incidence of new onset diabetes. Importantly,
angiotensin 1l (Angll), independently of its vasoconstrictor action causes beta-cell
inflammation and dysfunction, which may be an early step in the development of type-2
diabetes. The aim of this study was to determine how Angll causes beta cell dysfunction. Islets
of Langerhans were isolated from C57BL/6J mice that had been infused with Angll in the
presence or absence of taurine-conjugated ursodeoxycholic acid (TUDCA) and effects on ER
stress, inflammation and beta cell function determined. The mechanism of action of Angll was

further investigated using isolated murine islets and clonal beta cells.

We show that Angll triggers ER stress, an increase in the mRNA expression of pro-
inflammatory cytokines, and beta cell dysfunction in murine islets of Langerhans both in vivo
and ex vivo. These effects were significantly attenuated by TUDCA, an inhibitor of ER stress.
We also show that Angll-induced ER stress, is required for the increased expression of pro-

inflammatory cytokines and, is caused by ROS and IP3 receptor activation.

These data reveal that the induction of ER stress is critical for Angll-induced beta cell
dysfunction and indicates how therapies that promote ER homeostasis may be beneficial in the

prevention of type-2 diabetes.

Abbreviations: Angll (angiotensin 11), 2APB (2-aminoethoxydiphenyl borate), AT1R
(angiotensin type 1 receptor), ATF4 (activating transcription factor 4), CHOP (C/EBP
Homologous Protein), ER (endoplasmic reticulum), GK (glucokinase), IRE1 (inositol
requiring enzyme 1), PERK (PKR-like ER kinase), RAS (renin angiotensin system), TUDCA

(taurine-conjugated ursodeoxycholic acid), UPR (unfolded protein response),
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Introduction

Elevated blood pressure due to increased activation of the renin angiotensin system (RAS) is
an important feature of the metabolic syndrome. This constitutes a series of metabolic disorders
that increase the risk of developing type-2 diabetes and cardiovascular disease. Importantly,
the pharmacological inhibition of RAS reduces the incidence of new onset type-2 diabetes in
high risk populations (1-3) and RAS blockade in several animal models of diabetes improves
pancreatic beta cell function (4-8). Conversely, the infusion of Angll into mice causes beta
cell dysfunction (9-11). As the components of the RAS system have been detected in islets and
this “local’ RAS plays an important role in regulating islet mass and function (7,9), the effects

of RAS blockade in vivo is likely mediated by inhibiting locally produced Angll.

The detrimental effects of Angll on beta cell function were largely attributed to
vasoconstriction resulting in decreased delivery of glucose to pancreatic beta cells (12-14).
However, it has recently been shown that Angll infusion in mice causes beta cell dysfunction
independently of Angll’s effect on blood pressure (11). In support of this, the treatment of
either isolated human or rodent islets with Angll also causes beta cell dysfunction (9-11). The
damaging effects of Angll on beta cell function, both in vivo and in vitro, have been ascribed
to an increase in the expression of pro-inflammatory cytokines, in particular IL-1p8 (11), and
there is a growing body of evidence indicating that inflammation is important in the
development of beta cell dysfunction in type-2 diabetes (15-17). Endoplasmic reticulum (ER)
stress is also associated with the loss of beta cell function and viability in type-2 diabetes (18-
21). This stress is sensed by the ER transmembrane proteins: PKR-like ER kinase (PERK),
activating transcription factor 6 (ATF6) and inositol requiring enzyme 1o (IRE1) that activate

an adaptive response called the unfolded protein response (UPR) (21-23). If the UPR is unable
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to alleviate ER stress beta cell dysfunction and death can occur through the chronic activation
of a UPR, which activates a number of pro-apoptotic and pro-inflammatory signaling pathways
(16,23,24). Given that Angll also increases the expression of pro-inflammatory cytokines and
causes beta cell dysfunction (11), we hypothesised that ER stress may play an important role

in Angll-mediated beta cell inflammation and dysfunction.

Materials and Methods
Cell culture. Mouse insulinoma 6 (MING) cells (25) were used between passages 25 and 35 at

~80% confluence and cultured as previously described (26).

Islet isolation. Pancreatic islets were isolated from adult C57BL/6J mice (Animal Resources
Centre, Perth, Australia)). Briefly the pancreas was inflated by injecting 3 ml of RPMI 1640
(Invitrogen) containing 1mg/ml collagenase (Sigma-Aldrich, Australia) through the common
pancreatic duct and the pancreas excised. Islets were then isolated as previously described

(26).

Animal experimentation. All experiments were approved by the Animal Ethics Committee of
RMIT University (#1504). Male C57BL/6J mice (10 weeks of age) obtained from the Animal
Resources Centre (Perth, Australia) were kept at 22+1°C on a 12-h light/dark cycle. All mice
were fed standard mouse chow and water ad libitum. After 1 week of acclimatization, the mice
were randomly assigned to 3 groups: 1) sham (control mice infused with PBS, n=8); Angll
(mice infused with human Angll, dissolved in sterile 1XPBS, at 416ng.kg™.min" using
subcutaneous ALZET® mini-osmotic pumps (USA) for 2 weeks, n=8); or AT (mice infused

with Angll with daily intra-peritoneal injection of TUDCA at 150 mg.kg*.day* for 2 weeks,
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n=8). Human Ang Il (293%HPLC) was purchased from Sigma. The body weight and plasma
glucose levels were recorded three times weekly during the experiment. Systolic blood pressure
(SBP) was measured using the CODA tail-cuff blood pressure system (ADInstruments Pty
Ltd., Australia).

For Glucose tolerance tests (GTT; 2.5 g glucose/kg BW, ip) mice were fasted for 5 h
prior to blood samples being collected via the tail vein and blood glucose concentration
determined using a glucometer (AccuCheck Proforma Nano; Roche, Victoria, Australia). For
insulin measurements blood samples were centrifuged (2000 rpm, 2 min at 4°C) and the plasma
insulin concentrations measured by ELISA (Linco Research, St. Louis, MO) in collaboration
with the Department of Physiology, Monash University, Melbourne. Mice were euthanized
with CO-, The disposition index, a composite measure of beta cell function (27), was also

calculated using the following formula: Alo-30/AGo-30 X 1/fasting insulin.

Western-blotting and Immunohistochemistry. SDS-PAGE and western blotting were
performed as previously described (28) using antibodies against: BiP (BD Transduction
Laboratories, USA), phospho-IREla (Ser 724) (Abcam, USA), phospho-PERK (Thr 980),
phospho-elF2a (Ser 51), CHOP, ATF4, and GAPDH (Cell Signaling Technology, USA).
Immunohistochemistry was performed on fixed and paraffin embedded pancreatic sections
using anti-CHOP, and Alexa Fluor 488 conjugated antibodies. All antibodies were used as per

manufacturer’s instructions.

Transfection, RNA isolation and gPCR analyses. Silencer® Select siRNAs against Ire (cat. no.
S95857) and Xbp (cat. no. S76114) were purchased from from Ambion®oligos (Thermo
Scientific, USA).siRNA oligos were tranfected using Lipofectamine® RNAIMAX (Thermo

Scientific, USA) according to the manufacturer’s protocol. Total RNA was isolated using the
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ReliaPrep™ RNA Cell Miniprep System (Promega, USA). Reverse transcription was carried
out using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, UK).
Quantitative PCR was carried out using the SYBR® Green PCR Master Mix (Applied
Biosystems, UK) using primers described in ESM Table 1. The gene expression from each
sample was analysed in duplicate and normalized against the housekeeper 18S. All reactions
were performed on the Rotor-Gene Q (Qiagen, USA). The results are expressed as relative

gene expression using the ACt method (29).

Glucose stimulated insulin secretion (GSIS). Isolated islets were cultured overnight in RPMI
1640 medium supplemented with L-glutamine (20 mmol/l), and FBS (5%). GSIS was

performed as previously described (28). Insulin ELISA was performed as described above.

Quantification of superoxide levels Superoxide levels were measured using L-012 (Tocris
Bioscience, USA) enhanced chemiluminescence as previously described (30). MING cells were
plated on a 96-well Optiplate (PerkinElmer, Melbourne, Australia), incubated with 100 pumol/L
L-012, and luminescence measured using a BMG Clariostar plate reader (BMG Labtech,

Melbourne, Australia).

Statistical analysis Data are expressed as mean + SE, unless otherwise stated. Data were
analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple comparison
between means using Prism 6 (GraphPad Software, USA). Differences were considered

statistically significant at p < 0.05.

Results
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Angiotensin Il induces ER stress and impairs beta cell function in mouse islets of Langerhans.
To investigate the role of ER stress on Angll-dependent beta cell dysfunction, mouse islets of
Langerhans were treated with Angll for 96 h in the presence or absence of TUDCA, a chemical
chaperone that inhibits ER stress (31). Angll caused beta cell dysfunction as demonstrated by
a marked increase of basal insulin secretion and significant decrease in the stimulatory index
compared to control islets reflecting the loss of the glucose-stimulated insulin secretion (GSIS)
(Fig. 1a and b). This correlated with a decrease in the mMRNA expression of glucokinase (Gk)
(Fig. 1c), whereas the mRNA expression of glucose transporter-2 (Glut-2) and pancreatic and
duodenal homeobox 1 (Pdx1) were increased (Fig 1c). Angll treatment also significantly
increased the expression of the pro-inflammatory cytokines interleukin 1f (11-15) and tumor
necrosis factor a (Tnf-a) (Fig. 1d). However, no significant changes in monocyte chemotactic
protein 1 (Mcp-1) were detected. Importantly, Angll caused a marked increase in the
expression of markers of ER stress (Fig. 1e), including immunoglobulin binding protein
(BiP/Grp78), the spliced form of X-box binding protein 1 (Xbpls), endoplasmic reticulum
oxidoreductin 1 (Eroll), peptidyl-prolyl cis-trans isomerase (Fkbpll), ER degradation
enhancing a-mannosidase-like protein (Edem), activating transcription factor 4 (Atf4) and the
pro-apoptotic transcription factor C/EBP Homologous Protein (Chop also known as Gadd153)
(32,33). The co-administration of TUDCA with Angll significantly restored beta cell function,
as demonstrated by a reduction in basal insulin secretion (Fig. 1a), an improved stimulatory
index (Fig. 1b) and the restoration of glucokinase expression to control levels (Fig 1c). TUDCA
also significantly decreased the expression of the pro-inflammatory cytokines Il-74 and Tnf-a
(Fig 1d) and all the markers of ER stress investigated (Fig. 1e). Thus Angll causes beta cell
dysfunction, ER stress and inflammation in mouse islets of Langerhans and these effects occur

independently of Angll’s systemic vasoconstrictive effects. Moreover, as TUDCA counteracts
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the effects of Angll it is likely that the deleterious effects of Angll treatment observed here are

mediated through ER stress.

ER stress precedes the induction of pro-inflammatory cytokines in Angll treated MING cells
and Islets of Langerhans. We initially investigated the efficacy of using the pancreatic beta
cell line MING6 as a model to further investigate Angll-induced-ER stress and inflammation.
MING cells were treated with Angll or thapsigargin, a pharmacological inducer of ER stress,
in the presence or absence of TUDCA (ESM Fig 1). As observed in islets, Angll treatment
caused ER stress and an increase in the expression of Il-74, which was inhibited by TUDCA.

Thapsigargin also evoked a UPR and increased the expression of 11-15.

To investigate the temporal relationship between Angll-induced ER stress and the expression
of pro-inflammatory cytokines, MING6 cells were treated with Angll for up to 96 h and the
induction of ER stress and the expression of IlI-14, Tnf-a and Mcp-1 were monitored. Angll
rapidly induced ER stress (within 2 h) as determined by the phosphorylation status of: IRE1a,
PERK, PERK’s substrate elF2a, and an increase in the expression of BiP, ATF4 and CHOP
and Xbp1ls, (Fig. 2a and b). Angll increased the expression of thioredoxin interacting protein
(TXNIP) (16) (Fig. 2b) at 6h and the expression of the pro-inflammatory cytokine I1-74 and
Tnf-a MRNA by 6 h and 48 h respectively (Fig. 2c). No changes in the expression of Mcpl
were detected (Fig. 2¢). Angll treatment of mouse islets caused an increased in the expression
of Xbpls, Atf4 and Chop which preceded an increase in the expression of 1l-14 and Tnfa (Fig

2d).

Therefore, the occurrence of ER stress precedes an increase in the expression of the pro-
inflammatory cytokines providing evidence that Angll-induced ER stress may promote

inflammation in beta cells.
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The role of PERK and IRE1a in Angll-induced expression of the pro-inflammatory cytokines.
To determine how ER stress increases the expression of the pro-inflammatory cytokines, we
investigated the effect of a selective inhibitor of PERK (GSK2606414 (PERKI)) and siRNA
mediated knock-down of Irela or Xbpl on Angll-induced Il-75 expression. GSK2606414
inhibited Angll-induced phosphorylation of eIF2a (Fig. 3a) and expression of ATF4, CHOP
(Fig. 3a), Txnip (Fig. 3b) and importantly IlI-/4 (Fig. 3b). As anticipated siRNAs directed
towards Irela or Xbpl significantly reduced Xbpls basal expression and Angll induced
increases in Xbpls expression (Fig. 3c). Importantly, sSiRNA-mediated knock-down of Irela
or Xbpl also inhibited Angll evoked increases in Txnip and Il-74 expression (Fig. 3d). These
results provide evidence that both PERK and IRE1a are required for Ang Il to induce a pro-

inflammatory response.

Angiotensin-Il induced ER stress is dependent upon both IP3R and NOX activation. Angll-
induced ER stress and inflammation is dependent on AT1R activation as irbesartan (IRB), an
angiotensin 1 receptor (AT1R) antagonist, attenuated both Angll-induced ER stress and Il-1
expression (ESM Fig. 2). The ATIR classically couples to Gg/11 and activates NADPH
oxidase (NOX) and phospholipase-C (PLC) resulting in an increase in IP3 and ROS (34,35).
IP3 stimulates ER calcium release (34) and ROS has been shown to sensitise the IP3 receptor
(IP3R) (36). As a decrease in ER calcium can induce ER stress (26) we investigated whether
the effects of Angll were mediated by an IP3R-dependent mechanism. MING cells were treated
with Angll in the presence or absence of selective IP3 receptor antagonists, 2-
aminoethoxydiphenyl borate (2APB) and xestospongin-C (XestC). 2APB and Xest-C inhibited

Angll-induced ER stress as determined by a significant decrease in elF2a phosphorylation, as



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

well as the expression of ATF4 and CHOP (Fig. 4a). Therefore, Angll-induced ER stress
requires IP3R activation indicating that Angll-induced ER stress is likely to be mediated by a
decrease in ER calcium. However, for reasons which are unclear, at 6h treatment of cells with
Angll in the presence of xestospongin-C potentiated Angll-induced elF2a phosphorylation

(Fig. 4a).

To investigate the role of ROS, changes in superoxide production in MING6 cells in response to
Angll in the presence or absence of the ATL1R antagonist irbesartan, and two selective
inhibitors of NOX, apocyin and diphenyleneiodonium (DPI) was determined (Fig. 4b). As
anticipated Angll increased superoxide levels and this was inhibited by apocynin (at 10 and
300 uM), DPI and irbesartan (Fig. 4b). Importantly, apocynin or DPI also inhibited Angll-
induced ER stress as determined by the phosphorylation of elF2a and the expression of ATF4
and CHOP (Fig. 4c). These data provide evidence that ROS is required for Angll-induced ER
stress. Given that IP3R activation is also required, it is possible that ROS promotes ER stress

by sensitizing the IP3R (36).

High glucose potentiates Angll-induced ER stress. To investigated the effect of glucose
concentration on Angll-induced ER stress. MING cells were incubated at either low (5.5mM)
glucose or high (25mM) glucose and the effect of Angll on ER stress determined. Angll
treatment of MING6 cells incubated at low glucose caused a significant increase in the
expression of CHOP and ATF4 which marks the presence of ER stress. Interesting, incubation
at high glucose (25mM) potentiated the effect of Angll on ER stress (ESM Fig 3a). These
experiments were repeated using isolated murine islets and similar results were obtained (ESM

Fig 3b). Thus, high glucose potentiates the effects of Angll on ER stress.

10
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Angiotensin 1l infusion of mice causes ER stress and an increase in the expression of pro-
inflammatory cytokines in pancreatic islets. To assess whether a chronic elevation in Angll
caused ER stress in islets in vivo and whether this was important in the induction of pro-
inflammatory cytokines, mice were infused with Angll for 2 weeks with or without the co-
administration of TUDCA. Following Angll infusion, mice displayed a marked impairment of
glucose tolerance (Fig. 5a, b) together with elevated levels of fasting plasma insulin (Fig. 5c),
likely due to the known detrimental effects of Angll on insulin sensitivity (37). Interestingly,
there was also evidence of beta cell dysfunction as determined by a decrease in the disposition
index (Fig. 5d). The co-administration of TUDCA improved glucose tolerance, reduced plasma
insulin levels (Fig. 5a and c) and rescued beta cell function (Fig. 5d). All these effects occurred
independently of changes in body weight, adiposity, or a sustained increase in systolic blood
pressure (SBP;ESM Fig 4). Importantly, islets isolated from these Angll infused animals
showed signs of ER stress as evidenced by an increase in the expression of Xbpls, Fkbpll,
Eroll, Edem, Atf4 and Chop and Txnip (Fig. 5e). Although no change in the expression of BiP,
an adaptive marker of the UPR, was detected (Fig. 5e). Importantly, 11-14 and Tnf-a, expression
were also augmented by Angll infusion (Fig. 5f). Interestingly, as observed in isolated islets,
Angll caused an increase in Pdx1l and Glut2 expression but a decrease in glucokinase
expression (Fig. 5g). The co-administration of TUDCA inhibited Angll-stimulated increase in
the expression of markers of ER stress (Fig. 5e), the pro-inflammatory cytokines (Fig. 5f) and
the markers of beta-cell function (Fig. 5g). Taken together, these data provide evidence that in
vivo Angll causes ER stress and that this increases the production of pro-inflammatory

cytokines in islets.

To determine whether macrophages were present in islets isolated from Angll treated mice we

looked for the presence of F4/80, a macrophage specific marker, by g°PCR (ESM Fig. 5).

11
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Although F4/80 mRNA was detected in islets its expression was unchanged by Angll indicating

the macrophages are unlikely to be the source of the pro-inflammatory cytokines.

Discussion

This study provides strong evidence that Angll causes ER stress to beta cells/islets both in vitro
and in vivo and that this results in a pro-inflammatory phenotype and beta cell dysfunction. In
addition, we provide a novel insight into how Angll causes ER stress (Fig. 6). We show that at
high glucose Angll, via AT1R activation, promotes IP3R activation and an increase in ROS.
This, likely via a decrease in ER calcium, results in ER stress and an increase in the expression

of pro-inflammatory cytokines mediated by the activation of PERK and IRE1a.

Although inflammation and the UPR are protective responses, chronic inflammation and/or
UPR activation is associated with the pathogenesis of many diseases including type-2 diabetes
(23). Indeed chronic inflammation has been implicated in beta cell dysfunction in type-2
diabetes and treatment with either anakinra, an IL-1 receptor antagonist, or anti IL-1p
antibodies improves beta cell function, improves glycemic control and reduces inflammation
(38-40). Moreover, IL-1p antagonism protects against the deleterious effects of Angll on islet
function in HFD fed mice (11). Thus inflammation is a key mediator of Angll-induced beta
cell dysfunction (11). A role for ER stress in Angll-mediated inflammation has recently been
shown in other cell types/tissues (41-43), yet the mechanism by which this occurs had not been

fully explored.

In this study we demonstrate that Angll-stimulated increase in pro-inflammatory cytokine
expression in islets and beta cells is caused by ER stress as: 1) Il-/f and Tnf-a expression is

inhibited by TUDCA,; 2) IlI-15 expression is inhibited by inhibition/reduced expression of

12
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PERK and IRE1a/XBP1 ; 3) ER stress precedes an increase in the expression of 1lI-/4 and Tnf-
o and; 4) thapsigargin increases the expression of Il-75 and Tnf-a. This ER stress-induced
increase in cytokine expression may be mediated by TXNIP promoted by the activation of
PERK and IREla as: 1) pharmacologically induced ER stress increases IlI-78 mRNA
expression through an increase in TXNIP expression, stimulated by the activation of PERK
and IRE1 (16,44); 2) Angll increases Txnip expression via a PERK- and IREla- dependent
mechanism (Fig. 3) and; 3) Txnip precedes the expression of Tnf-a and 1l-74 and is inhibited
by TUDCA Angll induced ER stress is prevented by IP3R inhibition (Fig. 4). Intriguingly,
inhibitors of NOX or the IP3R inhibit Angll-induced ER stress.As ER calcium depletion is
known to cause ER stress (26,45-48) and ROS can potentiate IP3-dependent calcium release

(36), ER calcium depletion is the likely cause of Angll-induced ER stress.

We show that chronic Angll treatment causes a decrease in beta cell function both in vitro and
in vivo as evaluated by a loss of GSIS caused by an increase in the release of insulin at a lower
threshold of glucose (Fig. 1 and 5). Similar results have been observed in rodent and human
islets chronically treated with Angll and in HFD fed mice infused with Angll (11).
Interestingly, the loss of GSIS observed in this study was associated with decreased
glucokinase expression (Fig. 1 and 6), a protein which sets the threshold for GSIS (49,50). As
the expression of glucokinase and GLUT?2 are positively related to the state of differentiation
of the beta cells and their expression is stimulated by PDX1 (51-53), it is surprising that AnglI
increases Pdx1 and Glut2 expression both in vitro and in vivo (Fig. 1 and 6). However, we
detected no change in PDX1 protein expression (results not shown). Thus the significance of

these changes in MRNA expression are unclear.

The components of the RAS system are expressed in islets and these are up-regulated in animal

models of diabetes. Thus locally generated Angll rather than systemic Angll likely play an
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important role in islet inflammation and ultimately beta cell dysfunction in type-2 diabetes
(7,9,54). Interestingly, the AT1R antagonist losartan reduces high glucose induced ER stress
and decreased beta cell function in human islets (55). Moreover, the administration of losartan
to db/db mice improves islet function and mass, delays the onset of diabetes yet, has no effect
on insulin sensitivity (7). Thus high glucose induced ER stress and beta cell dysfunction is, at
least in part, mediated by Angll acting via the AT1R. Interestingly, we found that high glucose
potentiated the effects of Angll on ER stress in MING cells and murine islets. In addition, Angll
exacerbates palmitate-induced ER stress in MING cells (unpublished results). Therefore
hyperglyceamia and/or obesity may potentiate the deleterious effect of increased local Angll

on beta cell function by exacerbating ER stress.

Together, these findings provide evidence that ER stress is a critical link between Angll and
the induction of pro-inflammatory cytokines and that this may represent an initiating and/or

early step in the development of beta cell dysfunction in type-2 diabetes.
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Figure legends

Figure 1. Angiotensin Il evokes ER stress and impairs beta cell function in mouse islets
of Langerhans. Mouse islets of Langerhans were treated with Angll (1umol/l) (Angll) in the
absence or presence of TUDCA (500 pg/ml) (Angll plus TUDCA = A+T) for 4 days prior to:
(a) performing a GSIS assay to determine (b) the stimulatory index or (c-€) qPCR analyses of:
(c) markers of beta cell function (glucokinase (Gk); Glut2 and Pdx1); (d) pro-inflammatory
cytokines (llI-14, Tnf-a, and Mcp-1);(e) markers of ER stress (BiP, Xbpls, Eroll, Fkbpll,
Edem, Atf4, Chop,); The results are expressed as the mean +/- S.E.M of three independent

experiments. * p<0.05, ** p<0.01 vs control; t1 p<0.01 for the compared groups.

Figure 2. ER stress precedes the expression of pro-inflammatory cytokines. MING cells
were treated for up to 96 h with 1umol/l Angll. (a) Western-blot analysis of BiP, ATF4, CHOP

and the phosphorylated form of IREla (p-IRE1l), PERK (p-PERK) and elF2a (p-eIF2a).
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GAPDH was used as a loading control. Densitometric analyses of the results are presented
below. gPCR analyses of: (b) markers of ER stress (Xbpls, Chop, Tnxip) and; (c) pro-
inflammatory cytokines (l1-14, Tnf-a and Mcp-1). (d) Mouse islets were treated for up to 42 h
with 1umol/l Angll. gPCR analyses of markers of ER stress (Xbpls, Atf4, Chop, Tnxip) and
pro-inflammatory cytokines (ll-74 and Tnf-a). The results are expressed as mean +/- S.E.M of

four independent experiments. * p<0.05, ** p<0.01 vs control.

Figure 3. Role of PERK and IRE1 in Angiotensin Il induced expression of 1l-1. MING
cells were treated with 1umol/l Angll for 6 h in the presence or absence of vehicle (DMSO),
0.5 umol/l GSK2606414 (PERKI) (a) Western-blot analysis of BiP, ATF4, CHOP phospho-
IREla (p-IREla), phospho-PERK (p-PERK) and phospho-elF2a (p-elF2a). GAPDH was
used as a loading control. Densitometric analyses of the results are presented below. (b) gPCR
analyses of Txnip, Il-74 and Xbpls. The results are expressed as mean +/- S.E.M of three
independent experiments. * p<0.05, ** p<0.01 vs their control; ¢# p<0.01 vs the control group
of siCon. MING cells were transfected with control sSiRNA or siRNA against Ire or Xbp. 96 h
post transfection cells were treated with 1umol/l Angll for 6 h prior to gPCR analyses of (c)

Xbp1ls, Irela and (d) Txnip, and Il-15.

Figure 4. IP3R and NOX activation is required for angiotensin Il induced ER stress. (a)
MING cells were treated with 1umol/l Angll for 2 e—6—h in the presence of 2-
aminoethoxydiphenyl borate (2APB) or xestospongin-C (XestC) (10umol/l). Western-blot
analysis of BiP, ATF4, CHOP, phospho-IREla (p-IREla) and phospho-elF2a (p-elF2a).
GAPDH was used as a loading control. Densitometric analyses of the results are presented

below. The results are expressed as mean +/- S.E.M of three independent experiments. *
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p<0.05, ** p<0.01 vs control; # p<0.05 for the compared groups. (b) MING6 were treated with
1umol/l Angll for 6 h in the presence or absence of: 100 nmol/l irbesartan (IRB); 1 (+), 10 (++)
or 300 umol/l1 (+++) apocycin (Apo) or; 10 umol/l diphenyleneiodonium (DPI). Superoxide
levels were measured using L-012 enhanced chemiluminescence. The results are expressed as
mean +/- S.E.M (NS (not significant)), ** p<0.01, * p<0.05; vs Angll treated and 11 p<0.01
vs control). (c) Representitive western-blot of BiP, ATF4, CHOP, phospho-IRE1and phospho-

elF2a. GAPDH was used as a loading control. DPI and Apo used was 10 umol/I.

Figure 5. Angiotensin Il infusion in mice causes beta cell dysfunction, ER stress and and
increase in the expression of pro-inflammatory cytokines. C57BL/6J male mice were
infused with Angll (at 416ng.kg™.min) for 2 weeks. Where indicated TUDCA (150 mg.kg"
! day) was also administered (Sham (--), Angll (=), Angll plus TUDCA (A+T) / (=)).(a)
A GTT was conducted after 2 weeks of infusion and (b) the incremental area under the curve
(IAUC) and (c) plasma insulin levels determined. (d) Disposition index is expressed as median
+/- interquartile range. The results are expressed as mean +/- S.E.M. with eight mice per group
unless otherwise stated. * p<0.05, ** p<0.01 vs sham; 11 p<0.01 vs Angll. Pancreatic islets
were then isolated and mRNA expression of:(e) markers of ER stress; (f) pro-inflammatory
cytokines and; (g) genes related to beta cell function were determined by gPCR analysis. The
results are expressed as mean +/- S.E.M. with four mice per group. * p<0.05, ** p<0.01 vs

control; T p<0.05, T1 p<0.01 for the compared groups.

Figure 7. Schematic showing how angiotensin Il causes inflammation in beta cells. Angll
binds to the AT1R resulting in the activation of Gaq/PLCPB and NOX. This increases the

production of ROS and IP3. ROS possibly sensitizes the IP3R for subsequent IP3-dependent
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568 calcium release from the ER. This causes ER stress and the activation of the UPR, which

569  promotes an increase in the expression of pro-inflammatory cytokines.

25



O © o © o
S & & © &
LD ¥ ® & o

=
(eseq %) <
xapul Alojejnwis

2.0

— i o =

D

(noyaisi/Bu) <
utnsuj

TUDCA

L

TUDCA

16.7 mM

2.8 mM

Glucose

+

1

S o o o =
[ep] N — mv
(Jo1u02 01 aAne|aI 8Bueyd ploy) <

uolssaJdxa wNYW TXpd

Tt
**

+ o+
-+

D
(101u09 01 aAneja) 3BuRYD PlOY) <
uolssaldxs WYNHW Z-1n|9

E
(jonu09 01 annejal abueyd pjoy) <
uolssaldxs YNHW YO

<
O
[a)
D
-

TUDCA

0 < 0 S
— — o

(101u09 01 aAne|al 8bueyd poy)
uolssaidxe wNHw T-doN

+—
+—
7‘*
X
) ) =) o
© < o

(jo1u02 01 anne|a. abueyd pjoy)
uolssaldxa YN W v-jul

T

a

*
*
, , , , , ,
e o <o 9o o o
w < » N

+—
-

(jonu02 01 aAne|al abueyd pjoy)
uoissaidxa YNYW gT-|

Ang Il
TUDCA

Ang Il
TUDCA

o
c
<

+

TUDCA

Figure 1



o o o o

(101u09 01 aAnR[a) 3BuRYd plOyY)
uoIssaIdxa YN W |Tol3

| “““““
*
S o o o
) N —

(1011u09 01 8Ane|2) BBURYD PlOY)
uoissaldxa YNYWw sTdgx

T

-+

w o 1 o 1o o

N [9\] i i o
(101u09 01 anne|al abueyd ploy)

uoissaldxe WYNYW dig

o
c
<

+

+
1

=
c
A

o
c
<

TUDCA

+

TUDCA

TUDCA

© 1w o ! o

(jo.nu09 01 aAne|al 3BuRYd plOY)
uolssaldxe YN YW 7)1y

(Jjonu09 01 annejal abueyd ploy)
uoIssaIdxa WYNHW wap3

(101u09 01 aAne|a) 3bBueyd ploy)
uolissaldxa WNYW TTdgy4

Ang Il
TUDCA

Ang Il
TUDCA

o
[
<

TUDCA

o o o o
™ [9\] —
(100u09 01 8AnR|2) 3BURYD PlOY)
uoissaldxe WNHw doyd

Ang Il

TUDCA

Figure 1 continued



BiP / GAPDH
(fold change relative to control)

phospho-elF2a / GAPDH
(fold change relative to control)

Xbpls mRNA expression

Angll
Time(h) 0 2 6 24 48 72 96

p-IRELo (5724) [ == o o = o
p-PERK (T980) == =5
p-eIFZa (851) |—- ——— — — ~|

ATF4 | = G GED G e

C D gl —

° °
31 32 s T 5 107 **
*x a o o 3
< g < o g
o = o 2
- o - @
> >
g = N 61
w S x S
bt w @
E ) o 44
o © =)
= c N c
g £ < 7
g o] 'g o
. 2 3 . 2 3 0- .
0 2 6 24 48 72 96 Time (h) 2 0 2 6 24 48 72 96 Time (h) e 0 2 6 24 48 72 96Time (h)
Angiotensin Il Angiotensin Il Angiotensin Il
° °
£ 40- *x £ 25- o
o o
b **** o T
I o I 5
o = 301 - 2 =
a
< 2 < 2 Fkk
= o =
© 2 2 2 g
< = X a -
Log o3
S 101 T c
<= * o=
o o
2 o- =
0 2 6 24 48 72 96 Time (h) 2 0 2 6 24 48 72 96 Time (h) 2 0 2 6 24 48 72 96Time (h)
Angiotensin Il Angiotensin Il Angiotensin Il

] 41 c 5 < E 47
o o o o
= *K x & <= = *%*
o ** *k $ o g o
@ 31 ** - o - o
> Q. > Q>
=] X S X =
= v © @ ©
® <® < *
[=)) x o x o
& £ G E S
= = B B
o O o — ©O
s £ £
0 2 6 24 48 72 96 Time (h) 0 2 6 24 48 72 96 Time (h) 0 2 6 24 48 72 96 Time (h)

Angiotensin Il Angiotensin Il Angiotensin Il

Figure 2



o wn o wn o

o~ — i o

(unoy 0 aAnejal abueyos pjoy)
uolssaldxa YyNY W T-doN

**
*x

**

(unoy 0 aAnelal abueys pjoy)
uoissaldxa YNY W O-jul

(4noy o aAnejal abueyds pjoy)
uolssaldxa YNYW gT-11

6 24 48 72 96 Time (h)

Angiotensin Il

** %xx
IIID_U

2

0

6 24 48 72 96 Time (h)

Angiotensin Il

2

0

6 24 48 72 96 Time (h)

Angiotensin Il

2

©

T
o
o~ - - o

54
.01
54

(4noy o aAnejas abueys pjoy)
uolssaldxs YyNHw doyd

**
—T

**
—T

**
*%x

o~ o~ - - o
(4noy o aAnejas abueys pjoy)
uolssaldxa YNY W yHIV

**

i

**
T

T T T
o o o
< o™ o~ —

0
0-

(4noy o aAnejas abueys pjoy)
uolssaldxs YNY W sTdgyx

48 Time (h)

24

48 Time (h)

24

Angiotensin 11

48 Time (h)

24

Angiotensin 11

Angiotensin 11

*

T T
o Yo}
o — — o

(unoy o anne|as abueys pjoy)

uolssaldxa YNY W O-jul
of
*
T T T T
S L < © i
N — — o

(unoy o anne|as abueyos pjoy)
uolssaldxs YNYW g1-11

& n & & o
N — — o

(unoy o anne|as abueys pjoy)
uolssaldxa YNy w diux |

T T 1
2 < © i

24 48Time (h)

Angiotensin 11

48 Time (h)

24

Angiotensin 11

48 Time (h)

24

Angiotensin 11

Figure 2 continued



\ehicle PERKI

+

+
-

PIREla (S724) |
ATF4 |
CHOP |

GAPDH |(vees cms e e

Angll
pelF2a (S51) |

Tt

+ Angll

PERKi
1

tH :
.__

_ _
0 5 0 5 O 5 0
™ N N — —

Veh

(jol1uoo 01 aAne|al abueys pjoy)
HAdVO/dOHD

=)
c
<
[
o
_.- L
[ a W
+—
IT
*
X +h
(5]
_V
S bS S by °©
o~ — —

(jonyuod o1 annejas abueys pjoy)
HAdVO /vd1lV

+ Angll

PERKi

i

Veh

(josruoo 01 anne|al abueys pjoy)
HAdvo/ Pzdl19-oydsoyd

0

+ Angll

PERKi

T

Nt

I |
Veh

(josyuod 01 aAne|as abueys pjoy)
uolssaldxs YNY W sTdgx

|
|
£ :
1

T
b
<)

+ Angl
PERKIi

1

Veh

T T T
w0 o w0
[9V] N i

1.01
0.0-

(Josruo02 01 anne|al abueys pjoy)
uoissaldxa YNYW ¢gT-11

=
<
<
1 +g
o
-
— o
+—
*
3 I
D
-
N
o~ - — o o

(jolruoo 01 aAne|al abueys pjoy)
uolssaldxs YNYw diuxy

o
+
o 8
L 2 "o
| W
+
. Q_H o4
- +Hl '
tH A.m
— e
. X
H———————— 1 +%g
=)
i S
< ™ N - Omu
c

(jonyuod annejal abueys EotA
uolssaldxa YNYw sTdgx

siXBP

1l

Angll- +
siCon

1
N — o

(jonnuoDis 01 anne|as abueys pjoy)

uorssaldxa YNYW OTaJ]

Figure 3



Txnip mRNA expression

>(f0|d change relative control)

Tt

—
3- * % **
T T
2_
1
1_
0_
ngll-+ -+ -+ -+

Mock siCon silRE siXBP

11-18 mRNA expression

>(f0|d change relative control)

8- **

T
6_

t

44
24 | —
AN
ngll-+ -+ -+ -+

Mock siCon silRE siXBP

Figure 3 continued



2h 2h 6h

Inhibitor: Veh XestC Veh 2APB Veh 2APB XestC
Angll -+ |- +|-+|-

BiP |.-u-u||-i-q|______|

P-IREla (S724) [= o o o [— =— — —|
p-elF2a (S51) [== s == =] | |
ATF4 (S S &S 75| - |

|

..—-—-~“|

= -]

|
[ == |
CHOP [ S| [~ - — — — ]

O B o T T ——— --——-—|
Tt

71 71

s s ' s
T 2 2.0- 2 4 £ 2.07 *x
2 8 8 : T
< o *% e *% T g
O T 157 o 34 2 o 159
32 < 2 < 2 2h
= o 5 (G~
; ® 1.0 <3 2 -3 1.0
? o : @ g @
o o i -2 T 2 1
S 05 <S5 ! T os
3G S S
2= ol = ) 2 0.0
e -+ -+ Angll g -+ -  + Angll g -+ -+ Angll
Veh XestC Veh XestC Veh XestC
s s s
T = 4 S 31 = 61 **
o g o e
a o o ** o
s 2 s 2 Z e
e ® *] 2 2, & S 4
= < 2 < =
Sn = (O o E 2h
w E 2 ~ E) =~ 2
? o g o 1_i E @ 2
(=) (=2} {=2] - (o2}
= 1 I c c
o © o ®© < «©
wn L = =
52 : - .
22 o % 0- % 0-
g - + Angll = - + - + Ang” 2 - + _ + Ang“
Veh XestC Veh  XestC Veh XestC
S S Tt S
T £ 3.0 £ 50.01 £ 20.01 Tt
2 s S *% 3
g 2 6.0 5 = 4001 52 15.0 ke 6h
- 2 ) a 2 o o .
Log 4.0 N 5 10.01
s 5 N S 20.0 g -
s> | k2 T 2 5.0
S 20 < < 10.04 o s 7
s 3s S S
Sz ol = o T golNE L Jmm e
2 - + - + Angll 5 -+ -+ - +Angll g -+ -+ - + Angll
Veh 2APB XestC Veh 2APB XestC Veh 2APB XestC

Figure 4



Superoxide (% of control)

2001

150

1004

501

p-IREla (S724) [
p-elF20 (S51) |

Tt
NS
T T
T oxx %
— l
= O + 4+ +++
o ®
Ll Apo
C “Ang Il

Angll - +

-+ - 4

BIP [ o e

e

ATF4 [ == | |

CHOP [ == | |

(3/\P[)F1 kIII-pPIDIII++-H-+
Inhibitor:  Veh DPI  Apo

Figure 4 continued



-+
-+
*
*
S & & & o o <
o o o o o o
N O oo o < «
—
onv!
O
<
(@]
o
-}
T
ks
£ = =2
s 272
n < <
¢ % 0
*
X
S

30.01

24.01
18.01
12.01

6.0

(/310w w)
asoon|b poojg

Angll  A+T

Sham

60 90

30

Time (min)

- Sham

- Angll

T T
N o
o o
o o

0.061
0.041

3- AnglI+TUDCA

**

-0.02-

w) xapul uonisodsig

4007%*

(tw/bd) 119 Buninp
uljnsul ewse|d

A+T

Sham Angll

60

30

Time (min)

Tt

1

=
A+T

*%*
Angll

Sham

s o o o o
< ™ N —
(weys o1 aAne|as abueys pjo4)
uolssaldxs YNY W TTdgy 4 13]IS]

A+T

**

Angll

Sham

w © =w o w o
N N — - o
(weys o1 anne|as abueyos pjo4)

uolssaldxs YNYH W sTdgyx 19]S]|

I
A+T

Angll

Sham

0 o o o
- - o
(weys o1 aane|as abueys pjo4)

uolssaldxsa YNY W d1g 19|S|

7T

T

1

-
A+T

*%*

Angll

Sham

N

(weys o1 aAne|as abueyos pjo4)
uolssaldxs YNH W diux] 19]s]

i
A+T

Angll

Sham

T
-

~ - o
(weys o1 aane|as abueys pjo4)
uolssaldxa YNY W wap3ials|

=
A+T

**

Angll

Sham

& e & & o
N - — o

(weys o1 aane|as abueys pjo4)
uolssaldxa YNY W |T04T 19]S]

Figure 5



e continued

Tt

1
A+T

**
Angll

Sham

s o o o o
< ™ N —

(weys o1 aAne|as abueys pjo4)
uolssaidxa YNy w doyD 13|s|

1
A+T

1
*k

Angll

Sham

w © =w o w o
N N — Ll o
(weys o) annejal abueyos pjo4)

uolssaldxs YN Y W yi1V 19]S]|

Y

Tt

T T T 1
o o o o
@ N —

Angll  A+T

Sham

(weys o1 anne|as abueyos pjo4)

uolssaldxa Y NY W 0-yu] 13|S]|

+—
+—
*Tﬂ
X
R

o~ N — — o

(weys o1 aane|as abueys pjo4)
uolssaldxa YN W gT-1113]S|

Angll  A+T

Sham

71

Tt

(@))

A+T

T1

Angll

Sham

0 o o o
- - o
(weys o1 aAne|as abueys pjo4)

uoIssaIdxs YN Y W 39 13|

1
A+T

Angll

Sham

s ® o 1 o
o~ - - o
(weys o1 aane|as abueys pjo4)

uolssaldxs YN W zZin| 9 19|s|

T
X _| +
<
x 5
f oy
<
1S
©
ey
n
w0 o 0 o
— — o

(weys o1 aanejal abueys pjoy)
uolssaldxa Y NY W TXpd 19]S|

Figure 5 continued



IL-1p and TNFa. 4}

@

p-cell dysfunction

Figure 6



	Chan et al Endocrinology revised_020817
	Revised figures Chan et al_020817(TPH_edit)
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11


