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Orexin regulates food intake and emerexpenditure. Here, we test the ability of orexif@XA, hypocretin-1) at
improving metabolic control in type 2 diabetic animals and elaborate potential mechanisms of action. Rats with
experimentally induced type 2 diabetes by a combination of streptozotocin injection and high-fat diet feeding were
chronically infused with OXAIn vitro experiments were conducted on isolated pancreatic islets, primary adipocytes and
insulin secreting INS-1E cells. OXitnproved glucose control, enhanced insulin sensitivity and attenuated parfgreatic

cell loss in type 2 diabetic rat&x vivo, apoptotic death of pancreatic islets isolated from OXA-treated type 2 diabetic
animals as well as the impairment of glucose-stimulated insulin secretion were attenuated, as compared to islets derived
from vehicle-treated rats. OX#educed plasma tumor necrosis faetofTNF-a) and non-esterified fatty acids (NEF

levels in type 2 diabetic rats. OXdecreased palmitate- afitNF-a-induced apoptosis of INS-1E cells. OX#proves

glucose control by enhancing insulin sensitivity and prote€tioglls from apoptotic cell death in type 2 diabetic animals.

Key words:orexin, diabetes, [(-cells, proliferation, apoptosis, islets, insulin sentistivity, proinflammatory cytokines,
glukagon-like peptide

INTRODUCTION induced type 1 diabetic mice, OXAcutely lowered blood
glucose concentrations without any changes in insulin levels (19).
Orexin is a circulating neuropeptide and neurotransmitterAdditionally, orexin appears to regulate insulin sensitivity
originally isolated from hypothalamic extracts (Rjeproorexin Overproduction of orexin from an ectopically expressed
mRNA as well as OXApeptide were also detected in the transgene@AG/orexin Tg) not only rendered animals resistant to
peripheral tissues (2). Furthermore, OX# present in the diet-induced obesitybut also improved glucose control and
circulation in humans and rodents (3yvo major isoforms of  attenuated hyperinsulinemia (6). Concordamtéfetion oforexin
orexin exist: OXA (hypocretin-1) and orexin-B (OXB) led to a late-onset of insulin resistance (20). Others reported that
(hypocretin-2) (1). OXAand OXB interact with their receptors OXA-deficient mice with STZ-diabetes had improved glucose
termed as OXRand OXR (1). Human and animal studies control (15), questioning the antihygBrcaemic activity of
indicated a role of orexin in controlling food intake, body weight OXA. Thus, the décts of OXAon glucose control in various
and enagy expenditure (1, 4-6).ti&ulation of food intake by  animal models are inconsistent. Chronic studies evaluating long-
hypothalamic orexin is partially mediated by its interaction withterm efects of exogenous OX# type 2 diabetes are not yet
cannabidoid system (7). Low expression or lack of orexin in theavailable. Since OXAas a short half-life (30.7 min) (21), we
body is found in patients with narcolepsy (8, Bhese patients studied the décts of continuously infused OXfar 4 weeks in
are frequently obese. Furthermore, BMI-matched narcolepti@animals with experimentally-induced type 2 diabetes (22) on
patients have a higher incidence of type 2 diabetes (12.5% versgfucose control, insulin sensitivity and pancreatic islet
5%) as compared to non-narcoleptic healthy individuals (9, 10).morphology and evaluated potential mechanisms of action.
OXA interacts with pancreatie- and B-cells, thereby
modulating glucose homeostasisl{5). In non-diabetic rats,
OXA acutely inhibited insulin secretion and stimulated glucagon MATERIALS AND METHODS
secretion (14). In contrast, we and others found that OX
increased insulin secretiom vivo and in vitro, and inhibited
glucagon secretion in non-diabetic rodenis 18, 16, 17). Others Cell culture media and supplements were from GIBCO
reported that OXAacutely reduces glycemia, withoufeadting Invitrogen (Karlsruhe, Germany) or Sigma-Aldrich (Deisenhofen,
insulin secretion (18). In non-diabetic and streptozotocin (STZ)-Germany). Cleaved caspase 3, rabbit IgG HRP-linked, mouse IgG
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HRP-linked antibodies were from Cell Signalliigchnology  Determination of surrogate indexes for insulin sensitivity and
(Danvers, MA, USA). Insulin and glucagon antibodies were fromresistance

Dako (Glostrup, Denmark) and tiffeactin antibody was from

Sigma-Aldrich. Palmitic acid @) solution was prepared, as Homeostasis model assessment of insulin resistance (HOMA-
described (23)Adiponectin ELISAkit was purchased from MBL IR) in diabetic rats, in particularly those with STZ/HFD-induced
International (Vdburn, USA), FGF-21 ELISAkit was from  diabetes was published by others (26-28) and calculated according
Biovendor Inc. (Brno, Czech Republic), total GLP-1 ELIEA  to the formula: [fasting glucose level (mmol/l) x fasting insulin
from DRG (New JersgeyJSA), leptin, insulin and glucagon RIA level (uU/ml)}/22.4. Insulin sensitivity was measured in rats
kits from Millipore Corporation (Billerica, USA), OXRIA kit injected i.p. with human recombinant insulin (1.25 1U/kg Humulin
from Phoenix Pharmaceuticals, IRENF-a ELISA kit from R & R; Eli Lilly, Indianapolis, IN, USA), as described (2Bhe rate

D Systems, Inc. (Minneapolis, USA), DNfagmentation ELISA  constant for plasma glucose disappearancg)(Kinsulin

kit from Roche Diagnostics (PenzgeBermany). sensitivity index) was calculated using the formula:
[0.693/biological half - life ¢,)] x 100. Plasma glucose half-life
Animal experiments (ty) was calculated from the slope of the plasma glucose

concentration during 30 minutes after insulin injection, using the

Adult maleWistar rats (200 + 30 g, 10 weeks of age) wereleast square fit when the glycemia declined linearly (30).
fed high-fat diet (HFD) (60% kcal from fat, diet No. 2127, Quantitative insulin-sensitivity check index (QUICKI) was
Kaiseraugst, Switzerland) for 5 weeks, to induce obesitydetermined according to the formula: 1/((log(fasting insulin
Control rats were fed a standard chow dietpfeed B; Kcynia, pU/mL) + log(fasting glucose mg/dL)) (31, 32).
Poland) All animals were held in a 12:12 hour light:dark cycle
with free access to food and watklzet osmotic pumps (model |solation of rat white adipocytes
2ML4; Durect Co., Cupertino, CA) pre-filled with 0.134 mg
OXAin 2ml 0.9% NaCl (BachemG, Bubendorf, Switzerland) Primary adipocytes were isolated from epididymal fat pads of
or vehicle (0.9% NaCl) were placed subcutaneously undemale adultWistar rats (33). In brief, collected adipose tissue was
general anesthesia at the end of the fifth week of feeding. On thaurified from blood vessels, dried and minced with scissors.
same day HFD-fed animals were injected either with saline (DIOThereafter tissue was digested in Krebs-Ringer HEPESebuf
group) or STZ (35 mg/kg body weight), to induce type 2supplemented in collagenase type Il (3 mg/ml), glucose (5 mmol/l)
diabetes, according to the protocol reported by professor Reavdar 45 min at 37°C in a shaking wateaith. After digestion cells
(22, 24). STZ was dissolved in citric lfeif and administrated were filtered through a nylon mesh (250 pm), washed with KRBH
intraperitoneallyAnimals were fed HFD for additional 4 weeks. and counted using a Burk&urk counter chamber
Control lean groups were treated in the same, wagept they
received chow instead of HFD. Physiological plasma Incorporation of glucose into triglycerides
concentration of OXAin rats is approximately 50 pg/ml (25)
which corresponds to 14 pmol/l. In our studgmotic pumps To measureex vivo incorporation of [U¥C]-glucose into
were filled with 18.81 pM OXAand OXAwas continuously triglycerides isolated primary adipocytes {1€ells/ml) were
infused intraperitoneally (i.p.) at a rate of 47 pmol/h for 4 weeksincubated in KRBH (3 mmol/l glucose, 3% wi/vol. NEffee BSA)
The volume hourly released from pumps was 2.5 W with 100 nmol/l OXA+/— 10 nmol/l insulin or vehicle and with 0.5
calculated that this should yield 0.75 nmol/l O¥éncentration  uCi [U-“C]-glucose for 2 hours at 37°C, as described (25, 34, 35).
in plasma after one hguwrhich is a pharmacological dose. Note
that the total blood volume accounts for approx. 6% of the totalsolation of pancreatic islets and determination of apoptosis
body weight in rats and OXAas a half-life of approx. 30 min. markers and insulin RNA content
OXA degradation at the end of the study was measured from the
remaining OXAsolution in the osmotic pumps by rat OXA Pancreatic islets were isolated.Yfrom randomly selected
ELISA assay and compared to freshly prepared OXWe rats within each experimental group (n = 3), followed by
estimated that OXAlegradation was less than 10% after four RNA/protein isolation antlVestern blotting. Relative expression
weeks, comparing to freshly prepared O¥data not shown). of insulin mRNAIn islets was assayed byifRCR.
All animal protocols were approved by the Local Ethical
Commission for Investigation dknimals, Poznan University of  Caspase activity assay
Life Sciences. Principles of laboratory animal care
(NIH publication no. 85 — 23, revised 1985; http://grantsl. Isolated rat pancreatic islets were lysed in 1X lysi$eut
nih.gov/grants/olaw/references/phspol.htm) were followed, as ratio of 50 pl per 25 size-matched islets followed by

well as specific national laws. measurement of the total protein concentration using BCA
ProteinAssay Kit (Pierce Biotechnologfrockford, IL).Ten pg
Detection of hormones and cytokines of each lysate was tested using the Caspase 3 Colorirhssay

Kit (Sigma-Aldrich), with or without caspase 3 inhibjtan a

Blood was drawn from jugular veins of overnight fasted total reaction volume of 100 [The substrate (Ac-DEVD-pNA)
animals in pre-chilled tubes pre-filled withnig/ml EDTA and concentration was 200 pmol/l, and the inhibitor (Ac-DEVD-
500 kIU/ml aprotinin. Plasma was recovered and stored aCHO) concentration was 0.05 umolfhe assay was performed

-80°C. at pH 7.4 at 37°C for 120 miithe results were calculated using
a p-nitroaniline calibration curve and expressed as pmol of pNA
Intraperitoneal glucose tolerance test (IPGTT) released per min per pg of proteins in pancreatic islets lysate.

Animals were fasted for 6 hours (fasting was started at &atic incubation of isolated pancreatic idets
a.m.) and were injected with glucoseg(kg body weight, i.p.).
Glucose concentration was measured from blood taken from tail To assess glucose-stimulated insulin secretion (GSIS), approx.
veins using a glucometeiAccuCheck Active (Roche 50 islets for each experimental group were purified individually by
Diagnostics, Mannheim, Germany). hand picking under stereomicroscopéer washing in PBS the
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islets were seeded in 24-wells plates (5 islets/well) and incubatgdetermination of pancreatic insulin content
for 2 hours with basal (6.66 mmol/l) or high (24 mmol/l) glucose.
Insulin concentration in medium was measured by ELISA. Whole pancreata were dissected in 0.1 mol/l PBS and
weighed.Thereafter 1/4 of each pancreas (the same duodenal
part of the gland) was homogenized using a hand-held
homogenizer in 0.14 N HCI/95% ethansliquots were used for
INS-1E is a clonal rat insulin-secreting cell line, derived determination of insulin and total protein content (B@Atein
from INS-1 cells, in which insulinoma was induced by radiationassayPierce BiotechnologyRockford, IL).
(36). Meglen et al. isolated INS-1E clone (37), which is
considered as a stable and valugbleell model. INS-1E cells
were cultured in RPMI-1640 containing inmol/l glucose, 10%
FCS, 10 mmol/l HEPES, 2nmol/l L-glutamine, 1mmol/l INS-1E cells were cultured in a 24-well plate (1 % 10
sodium pyruvate, 0.03nmol/l 2-mercaptoethanol, 100 kU/l cells/well) in a RPMI1640 + 10% FCS for 24 hours. Cells were
penicillin, 100 mg/l streptomycin. Cells were maintained atswitched to a serum-free medium for additional 24 hours
37°C in a humidified atmosphere (5% £05% air). incubation. Thereafter cells were treated with 0.2 mmol/l
palmitic acid (R) +/— 100 nmol/l OXAor 40 ng/mITNF-a +/—
100 nmol/l OXAfor 24 hours.The choice of OXAdose (100
nmol/l) was based upon previous publications, showing that this
The distal 20% of pancreata were fixed in Bouin solutiondose can dééctively afect the functions of adipocytes or

Cultivation of insulinoma cells

Cell death assay

Immunohistochemistry

(Sigma, & Louis, MO) for 24 hours, embedded in pénatind
sectioned with a microtome into 5 — 6 pm-thick specimé&hs.
sections were depafiaized and incubated in 3%,8, for 30 min
at RT to block endogenous peroxidase activiffter PBS wash,

pancreatic islets functioris vitro (12, 25). In a parallel study
isolated rat pancreatic islets (20 islets/well) were cultured in 6-
well plates in RPMI medium with 0.4 mmol/AR-/— 100 nmol/l
OXA for 24 hours.The cytoplasmic histone-associated DNA

sections were pre-incubated with normal goat serum for 30 min arflagments (mono- and oligonucleosomes) were quantified using

then incubated with guinea pig anti-insulin polyclonal antibody Cell Death Detection ELISA.

After washing in PBS, sections were incubated with secondary

antibody and peroxidase (DAKO LSAB 2 System™ HRP). Satistical analysis

Peroxidase activity was detected using the 3, 3'-diaminobezidine

technigue (DAKO Liquid DAB Substrate-Chromogen System).  Results are presented as mean + S.HNe numbers of

Negative controls were carried out by similarly treating adjacenainimals and the number of experiments are given in each figure.

sections and omitting the primary antibpay well as using primary  All collected samples were measured in duplicatéstisHcal

antibody pre-absorbed with antigen excess. analysis was performed usiigro Way ANOVA followed by the
Morphometric analyses of insulin-immunoreactive cells Bonferroni post hoc testt&istical significance was considered

were performed using Image-J analysis software and particlehen P< 0.05.The trapezoidal rule was used to determine the

size analyzer macro (Scion, Frederick, MD)e area of insulin-  area under the curve (AUC).

immunostaining in three sections of pancreas from 4 animals

relative to total sectional area examined was quantified by

monochromatic threshold.

Real-time PCR

Total RNA extraction and real-time procedures were

performed as described (25). Brieflgr cDNAsynthesis 1 pg of
total RNA and Transcriptor First 8and cDNA Synthesis Kit

RESULTS

Orexin-A improves glucose control in type 2 diabetic animals

Type 2 diabetic rats had increased fasting plasma insulin,
glucagon, and blood glucose levels, as compared to non-diabetic
lean animals Kig. 1A-1C). OXA reduced hyperinsulinaemia,

(Roche, Germany) was used according to manufacturer protocdiypeglucagonaemia and restored normoglycaemia in type 2
PCR consisted of an initial predenaturation step at 95°C for 1@iabetic rats after 4 weeks of treatmeRig( 1A-1C). OXA
min, followed by 35 — 40 cycles of denaturation at 95°C for 10 sjmproved glucose tolerance in type 2 diabetic animals as

annealing at 58°C for 30 s and extension at 72°C for @usd&rd
curves were established for each pair of prirfgtditionally, the
products were also visualized on 4% agaroseTga.results are
shown as relative expression ofgetr gene relative t&Gapdh.
The following sequences of primers were used:

Gapdh (forward: 5’-atggtgaaggtcggtgtga-3’,

reverse: 5’-aatctccactttgccactgca8id Universal ProbeLibrary
probe: #84),

Tnf-a (forward: 5’-tgaacttcggggtgatcg-3’,

reverse: 5’-gggcttgtcactcgagttit-8hd Universal ProbeLibrary
probe: #63),

Insulin (forward: 5’-agaccatcagcaagcaggtc-3’,

reverse: 5'- cttgggctcccagaggacadid Universal ProbeLibrary
probe: #73).

Protein isolation and Western blot

Cells were cultured in 6-well plates and serum-deprived for
24 hours. Protein isolation aWdestern blots were performed as insulin-stimulated

described (25).

detected by IPGTTFig. 1D-1G).

OXA did not afect cumulative daily food intake (data not
shown). Type 2 diabetic rats treated with OXi#ad slightly
lower body weights as compared to vehicle treatmertq®@5)
(Fig. 1H).

Orexin-A increases insulin sengitivity

HOMA-IR increased from 1.55 (lean controls) to 6.6 in
HFD/STZ-diabetic rats, whereas OXatenuated HOMA-IR in
type 2 diabetic rats (1.71FiQ. 2A). Insulin sensitivity index
(Kirr) measured by the short insulin tolerance test markedly
decreased in HFD/STZ-diabetic rats, as compared to controls (P
< 0.001) Fig. 2B). OXA increased I in HFD/STZ-diabetic
rats. Concordantlyanother insulin sensitivity index QUICKI
decreased in animals with HFD/STZ-diabetes, whereas OXA
potently increased QUICKI in diabetic rad. 2C).

The impact of OXAon insulin sensitivity was measured by
incorporation of [WC]-glucose into
triglycerides in isolated adipocytesx vivo (Fig. 2D). Insulin-
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Fig. 1. Effects OXAon parameters of glucose homeostasis. Fasting plasma irsSylgiucagon B) and blood glucoseC) levels in
non-diabetic chow-fed lean rats and in rats with DIO or HFD/STZ-induced type 2 diabetes after 4 weeks of treatment with vehicle
(white bars) or OXAblack bars). Glucose excursions in IPGFarformed in non-diabetic controBY, rats with DIO E) and in type

2 diabetic ratsK) after 4 weeks of treatment with vehicle (open circles) or @Hlad squares). Calculated glucoa&C-90 in all

three animal group<s). Determination food body weight at the end of the stit}y { denotes K 0.05, *P< 0.01, ***P < 0.001

in comparison with the indicated controls using two-WajOVA followed by Bonferroni post hoc test. Results are shown as mean +

SEM. (n=7).
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Fig. 2. Effects of OXAon insulin sensitivity index and insulin-stimulated glucose uptake in isolated adipocytes. HOMA-IR index in
control in chow-fed, non-diabetic and HFD/STZ-(type 2) diabetic rats after 4 weeks of treatment either with vehicléAy. GXlin
sensitivity index (k&) determined on the basis of short insulin-tolerance test (ITT) at the end of theBtubgtérmination of the
guantitative insulin-sensitivity check index (QUICKI), calculated as the inverse log sum of fasting insulin (uU/ml) and fasting glucose
mgl/dl (C). Insulin-stimulated incorporation of [UE] glucose into triglycerides detected in isolated primary adipocytes derived from
non-diabetic control rats and HFD/STZ-diabetic animals treated for 4 weeks either with vehicle dDPDX¥hite bars: vehicle
treatment, black bars: OX#eatment. * denotes £0.05; ** P < 0.01; ***P< 0.001 versus HFD/STZ animals or versus non-diabetic
lean control chow-fed rats using two-walOVA followed by Bonferroni post hoc test. Results are shown as mean + S.E.M. (n = 6).

stimulated incorporation of [WC]-glucose into triglycerides in  insulin mMRNA expression Kig. 4F). OXA treatment partially
adipocytes derived from STZ/HFD-diabetic animals wasattenuate@-cell loss and attenuated the decreases of pancreatic
reduced, as compared to adipocytes derived from chow-fethsulin content, and insulin mRNiA type 2 diabetic rats. Islets
animals. Insulin  potently enhanced [tG]-glucose isolated from type 2 diabetic rats had increased apoptosis, as
incorporation into triglycerides in adipocytes isolated from detected by the high abundance of activated (cleaved) GBR3 (
OXA-treated type 2 diabetic rats, as compared to adipocytedG), as well as increased CSP3 activiigf 4H), in comparison
derived from vehicle-treated diabetic animals. to islets derived from non-diabetic rathe activation of CSP3
It is known that pro- and antiinflammatory cytokines and was attenuated in diabetic rats treated with OXA. Pancreatic
hormones can modulate insulin sensitivibXA-treated diabetic  islets isolated from vehicle-treated type 2 diabetic animals
rats had lower plasma levels of visfatin, resistin, and leptinshowed impaired insulin release at both basal (6.66 mnfeild) (
whereas adiponectin, FGF-21 and GLP-1 were higher adl) as well as high (24 mmol/l) glucogEig. 4J). In contrast,
compared to vehicle-treated diabetic rédtig(3A-3F). chronic OXAtreatment of type 2 diabetic rats improved insulin
secretion at both glucose concentratidrigese findings suggest
Orexin-A attenuates the loss of pancreatic 3-cell mass in type 2 that OXA attenuateg3-cell loss and improves GSIS in type 2
diabetes and improves glucose-stimulated insulin secretion diabetic animals.
Furthermore, we found that type 2 diabetic rats had increased
Type 2 diabetic rats experienc@ecells loss Fig. 4A-4D) a-cell area and glucagon content which was attenuated by OXA
and had decreased pancreatic insulin conkégt4E), as well as  treatment(Fig. 5A-5E). OXA protects pancreatif-cells from
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Fig. 3. Changes of plasma levels of pro- and antiinflammatory cytokines in OXA-treated type 2 diabetic, control rats (chow) and in
rats with DIO (HFD). Plasma concentrations visfafiy ¢esistin B), leptin (C), adiponectin), FGF-21 E) and GLP-1[) detected

in animals without or with DIO of2DM treated for 4 weeks either with OXak NaCl.The results are derived from n = 6 animals

per group. * denotes £0.05, **P< 0.01, ***P < 0.001, TR 0.05 versus healthy controls, using two-wWayOVA.

Fig. 4. Alterations of the endocrine pancredicells morphology and function in rats with experimentally-induced type 2 diabetes
chronically treated with OXA. Morphometric analysis for insulin-immunoreactivity of pancreatic sections in lean control rats (upper
panel) and rats with HFD/STZ-diabetes, treated continuously for 4 weeks either with vehicle (middle paneljlon@>#anel) derived

from n = 3 diferent rats A-C). Quantification of the area of insulin-immunoreactiviiycell area) in three representative pancreatic
sections D). Results are derived from n = 5 animals per group and are expresRelharea relative to the total sectional area
(quantification by monochromatic threshold). Insulin content in pancreata isolated from chow-fed or STZ/HFD-diabetic rats treated either
with vehicle (white bar) or OXAblack bar) E). Analysis of insulin mRNAcontent in pancreatic islets isolated from rats with STZ/HFD-
diabetes treated either with vehicle (white bars) or @ack bars) in comparison to chow-fed control animi)s Petermination of
caspase 3 (CSP3) cleava@® &nd CSP3 activityH) in pancreatic islets isolated from non-diabetic chow-fed rats and from rats with
STZ/HFD-diabetes treated either with vehicle (white bars) or Qiéd bars).Ex vivo determination of GSIS at low (6.0 mmolA) br

high (24 mmol/l) glucoseJ} in pancreatic islets isolated from rats with STZ/HFD-diabetes, DIO or non-diabetic lean control rats treated
chronically either with vehicle (white bars) or OXBlack bars). * denotes €£0.05, **P< 0.01, ***P < 0.001 in comparison with the
indicated controls using two-w#@#NOVA followed by Bonferroni test. Results are shown as mean + S.E.M. (n = 6).
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Fig. 5. Pancreatic glucagon-immunoreactivity and glucagon area in lean control, HFD/STZ/NaCl and HFD/STAOXA
Morphometric analysis for glucagon-immunoreactivity of pancreatic sections in lean control rats (upper panel) and rats with
HFD/STZ-diabetes, treated continuously for 4 weeks either with vehicle (middle panel) ofl@Wék panel) derived from n = 3
different rats A-C). Quantification of the area of glucagon-immunoreactivitycéll area) in three representative pancreatic sections

(D). Glucagon content in lean control, HFD/STZ/NaCl and HFD/STZ/@a4 E). Results represent the mean obtained fromn = 3
animals. * denotes R 0.05, **P< 0.01 versus lean or HFD/STZ/OXA-treated rats using twoAN@VA.

apoptotic death and enhancBscell survival in vitro. OXA stimulated cleavage of CSP3 in INS-1E cel#g( 6G). Thus,

lowered plasma levels of NBFand TNF-a in type 2 diabetic OXA inhibits palmitate-/TNFa-stimulated apoptosis of

animals Fig. 6A-6B). Since OXA attenuatedB-cell loss and pancreati@-cells.

inhibited the activation of the crucial pro-apoptotic protease -

CSP3 - in pancreatic islets in type 2 diabetic rats, we further

evaluated the #&cts of OXAon apoptosisn vitro. Palmitate DISCUSSION

induced apoptotic death in pancreatic islets and in INS-1E cells

(Fig. 4C-4D). OXA attenuated palmitate-induced apoptosis in  We report here that chronic treatment with OXdproves

isolated rat pancreatic islesig. 6C) and INS-1E-cellsKig. 6D). glycemic control in type 2 diabetes. OX#educes fasting
To further elucidate intracellular signaling, through which glucose, circulating insulin and glucagon levels, and improves

OXA attenuates palmitate-induced apoptosis, we tested thglucose clearance in type 2 diabetic rats. QXphegulates the

expression the proapoptotic cytokifedNF-a in isolated rat release of anti-inflammatory cytokines from isolated adipocytes

pancreatic islets. Palmitate stimulated, whereas @¥v#bited and increases plasma levels of these cytokines in type 2 diabetic

the expression oTNF-a in islets Fig. 6E). Next, we tested rats. OXAhas opposite &fcts on pro-inflammatory cytokines.

whether OXAis able to influencd NF-a-stimulated apoptosis Furthermore, OXAincreases insulin sensitivityn vivo and ex

of INS-1E-cells. TNF-a stimulated INS-1E cells apoptosis, vivoin adipocytes in type 2 diabetes. OX&duces apoptosis of

which was attenuated by OXAig. 6F). TNF-a is a well-known  pancreaticp-cells and attenuates the reduction of pancreatic

activator of CSP3 and therefore we tested tfexctf of OXAon insulin content in type 2 diabetes. OXAcreases GSIS in

TNF-a-stimulated activation of CSP3. OXatenuated NF-a- pancreatic islets isolated from type 2 diabetic rats. Potential



677

D Vehicle

Plasma NEFA Plasma TNF-a
. Orexin A
A 0.5 - . B 60 .
E 0.4 1 =
W ~ L **
3 0.31 Zz —~40
S e FE
4 ®©
(_%é o ’:-I ' ggzo ﬂ
o 0.11 o
o
0 0 |__r_| i i
Chow  HFD HFD/STZ Chow  HFD HFD/STZ
C Apoptotic cell death D Apoptotic cell death
S 1507 - — c 2007 ”
E= S T
+— @© o = 4
& 2 1004 — £g %0
£ 0 2w
52 €9 100
g9 )
£x %0 £2
é < = 501
) Z
0 : : o 0 . .
- - + + - - + +
Palmitate (0.4 mmol/l) Palmitate (0.2 mmol/l)
E . F Apoptotic cell death
TNF-a expression
§ 20 " ey 5 150 _ * kK
&% 151 T 5= ==
EE & 2 100 1
< S < 4]
S > 1.0 4 mf
& T g o
0= ] TR 501
2ol ml W
== o Q 0
= - - + + - - + +
Palmitate (0.2 mmol/l) TNF-a (40 ng/ml)
G Cleaveage of caspase 3
£ 51 -
® 2 T
&5 4]
[sp}
>
g 37
=] |:| Vehicle
2 21
8 ‘g’ B oeina
> 0
38 o= '
© - cCSP3
B-actin
TNF-a (40 ng/ml): - - + +

Fig. 6. Effects of OXAon plasma NEA andTNF-a levels and on apoptosis of pancrefiticells and INS-1E cells. fefcts of OXAon

plasma NER (A) andTNF-a levels B) in type 2 diabetic animals in comparison to DIO rats and control animals after 4 weeks of treatment.

Protective activity of OXAagainst palmitate-induced apoptosis in isolated rat pancreatic @Jetad INS-1E insulinoma cell lindj.
Inhibition against basal or palmitate-stimulaiéd-a mRNA expression by OXAn isolated rat pancreatic islet)( Inhibition of TNF-
a-stimulated apoptosis by OXiA INS-1E cells F). Effects of OXAon TNF-a-stimulated cleavage of CSP3 in INS-1E ceB3. Black

bars: OXAtreatment, white bars: vehicle treatment. * denotemP5, **P< 0.01, **P < 0.001 versus corresponding groups using two-

way ANOVA followed by Bonferroni test. Results are shown as mean + S.E.M. (n = 6 orFig- 4Q)).



678

mechanisms of OXA action include the inhibition GNF-a- or are expressed in adipocytes (25, A& showed that OXAs
palmitate-stimulated apoptosis. able to stimulate glucose uptake by fat cells (25, 54). &ur
The results of our study are in line with previous reports invivo experiments on isolated adipocytes from OXgated type
animals with DIO or STZ-induced type 1 diabetes or in lean non2 diabetic animals show that insulin sensitivity in adipocytes
diabetic animals (6, 19, 20, 38, 39). Howewher studies were was increased.herefore, we conclude that white adipocytes, at
performed either in acute settings or in animals with genetideast in part, can contribute to the overall improvement of
alterations of either orexin or orexin receptors. Furthermore, tonsulin sensitivity in our type 2 diabetic animals treated
date metabolic &cts of OXAwere not evaluated in animal chronically with OXA.An open question remains, whether or
models of type 2 diabetes, showing alterations in both insulimot OXA contributes to changes of insulin sensitivity in other
resistance as well gscell dysfunction (22, 24). tissuesAn indirect evidence indicating improved hepatic and
In this non-genetic animal model of type 2 diabetes, lowskeletal muscle sensitivity by exogenous Olas been shown
fasting insulin and glucose levels in response to OXA-treatmenby others (39). Howevera direct measurement of glucose
strongly suggest that OXAnproves insulin sensitivityindeed,  uptake was not performed. Instead, changes of insulin receptor
we detected concordantly an improvement of insulin sensitivity byphosphorylation/signaling were reported. Howeveince
OXA in these animals using three independent evaluation testsrexin receptors are undetectable in skeletal muscle and liver
ITT, QUICKI, as well as HOMA-IR index. | is considered to  changes of insulin sensitivity do not result from the direct action
be a highly reproducible method, and the values obtained with thisf OXA with these tissues. One of the mechanisms that can
index correlate well with the euglycemic hyperinsulinemic clampaffect insulin sensitivity of the skeletal muscle in response to
test (30). In rats and in humans, QUICKI is considered as ®©XA could be mediated b§-adrenegic receptors (39). Leptin
sensitivity index with the strongest correlation with insulin was also shown to contribute to overall improvement of insulin
sensitivity determined by the glucose clamp (26, 40). sensitivity by OXAin animals with DIO (6). In our animal
To better understand the discrepancies between currembodel, pro-inflammatory cytokines, which are known to reduce
findings and the results of acute studies performed earlier bynsulin sensitivity (46, 47) were lgwwhereas the anti-
others either using non-diabetic fasted animals or animals witinflammatory adipokines were increased. Since Q¢Areases
STZ-diabetes (14, 16, 18, 19) it is necessary to emphasize thdte pro-inflammatory cytokines in plasma, we suggest that
insulin levels in our animals were much higfdre compensatory OXA can improve metabolic abnormalities in animals by
increase of circulating insulin results most likely from markedly changing the secretion of proinflammatory cytokingsich of
increased peripheral insulin resistance. Howewés finding was  these cytokines has the major contribution to improved insulin
surprising because type 2 diabetic animals had redpazsdl sensitivity if at all, remains an open question.
area, as detected qualitatively by immunochemical analysis of Pancreatid3-cells express OXR1 whereas OXR2 protein is
representative pancreatic tissue sections. Concordantlabsent (1, 13), indicating that all ffcts of OXAon B-cells,
quantitative analysis showed that insulin protein content wastudied so farare mediategia OXR1.The crucial role of OXR1
reduced by approximately 28%, whereas insulin mRM#s in regulating various functions of roddcells as well as INS-1
reduced by approximately 33% in HFD/STZ type 2 diabeticcell was also confirmed using pharmacological blockers of both
animal group as compared to non-diabetic animals fed chow dietrexin receptors (13, 48). Despite discrepant reports, it is generally
Importantly a recent work (41) revealed that one of the limitationaccepted that orexins acutely stimulate insulin secrétiofvo
of the discrepancies between functional and expressional analysesd in vitro (11, 12, 16, 49-51). In the current studyrronic
of beta cells may be due to increased insulin degranulation whichdministration of OXAreduced hyperinsulinaemia and reduced
occurs in diabetic individualThus, it likely that that the loss of type 2 diabetes-associated loss of pancreftaell mass.
B-cells mass detected in type 2 diabetic rats was overestimateBancreatic insulin content, as well as insulin mRige higher
Furthermore, a recent work performed in humans showed thah OXA-treated diabetic animals, as compared to vehicle-treated
fasting insulin levels do not show any correlation with the degredype 2 diabetic rats. Pancreatic islets derived from OXA-treated
of pancreatic beta cell loss (42). Rajteeglucose challenge test, animals had lower activity of CSP3, which serves as a well-
as performed in oun vitro experiments using isolated pancreatic established surrogate biomarker of cellular apoptosis.
islets, appears to show a better correlation witttbell loss. Furthermore, islets isolated from the OXrfoup showed a better
OXA chronically infused to rats with HFD/STZ-diabetes response to GSI$x vivo at lower as well as higher glucose.
improved glucose control not only simply by changing the ratioEnhancement of GSIS probably results from the higheell
of insulin to glucagon in plasma, but also by improving mass as well as insulin content of the pancreatic islets. How
peripheral insulin sensitivity and by protecting pancrgitells apoptosis is inhibited by OXA, remains an open isSvkile it
from apoptotic cell deatfThese morphological alterations of the was found that fasting blood concentration of GLP-1 is not
endocrine pancreas, accompanied bfedéhtial changes of pro- affected in humans who daf from metabolic syndrome (52)
and anti-inflammatory cytokines (e.§NF-a) and changes in there is evidence that type 2 diabetic patients have lower levels of
insulin resistance are strikingly fifent from the experimental GLP-1 as compared with normal subjects (53). Furthermore, it is
settings described by others. Morphological alterations oknown that GLP-1 can attenug@eell loss in type 2 diabetes (54).
pancreatioca- or B-cells in response to OXAwvestigated here  Since OXAattenuated the reduction of GLP-1 levels in type 2
clearly cannot be addressed by performing acute studiesliabetic rats it is possible that the decreased loss of pangeatic
Moreover the animals studied in the past in the acute settingsell mass results from a complex interaction QMg cytokines
were fasted for longer periods (up to 18 hours) or have had typand GLP-1.
1 diabetes, both of which are characterized by low plasma This antiapoptotic activity of OXAn pancreati@-cells is
insulin levels.Therefore it is possible, that the discrepanciesinteresting observation, in view of the fact that both proliferative,
between the results of our study compared to earlier publicatiorss well as anti-proliferative activities were reported for GKA
may result from the inability of OXAo further reduce already various cells, a phenomenon appearing to be cell-type specific
very low fasting insulin levels in non-diabetic animals or type 1(55-58). Howeverwe and others showed that O)éfimulates
diabetic animals with barely detectable, or low insulin levels thaiNS-1 and INS-1E cell proliferation (48, 5Bpoptotic death of
were used before. pancreatic B-cells in type 2 diabetes is triggered by
Orexin receptors are not expressed neither in hepatocytagucolipotoxicity in addition to the deleterious activity BNF-a
(43) nor skeletal muscle (44), howeyvbpoth orexin receptors and various interleukins (59). Inhibition @NF-a production
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improves viability and function of isolated islets (60). It is known also true for our animalsTherefore studies on other animal
thatTNF-a can stimulate various caspases, thereby activating thenodels of type 2 diabetes will be valuaghity confirm the crucial
pro-apoptotic pathway in pancreatfgcells (59, 61).The findings of our chronic study with OXA.
executor protein CSP3 can trigger apoptosis of pancifeatds In conclusion, orexin-Aalleviates metabolic abnormalities
(61). We report here that type 2 diabetic animals treated wittassociated with type 2 diabetes and protdtisells from
OXA had reduced plasmaNF-a levels, indicating that this apoptotic cell death.
cytokine may play a role in OXA-dependent protection against
apoptoticp-cell death. Furthermore, increased MER type 2 Abbreviations: CSP3, caspase 3; DIO, diet-induced obesity;
diabetic rats were lowered by OXA, consistent with theGLP-1, glucagon-like peptide 1, GSIS, glucose-stimulated
antilipolytic activity of this neuropeptide (25). OXAduced both  insulin secretion; HFD, high fat diet; HOMA-IR, homeostasis
basal and palmitate- inducetiNF-a expression in freshly model assessment of insulin resistance; IPGhffaperitoneal
isolated islets, and attenuat@F-o-, as well as palmitate- glucose tolerance test; ITihsulin tolerance test; {¢, constant
stimulatedp-cell apoptosis. OXAeduced palmitate-stimulated rate for blood glucose disappearance during insulin tolerance test;
TNF-a expression and attenuat@iNF-a-stimulated activation NEFA, non-esterified fatty acids; OXA, orexin-A; OXB, orexin-
of CSP3 in pancreatic in INS-1E cellhese results gatheréd B; OXR1, orexin receptor type 1 (hypocretin receptor type 1);
vivo as well agn vitro (isolated pancreatic islets, INS-1E cells), OXR2, orexin receptor type 2 (hypocretin receptor type R); P
strongly suggest that OXreduce$3-cell apoptosis by inhibiting  palmitic acid; PI, propidium iodide; QUICKI, quantitative
TNF-a-/CSP3-dependent pro-apoptotic signaling pathway insulin-sensitivity check index; STZ, streptozotocif(G,

As some of the results were obtainedniritro experiments,  triglyceride; TNF, tumor necrosis factor
the results must be interpreted with cautis stated before, the
final in vivo evidence supporting the crucial role of OXA Contributor statements: M.Z. Srowski, P Kaczmarek,
inhibiting TNF-a induced apoptosis of pancreatg:cells is Marek Skrzypski, EPruszynska-Oszmalek researched data and
missing.The role of numerous cytokines feifentially regulated wrote manuscript. K.W Nowak, and P Maechler
by OXA in the context of type 2 diabetes afietell survival reviewed/edited the manuscript and contributed to the
remains uncleaFurthermore, we are aware that adipose tissue igliscussion. FA. Kolodziejski, M. Biller T. Wojciechowicz,
not exclusively contributing to the overall improvement of M. Sassek, DSzczepankiewicz, researched data.Sowski is
insulin sensitivity Liver, as well as skeletal muscle are important the guarantor of this work, had full access to all the data, and
in this context, howeveiorexin receptors are not expressed intakes full responsibility for the integrity of data and the accuracy
these tissue and thefexfts of OXAon insulin sensitivity in both  of data analysis.
tissues are rather indirectly mediated @.gsympathoadrengic P. Kaczmarek, M.Skrzypski and EPruszynska-Oszmalek
system. In addition, we also detected increasedll content in  equally contributed to this paper
pancreatic islets, suggesting that the changes in insulin to
glucagon ratio may contribute to the markedly elevated Acknowledgments: INS-1E cells were kindly provided by
hypeglycaemia in type 2 diabetic animals. InterestinghxA Dr. Pierre Maechler (University of Geneva Medical Center
was able to decreasecell content. It is known, that the loss of Switzerland).
pancreatic B-cells in type 2 diabetes is partially due to M.Z. Strowski was supported by the Deutsche
dedifferentiation into other cell types eaxcells (62).Whether  Forschungsgemeinschaft DFG (STR558) and by the Deutsche
OXAis able to attenuate the ddditntiation of3-cells toa-cells Diabetes Gesellschaft (DDG). Raczmarek, E.Pruszynska-
remains to be investigated. Lastly cannot be excluded that Oszmalek, M.Sassek and DSzczepankiewicz were supported
peripherally administrated OXfay act directly on the brain. by the Narodowe Centrum Nauki NCN (NN401062435). M.
This assumption is supported by data indicating that @able  Skrzypski was supported by the Narodowe Centrum Nauki
to enter the brain from blood by simplefdgion (21). In brain  (2011/03/N/NZ4/02965).
orexin can promote ergy expenditure (63). In our study we
observed that OXAeduced body weight in HFD group. Human Conflict of interests: None declared.
and animal studies showed that reduction of body weight in obese
individuals improves insulin sensitivity (64). Furthermore, it is
well-documented that hypothalamic orexin receptor plays a REFERENCES
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