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The prevalence of diabetes mellitus is increasing dramatically throughout
the world. Numerous efforts are continually being made to study diabetes and
diabetes-related complications, to test new drugs and to develop new strategies
in preventing and treating diabetes.

In our previous studies we have shown that intraperitoneal (ip) injection
of LVV-hemorphin-3 (LVV-H3) into streptozotocin (STZ)-induced diabetic rats
causes a statistically significant decrease in plasma glucose concentration in
dose-dependent manner [4]. LVV-H3, also known as myelopeptide-2, is a
member of hemorphins family, the endogenous non-classical opioid peptides
derived from hemoglobin (for review see Ref.20). Parallel to plasma glucose-
lowering effect, LVV-H3 induces an increase in plasma p-endorphin-like
immunoreactivity [4]. It is necessary to emphasize that metformin, which was
successfully used in clinical treatment of type 2 diabetes, also decreased the
plasma glucose of STZ-induced diabetic rats with a parallel increase of plasma
B-endorphin-like immunoreactivity [5].

Furthermore, we have established that Ca*/CaM-dependent
serine/threonine protein phosphatase calcineurin signaling pathway and p-
opioid receptors (MOR) are involved in the molecular mechanisms of anti-
diabetic effect of LVV-H3 [4]. We have also shown that LVV-H3 is able to
recover increased calcineurin activity and neuro-immune-endocrine changes in
STZ-induced diabetic rats [21]. Calcineurin controls gene expression of several
cytokines, including IL-2 and tumor necrosis factor o (TNFa), and other
regulatory proteins via dephosphorylation and nuclear translocation of NFATc
(nuclear factor of activated T cell) family members [11]. The involvement of
cytokines, such as IL-2 and TNFo, in insulin signaling was also reported [7].

It should be emphasized that calcineurin/NFAT signaling pathway was
shown to be involved in regulation of insulin and insulin-like growth factor-
1(IGF-1) genes expression [3, 16], and modulation of insulin receptor (IR)



Menununckas nayka Apmennn HAH PA  1.LV Ne4 2015 23

function. In addition, insulin receptor substrate-1 (IRS-1) is considered as direct
substrate for calcineurin in vivo [11]. Very recently it has been reported that
specific glucose-induced increase in IRS-2 expression in primary islet f-cells is
also mediated by activation of calcineurin/NFAT pathway [8]. Thus, calcineurin
interacts with all components of insulin system (insulin, IR, IGF-1, IRS-1, IRS-
2) both at transcriptional level and posttranslational modification.

Another key hormone in the regulation of glucose homeostasis —
glucagon acts as a counter-regulatory hormone to insulin by promoting hepatic
glucose output. In diabetes, while insulin secretion or action is insufficient, the
production and secretion of glucagon are excessive, contributing to the
development of diabetic hyperglycemia [24]. On the basis of the concept that
glucose metabolism and homoeostasis are dually controlled by the pancreatic
insulin and glucagon, rather than insulin alone, the pharmaceutical industry has
attempted to develop potent and selective glucagon receptor antagonists. The
glucagon receptor antagonists THG [14] and des-His1-[Glu9] glucagon amide
[23] were reported to inhibit glucagon-induced hyperglycemia or lowered blood
glucose in STZ-induced diabetic rats. A unique class of new anti-diabetic drugs,
DPP-1V (dipeptidyl peptidase IV) inhibitors, was shown to exhibit both insulin-
promoting and glucagon suppressing effects [1, 17]. It should be noted that
hemorphins are inhibitors of DPP-1V as well [6].

Though the plasma glucose-lowering effect of LVV-H3 was reported [4],
however, till now it is not clear if hemorphins may affect insulin and glucagon
secretion and plasma concentrations of these hormones in diabetes. Therefore,
in the frame of this study we have determined the changes in secretion of insulin
and glucagon in pancreatic islets and revealed the changes in plasma
concentrations of these hormones in STZ-induced diabetic rats, received ip
administration of hemorphin.

Materials and Methods

In the experiments male rats (Wistar line) were used, weighing 180-200g.
Rats provided by UNESCO Chair-Life Science International Postgraduate
Educational Center (LSIPEC, Yerevan, Armenia), were caged in groups of 5
with food and water given ad libitum. Animals were kept at 22°C on a 12 h
light-dark cycle. Diabetes was induced by single ip injection of 60 mg/kg body
weight streptozotocin (STZ) (Sigma-Aldrich Inc., USA) made in fresh 0.1 M
citrate buffer, pH 4.5. The rats in control group (n=5) received ip injection of an
equivalent volume (0.5 ml) of 0.9% w/v saline. Glucose concentration in the
blood, obtained from the tail vein of fasted rats under the light halothane
anaesthesia, was measured using the GlucoPlus glucometer (GlucoPlus Inc.,
Canada). Animals were considered diabetic if they had blood glucose
concentrations >20 mmol/l in additional to polyuria and other diabetic features.
Two weeks after treatment with STZ, rats were randomly divided into 3 groups:
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1/ diabetic untreated group received ip saline injection (n=5); 2/ LVV-H3-
treated diabetic group, which received a single ip injection of 1mg/kg synthetic
LVV-H3 (ApexBio Inc., USA) dissolved in saline (n=7); 3/ LVV-H3-treated
diabetic group, which received daily a single ip injection of 1mg/kg LVV-H3
during 5 days (n=7).

Rats in the 2-nd group were decapitated under the deep halothane
anaesthesia lh after hemorphin injection, since in previous studies we have
demonstrated that LVV-H3 at the doses 1 mg/kg exhibit maximal blood
glucose-lowering effect 1h after administration [1]. Rats in the third group were
decapitated 5 days after hemorphin treatment. The trunk blood was collected
immediately into sodium citrate (3.2%)-coated vacutainer tubes. Blood samples
were centrifugated at 1500 rpm for 10 min, plasma was separated into aliquots
and stored at -70°C for further investigations by the ELISA.

Isolation of pancreatic islets. Pancreatic islets were isolated by the
method of Lacy and Kostianovsky [15] with slight modifications. After
decapitation of the rats, pancreases were removed rapidly by collagenase
digestion. Collagenase (CLS IV, Biochrom GmbH, Germany) was dissolved
(1,000 U ml 1) in 1x HBSS (Hank’s balanced salt solution, 8 ml for each rat).
After an incision was made around the upper abdomen to expose the liver and
intestines, 4 ml of collagenase solution was slowly injected into the common
bile duct to distend the pancreas. The pancreas was removed and placed in a 50
ml tube containing 4 ml of collagenase solution and incubated in a water bath at
37.5 °C for 15 min. After incubation, the tube was shaken by hand to disrupt the
pancreas until the suspension turned homogeneous, and the digestion was
terminated by putting the tube on ice and adding 25 ml of 1xHBSS, containing
1 mM CaCl,. The supernatant was discarded after centrifugation at 290g for 30
sec. at 4 °C. This step was repeated once more, after which the resulting pellet
was resuspended with 15 ml of Krebs-Ringer bicarbonate buffer (pH 7,4)
containing 10 mM HEPES, 0,1% BSA and 1 mM glucose. After 30 min
preincubation in this medium at 37°C, glucose-induced insulin and glucagon
static secretion procedures were followed.

Insulin and glucagon secretion from pancreatic islets. In vitro studies
were performed to compare the hormone-secretory response of pancreatic islets
isolated from non-diabetic, diabetic and hemorphin-treated diabetic rats. The
isolated islets were counted under light microscope and 10 islets were placed in
1 ml Krebs-Ringer bicarbonate buffer (pH 7,4) containing 10 mM HEPES,
0,1% BSA and low (7 mM) or high (20 mM) glucose solutions, respectively. 1
h after incubation at 37°C, the islets were sedimented and the conditioned
medium was collected and frozen at -70°C for insulin and glucagon
measurements by ELISA.

Determinations of insulin and glucagon. The released insulin and
glucagon amounts in the pancreatic islets, as well as, the concentrations of
insulin and glucagon in the plasma were determined by ELISA method, using
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High sensitive rat Insulin ELISA kit (Biorbyt Ltd., UK) and Glucagon EIA kit
(Biorbyt Ltd., UK). Mesurments were made according to the manufacturer’s
instructions. The optical density was measured at the wavelength of 450 nm
using LABLine-022 microplate reader (LABLINE Diagnostics, Austria).

Statistical analysis. Data were analyzed statistically by one-way ANOVA
using GraphPad Prism 4 software. Statistical significance — p<0.05. All data
were expressed as means = SEM.

Results and Discussion

It is well known that under normal conditions, insulin and glucagon
operate in concert to maintain the glucose level within a narrow physiological
range. In diabetes, however, while insulin secretion or action is insufficient, the
production and secretion of glucagon are excessive, contributing to the
development of diabetic hyperglycemia [2, 13, 24]. Similarly, the results
obtained in our studies have demonstrated that STZ-induced diabetes in rats
results in a significant decrease of plasma insulin (1.76 fold) and significant
increase of plasma glucagon (1.9 fold) compared with plasma hormone
concentrations of saline-treated healthy control rats (Fig. 1).
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Fig. 1. Plasma insulin and glucagon levels in control, diabetic (STZ) and hemorphin
treated diabetic rats. Insulin and glucagon levels were measured 1h after a single
hemorphin ip injection and after ip injections during 5 consecutive days. Values

represent means = SEM. * - means differ statistically (p<<0.05) between control and

diabetic rats and treated and non-treated diabetic rats.

Plasma insulin was found to be increased by 3 times in diabetic rats 1h
after a single LVV-hemorphin-3 (1 mg/kg) ip injection, whereas plasma
glucagon was decreased by 3.1 times in these rats, compared with non-treated
diabetic rats (Fig. 1). So far as we had demonstrated that LVV-H3 at the doses 1
mg/kg exhibit maximal blood glucose-lowering effect 1h after injection [4], the
plasma hormones concentrations were measured also 1h after hemorphin
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administration. Similarly, in this study 1h after hemorphin injection blood
glucose in diabetic rats was significantly decreased from 29.3+1.5 mmol/l to
19.440.9 mmol/l. We observed the same picture also in case of LVV-H3 (1
mg/kg) ip injections during 5 consecutive days: plasma insulin was significantly
increased by 2.7 times and plasma glucagon was significantly decreased by 3.4
times (Fig.1). The blood glucose was also decreased (20.03+£1.3 mmol/l)
compared with non-treated diabetic rats (29.28+1.09 mmol/l).

The glucose-induced insulin and glucagon static secretion procedures
were performed to investigate the hormones secretion in pancreatic islets of
diabetic rats under hemorphin treatment. Exposure of pancreatic islets isolated
from control and diabetic rats to low (7 mM) and high (20 mM) glucose
conditions induced concentration-dependent changes in insulin secretion
compared to basal secretion measured in the presence of 1 mM glucose (Fig. 2).
These results indicate that pancreatic islets isolated from both groups of animals
were metabolically active and effectively responded to stimulation by glucose.
Although basal insulin output, measured at 1 mM glucose, did not differ
significantly, insulin secretion induced by 7 mM glucose diminished by 2.3
times in islets of diabetic rats compared to control islets (Fig. 2). Similarly, the
insulin-secretory response to 20 mM glucose was significantly impaired in islets
of diabetic animals, since these islets released by 4.7 times less insulin than
those of the control rats (Fig. 2). It was expected, since in vitro studies
demonstrated that glucose-induced insulin secretion is diminished especially at
higher concentrations of the sugar [18-19]. Contrary to that, a significant
increase in glucagon secretion was observed in islets of diabetic rats, induced by
7 mM and 20 mM glucose (1.25 fold and 4 fold, respectively), in comparison
with control rats (Fig. 3b).
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Fig. 2. Insulin secretion from pancreatic islets of control (white bars) and diabetic

(black bars) rats induced 1h after incubation in 1 mM, 7 mM and 20 mM glucose

conditions. Values represent means=SEM. * - means differ statistically (p<0.05)
between control and diabetic rats.
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It was demonstrated that after a single hemorphin injection to diabetic
rats the islet insulin secretion induced by 7 mM glucose was significantly
increased by 71.5% compared with non-treated diabetic rats (Fig. 3a), whereas
elevated glucagon secretion in diabetic islets was completely abolished (Fig.
3b). Similarly, in these islets insulin secretion induced by 20 mM glucose was
significantly increased by 45.6% (Fig. 3a) compared with non-treated diabetic
rats, and glucagon secretion was significantly decreased by 25.5% (Fig. 3b). We
found that long-term hemorphin treatment (5 consecutive days) caused
moderate, but statistically significant changes in islet insulin and glucagon
secretions. In these islets insulin secretion induced by 7 mM glucose was
increased by 14% (Fig. 3a) and glucagon secretion was decreased by 16.2%
(Fig. 3b) compared to non-treated diabetic rats. In 20 mM glucose condition
insulin secretion was enhanced by 20.5% (Fig. 3a) and glucagon secretion was
reduced by 42.7% (Fig. 3b) compared to non-treated diabetic animals.
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Fig. 3. a. Insulin secretion induced by glucose from pancreatic islets of control, diabetic
and hemorphin-treated diabetic rats (single, ip injection — black bars and ip injections
during 5 consecutive days — grey bars). b. Glucagon secretion induced by glucose from
pancreatic islets of control, diabetic and hemorphin-treated diabetic rats (single ip
injection — black bars and ip injections during 5 consecutive days — grey bars). Values
represent means+SEM. * — means differ statistically (p<0.05) between control and
diabetic rats and treated and non-treated diabetic rats.

Thus, as one can see, STZ-induced diabetes in rats significantly reduced
plasma insulin concentration and its release from pancreatic islets due to B-cell
destruction. Contrary to insulin, plasma glucagon concentration and its secretion
from pancreatic islets is increased significantly in STZ-induced diabetic rats.
These results correlate with other publications [13, 24].

We have found out that hemorphin regulates insulin and glucagon release
in pancreatic islets as well as these hormones levels in plasma. The effect of
LVV-H3 in all cases has been more pronounced 1h after injection, than after 5
consecutive days administration. Perhaps, this is a fast reaction of the organism
to the hemorphin administration, and after 5 consecutive injections the effect of
hemorphin reaches the plateau.
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In our previous studies we have shown that LVV-H3 induces an increase
in plasma B-endorphin-like immunoreactivity and recovers increased
calcineurin activity in STZ-induced diabetic rats [4]. It should be noted that -
endorphin regulates the release of insulin and glucagon from pancreatic islets
[9]. It has also been reported that B-endorphin increases insulin secretion by
activation of opioid receptors located on B-cells of the pancreas [10]. Moreover,
exogenous B-endorphin induced significant increase in circulating insulin in
healthy individuals as well as in diabetic patients [10]. Calcineurin was shown
to be a regulator of B-cells proliferation, mass and survival in part through the
regulation of IRS-2 [8,12]. The functional link between glucagon and
calcineurin in induction of gluconeogenic program was reported [25]. Taking
into account all above mentioned, it seems very likely that LVV-H3 regulates
insulin and glucagon secretion in pancreatic islets and modulates these
hormones concentrations in plasma of diabetic rats by release of B-endorphin
into circulation and by regulation of calcineurin activity.

The current study is the first to determine hemorphin-induced changes in
insulin and glucagon secretion in isolated islets from diabetic animals.
Interestingly, B-casomorphin-7, a member of the other endogenous non-
classical opioid peptides family derived from B-casein, was reported to reduce
blood glucose and glucagon levels, and increase insulin level in STZ-induced
diabetic rats as well [26].

The data obtained in this study provide new evidence about antidiabetic
nature of hemorphin and expand our knowledge concerning the role of
hemorphins as members of endogenous protective system of the organism that
recover the homeostatic disturbance in pathophysiology of diabetes.
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LVV-htunpdhu-3-p wqymid k htiunijhup b qpnijugnup

uklpkghuyh b yjjuquunid nputg Ynbghunnpughuyh ypu
unphuuingnunnghting jupwtijwsd nhwpknhl] wnukntbph unn

3.1 Uwpnpuwiyui, 0.9, Zottwiywul, L.2. fuplunipupjui

Udtih Jun dkup hwjntwpbpt) Gup LVV-htunpdhu-3-h (LVV-H3)
quniing uwjwqbkginn wqpbkgmpnitp  unpbuywnngnunghing  (STZ)
hupwtdws nhwpbnhl wetbnubph wuquynud, vwuyt, wupg sk, ph
wpynp LVV-H3-p Jupnn b wqpl] wyuquuynud htuniyhuh b gpnt-
Jugnuh dwlwupnulubph dpu: Uju woppwwnwbpnid ELISA dbpnnny
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niuntdtmuphpytly] b hkdnpbhuh (1 dq/lg) ubpnpnuwjtiwghtt tkpwp-
Ynudutp wvnugws STZ-ny pupwbdws nhwpbnhl wntubnutph Eupw-
unnwunpuuyhtt ghindh Ynquuljubphg httunyhtth b gpnijugnh ubklpk-
ghuwyh b yuquuwnd npubg Ynughinnpughwtph thnthnjpunipniuubpn:
Uppnipubpp gnyg Eu wydl], np wpnne wnubwnibtph hwdbdwwn
httunyhth Ynughunnpughwi STZ-ny jppwtdws nhwpbknhl wnubwnubph
wuquuynid qquihnptt tjugnid £ (1.76 wuqud), hull gpnijugnth
Inigkinpughwt’ wdmd (1.9 whqu): Llwbwybu jowbqupdnud k
twl nhwpbnhl wetbknubph Buipwunwdnpuwht qindh Ynquujubphg
wyn hnpunuttph uklptghwt: LVV-H3-h dbjwbquuju ubkpuplinidhg
htwnn nhwpbnhl] wnubnubph ypuquuynd httunihth dwwupgulp
wénid k3 whquid, huly gynijugnih dwuppulp wfugnud 3.1 whqud:
Zkunpdhup Jupquynpnid k twb wju hnpuntubkph ukpbghwt Eupw-
unnwunpuwyhtt gindh Ynquljutinhg:

Munuduwuhpyt) £ bwb LVV-H3-h wqplgnipiniup unyu gnigw-
uhoutinh Ypw 5-opju ubkpwpynidubph wpyniupnid: Uju ghypnid hu
htunpdhup jupquynpnid E ghwpbnhl] wntbnubph yjuquund hu-
untjhth b qpynijugnuh dwwpnulikpp, htswbu bwb gpubg uklpb-
ghwit: Ujuyhuny, dkup wupqk) tup, np LVV-H3-p, wqptnyg Eipuunw-
Unpuuyhti gkndp Ynqyuijubphg htunijhth b qynijugnuh uklpkghuygh
Upw, jupquiynpmu £ npuitg dwljupguyubpp yiuqluynud: wynpyhund
npulinplny qpniynq tuqtgunn wqnbkgnipjnit thwpknhl wetknubph
Unwu:

Uslumunwtipnid unnwugus wnyjujikpp LVV-H3-h hwljuywpw-
puwjunnuyhtt hwnlnipjut tnp wywgnygubp b tkpuyugind b pug-
Jujunid ki Ukp ghwnbihputpp htudnpdhuttiph nkph dwupt, npuybu op-
quihquh Eunngbt wuwownyuwtwlwt hwdwlupgh winudutph, npnup
Jhpujuiqunid i swpwpwpunh wwpndhqhninghwmd pupwpwupjus
hndbknuwnwqp:

LV V-l"eMOp(l)I/IH-3 BJIMAECT HA CEKPEIUI0 U KOHIHCHTPAUI0 HHCYJINHA
1 IVIIOKAaroHa B mjasmMe y CTpenTo30TOUMH-UHAYIUPOBAHHBIX
)maﬁeanecmlx KPbIC

®@.I1. Capyxansn, O.B. Yuansau, H.A. bapxynapsin

Panee Hamu ObUT BBISIBIICH TITIOKO30MOHMXKatommid apdexkr LVV-remo-
¢una-3 (LVV-H3) B mmasme y ctpenro3zotonnH (STZ)-HHIyITMPOBaHHBIX
IrabeTHIeCKUX KPBIC, OJJHAKO, He OBUTO sicHO, MokeT i LVV-H3 nosnusats Ha
YPOBHHM MHCYJIMHA W TIIIOKaroHa B rasme. B nannoit padote ELISA meromom
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ObUTM M3y4YeHbl M3MEHEHMS CEKpEeLUH MHCYJIMHA U IJIIOKaroHa B ITaHKpEaTH-
YeCKMX OCTPOBKAX M WX KOHIIEHTpalMH B MasMe y STZ-MHAyIMpOBaHHBIX
Ia0eTUYECKUX KPBIC, MONyYUBIINX BHYTPHOPIOUIMHHBIE UHBEKIUH reMophu-
Ha (1 mr/kr). [Tomy4ueHHbIE pe3ynbTaThl TIOKA3AIH, YTO KOHIICHTPAIS UHCYIIU-
Ha B mia3Me STZ-uHaynupoBaHHBIX ANAOETHYECKUX KPBIC 3HAYMTENIBHO CHU-
xaetcs (B 1,76 pasa), a KOHIIEHTpaIUs TIIOKaroHa yBennduBaercs (B 1,9 pasa)
M0 CpPaBHEHHWIO CO 3A0pOBBIMH Kpbicamu. [logoOHBIM 00pa3oMm Hapyliaercs
TaK)Ke CEKpelus 3THX TOPMOHOB M3 TAHKPEATHUECKHX OCTPOBKOB IHMAOETH-
yeckux Kpbic. [locne omHokpaTtHOM mHBEKMU LVV-H3 ypoBeHb MHCYJIMHA B
IU1a3Me AUa0EeTHUECKUX KPBIC YBEIWYHMBACTCS B 3 Pasa, a YPOBEHb IUIIOKaroHa
camxaercs B 3,1 pa3a. ['eMopduH Taxke peryiupyer CeKpenuo STHX TOPMOHOB
B MMAHKPEATUYECKHX OCTPOBKAX AMA0ETHUYECKUX KpBIC. BBITO H3ydeHo BO3/AEHCT-
Bue LVV-H3 Ha Te ke mokazaTenu B pe3ysibTaTe OJHOKPATHBIX MHBEKIUU B
TedyeHue 5 aHeil. B aToM ciydae reMopQuH Takke peryiupyeT YpOBHH HHCY-
JIMHA U TJI0KaroHa B IIa3Me U MOJYJHPYET UX CEKPELHIO B MaHKPEaTHUYECKUX
OCTPOBKax JAUa0ETHUECKHX KpbIc. TakuM 00pazom, Mbl BeIsiIcHHIH, uTo LVV-H3
HIPOSIBIISIET TTIFOKO30MOHIDKAIOINHN 3B HEKT, MOAYIUPYS CEKPELHIO UHCYJINHA U
[JIIOKaroHa B MaHKPEAaTUYECKHX OCTPOBKAX M TEM CAMBIM PETYIHPYS YPOBHH
WHCYJIMHA U TJIIOKaroHa B Ijia3Me Aua0eTHUIeCKUX KPBIC.

JlanHble, OTyuyeHHBIE B 3TOM HCCIIEZIOBAaHUH, BBISBIISIOT HOBBIE JOKa3a-
TETLCTBA aHTHIHAOeTHIecKoro cBoiicTBa LVV-H3 u pacmmpstor Hamm 3HaHUSA
0 poiu reMOphHHOB KaK WICHOB SHIOTCHHOM 3allIUTHON CHCTEMbI OpraHu3Ma,
KOTOpBIf BOCCTAHABIMBACT HAPYIICHHBIH TOMEOCTa3 NpPH HaTOPH3HOIOTHH
nuradera.

References

1. Ahren B., Landin-Olsson M., Jansson P.A. et al. Inhibition of dipeptidyl peptidase-4
reduces glycemia, sustains insulin levels, and reduces glucagon levels in type 2 diabetes.
J. Clin., Endocrinol., Metab., 2004, v. 89, p. 2078-84.

2. Akbarzadeh A., Norouzian D., Mehrabi M.R. et al. Induction of diabetes by streptozotocin
in rats. Indian Journal of Clinical Biochemistry, 2007, 22 (2), p. 60-64.

3. Alfieri C.M., Evans-Anderson H.J., Yutzey K.E. Developmental regulation of the mouse
IGF-I exon 1 promoter region by calcineurin activation of NFAT in skeletal muscle. Am.
J. Physiol. Cell Physiol., 2007, v. 292, p. C1887-C1894.

4. Barkhudaryan N., Sarukhanyan F., Kellermann J., Lottspeich F. Calcineurin and p-opioid
receptors are involved in the molecular mechanisms of anti-diabetic effect of LVVYPW.
Medical Science of Armenia, 2011, 1. LI, 3, p. 33-42.

5. Cheng J-T., Huang C.-C., Liu IM., Tzeng T.F., Chang C.J. Novel mechanism for plasma
glucose-lowering action of metformin in streptozotocin-induced diabetic rats. Diabetes,
2006, v. 55, p. 819-825.

6. Cohen M., Fruitier-Arnaudin I., Piot J.M. Hemorphins: substrates and/or inhibitors of
dipeptidyl peptidase IV: Hemorphins N-terminus sequence influence on the interaction
between hemorphins and DPPIV. Biochimie, 2004, v. 86, p. 31-37.

7. Csehi S-B., Mathieu S., Seifert U.et al. Tumor necrosis factor (TNF) interferes with
insulin signaling trough the p55 TNF receptor death domain. Biochemical and
Biophysical Research Communications, 2005, v. 329, p. 397-405.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Menununckas nayka Apmennn HAH PA  1.LV Ne4 2015 31

Demozay D., Tsunekawa S., Briaud I, Shah R., Rhodes C.J. Specific Glucose-Induced
Control of Insulin Receptor Substrate-2 Expression Is Mediated via Ca2+-Dependent
Calcineurin/NFAT Signaling in Primary Pancreatic Islet B-Cells. Diabetes, 2011, v. 60, p.
2892-2902.

Eigler N., Sacca L., Sherwin R.S. Synergistic interactions of physiologic increments of
glucagon, epinephrine, and cortisol in the dog. A model of stress-induced hyperglycemia.
J. Clin. Invest., 1979, v. 63, p. 114-123.

Giugliango D.D., Cozzolino D., Salvatore T., Ceriello A., Torella R. Dual effect of beta-
endorphin on insulin secretion in man. Horm. Metab. Res., 1987, v. 19, p. 502-503.
Hallak H., Ramadan B., Rubin R. Tyrosine phosphorylation of insulin receptor substrate-1
(IRS-1) by oxidant stress in cerebellar granule neurons: modulation by N-methyl-D-
aspartate through calcineurin activity. Journal of Neurochemistry, 2001, v. 77, p. 63-70.
Heit J.J., Apelqvist A.A., Gu X., Winslow M.M., Nelson J.R. Kim S.K. Calcineurin/NFAT
signalling regulates pancreatic B-cell growth and function. Nature Letters, 2006, v. 443, p.
345-349.

Huang Y.C., Rupnik M. S., Karimian N. et al. In Situ Electrophysiological Examination
of Pancreatic o Cells in the Streptozotocin-Induced Diabetes Model, Revealing the
Cellular Basis of Glucagon Hypersecretion. Diabetes, 2013, 62(2), p. 519-530.

Johnson D.G., Goebel C.U., Hruby V.J., Bregman M.D., Trivedi D. Hyperglycemia of
diabetic rats decreased by a glucagon receptor antagonist. Science, 1982, v. 215, p. 1115—
1116.

Lacy P. E and Kostianovsky M. Method for the isolation of intact islets of Langerhans
from the rat pancreas. Diabetes, 1967, v. 16, p. 335-339.

Lawrence M.C., Bhat H.S., Watterson J. M., Easom R.A. Regulation of insulin gene
transcription by a Ca2+-responsive pathway involving calcineurin and nuclear factor of
activated T cells. Mol. Endocrinol., 2001, v. 15, p. 1758-1767.

Mari A., Sallas W.M., He Y.L. et al. Vildagliptin, a dipeptidyl peptidase-IV inhibitor,
improves model-assessed B-cell function in patients with type 2 diabetes. J. Clin.
Endocrinol. Metab., 2005, v. 90, p. 4888—4894.

Masiello P. Animal models of type 2 diabetes with reduced pancreatic -cell mass. Int. J.
Biochem. Cell. Biol., 2006, 38, p. 873-893.

Novelli M., Fabregat M.E., Fernandez-Alvarez J., Gomis R., Masiello P. Metabolic and
functional studies on isolated islets in a new rat model of type 2 diabetes. Mol. Cell.
Endocrinol., 2001, 175, p. 57-66.

Nyberg F., Sanderson K., Glamsta E.L. The hemorphins: a new class of opioid peptides
derived from the blood protein haemoglobin. Biopolymers, 1997, v. 43, p. 147-156.
Sarukhanyan F.P., Barkhudaryan N.H. The regulatory influence of LVVYPW on
immune-neuro-endocrine changes in streptozotocin-induced diabetes. Medical Science of
Armenia, 2011, v. LI, 2, p. 63-71.

Serfling E., Berberich-Siebelt F., Chuvpilo S. et al. The role of NF-AT transcription
factors in Tcell activation and differentiation. Biochim. Biophys. Acta, 2000, v. 1498, p.
1-18.

Unson C.G., Gurzenda E.M., Merrifield R.B. Biological activities of des-
His1[Glu9]glucagon amide, a glucagon antagonist. Peptides, 1989, v. 10, p. 1171-1177.
Wang Q. Liang X., Wang S. Intra-islet glucagon secretion and action in the regulation of
glucose homeostasis. Front. Physio., 2013, 3:485.doi: 10.3389/fphys.2012.00485.

Wang Y., Li G., Goode J, Paz J.C. et al. InsP3 Receptor Regulates Hepatic
Gluconeogenesis in Fasting and Diabetes. Nature, 2012, v. 485(7396), p. 128-132.

Yin H., Miao J., Zhang Y. Protective effect of B-casomorphin-7 on type 1 diabetes rats
induced with streptozotocin. Peptides, 2010, 31, p. 1725-1729.



