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Summary 

The systemic renin-angiotensin system (RAS) is an endocrine system that is mainly 
known to regulate blood pressure, fluid and electrolyte balance as well as volume home-
ostasis in the body through different active metabolites, the angiotensin (Ang) peptides. 
In addition, local renin-angiotensin systems have been discovered in various tissues, 
including the islet of Langerhans.  

Starting with angiotensinogen, the precursor of all angiotensin peptides which is 
cleaved into the decapeptide Ang I by renin, the RAS is divided into three axes. The main 
classical RAS axis is composed of angiotensin converting enzyme (ACE), angiotensin 
(Ang) II, and the Ang II type 1 receptor (AT1R), whereas the two alternative RAS axes 
comprise either ACE2, Ang-(1-7) and the receptor Mas or the aminopeptidase N (APN), 
Ang IV and the insulin-regulated aminopeptidase (IRAP). The activation of the main 
ACE/Ang II/AT1R RAS axis has been associated with metabolic syndrome, type 2 diabe-
tes mellitus, and islet dysfunction. The detrimental effects resulting from the pathologi-
cal activation of this axis have been shown to be attenuated or even abolished by the 
pharmacological inhibition of components of the main RAS axis. However, the impact of 
the two alternative ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP RAS axes on islet func-
tion is less well understood. Previous studies mainly focused on the possible protective 
actions of Ang-(1-7) via the receptor Mas in insulin-sensitive tissues and on well known 
risk factors of metabolic syndrome (insulin resistance, hyperglycemia, obesity, hyper-
tension and dyslipidemia). Thus, the impact of this axis on β-cell function and, in particu-
lar, insulin production and release was examined in the present study. 

Glucose and fatty acids have been subjects of diabetic research because they are 
established pathophysiologically relevant features of the metabolic syndrome and are 
known to harm β-cells, phenomena which are referred to as gluco- or lipotoxicity, re-
spectively. The pathophysiologically relevant factors glucose, saturated fatty acid (FA) 
palmitic acid (PA), and the methyl ester of the omega-3 fatty acid docosahexaenoic acid 
(DHA-ME) were used in the present study to characterize the local β-cell RAS as well as 
β-cell function under pathophysiological conditions. 

Results of the present work demonstrate the expression of selected components 
of the RAS in isolated murine islets of Langerhans and the rat insulinoma cell line 
BRIN-BD11 under basal conditions.  

The alternative ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP RAS axes were acti-
vated by high glucose in BRIN-BD11 cells after 24 h. Coincidently with these findings 
insulin production was found to be increased. In contrast, the expression of components 
of the main ACE/Ang II/AT1R RAS axis and the Ang II type 2 receptor (AT2R) were not 
affected under the same conditions (Härdtner et al., 2013).  

Both FAs, PA and DHA-ME were shown to alter the expression of components of 
the renin-angiotensin system in BRIN-BD11 cells. PA increased the expression of AT1R, 
the receptor of the main RAS axis, and of AT2R, whereas that of the receptor of the al-
ternative ACE2/Ang-(1-7)/Mas RAS axis, Mas, appeared to be down-regulated at basal 
low glucose concentrations (5.5 mM). These effects were accompanied by a dose-
dependent reduction of the insulin production and secretion. In contrast, DHA-ME aug-
mented the expression of components of the ACE2/Ang-(1-7)/Mas axis and IRAP at low 
glucose concentrations, an effect which could be partially enhanced under high glucose 
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conditions (25 mM). At basal glucose concentrations DHA-ME reduced the insulin secre-
tion, whereas it was increased under high glucose conditions. However, the insulin 
mRNA amount remained unaffected by DHA-ME. Additionally, in contrast to glucose and 
palmitic acid, DHA-ME significantly increased the production of reactive oxygen species, 
at least hydrogen peroxide after 30 min. 

Expression alterations of components of the alternative ACE2/Ang-(1-7)/Mas 
RAS axis by glucose and PA correlated strongly with the corresponding insulin secretion 
and production. Therefore, an involvement of the ACE2/Ang-(1-7)/Mas RAS axis in the 
regulation of insulin secretion and production was hypothesized and validated in prima-
ry islets of Langerhans of both Mas-deficient and wild-type mice. Islets were exposed to 
the preferred natural ligand for Mas, Ang-(1-7), or to its pharmacological agonists or 
antagonists, respectively. In isolated islets of Mas-deficient mice long-term insulin secre-
tion and short-term glucose-stimulated insulin secretion (GSIS) as well as the insulin 
production were substantially reduced. Similar effects were even observed in both iso-
lated islets of Mas heterozygous mice and in wild-type islets exposed to different 
Ang-(1-7) antagonists, D-alanine7-Ang-(1-7) or D-proline7-Ang-(1-7), respectively. In 
contrast, long-term insulin secretion, GSIS as well as insulin production were increased 
in isolated wild-type islets treated with Ang-(1-7) or its non-peptidic agonist AVE 0991, 
respectively. 
 
The underlying molecular mechanisms of Mas-dependent regulation of insulin secretion 
and production were analysed by means of different approaches. In order to identify one 
or more master regulatory kinases or pathways possibly involved in Mas-dependent 
regulation of insulin gene expression and secretion, the pathway upstream of the insulin 
gene was analysed in a stepwise manner. Herein, transcription factors (TFs) of insulin, 
pancreatic duodenal homeobox-1 (PDX-1), and further upstream TFs as well as genes 
essential for islet function or involved in energy metabolism were screened for altered 
expression in islets of Mas knock-out (k.o.) mice. Selected candidates were also analysed 
in wild-type islets treated with Ang-(1-7), Ang-(1-7) agonists or antagonists. This meth-
od revealed the adenosine monophosphate (AMP)-activated protein kinase (AMPK) as a 
potential master regulator.  

Additional potential master regulatory kinases or pathways could be identified by 
analysing cis-elements common to the promoters of selected TFs possibly involved in 
Mas-dependent regulation of insulin transcription. The phosphatidylinositol 3-kinase 
(PI3K)/AKT as well as the cyclic AMP (cAMP)/protein kinase A (PKA) pathway were 
identified as putative regulators by this method. 

In a second strategy, established pathways downstream of Mas were analysed for 
a possible involvement in Mas-dependent regulation of insulin secretion and production. 
By doing so, the extracellular signal–regulated kinase (ERK)1 and 2 pathway could be 
excluded as possible mediator involved in this mechanism. The present data do not sup-
port a predominant role of the PI3K/AKT pathway in the Mas-dependent alteration of 
insulin gene expression. However, the PI3K/AKT pathway is possibly involved in Mas-
dependent regulation of insulin secretion through activation of the endothelial nitric 
oxide synthase (eNOS).  

Notably, a regulatory (feedback) loop between the PI3K/AKT pathway and Mas 
could be identified in BRIN-BD11 cells. It also became apparent that ERK1/2 is obvious-
ly not implicated in the regulation of Mas transcription.  
 
In conclusion, the presented data contribute to a better understanding of cellular mech-
anisms in the regulation of insulin gene expression and secretion. Modulations of the 
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Mas signalling pathway especially altered insulin production and secretion in isolated 
islets in vitro. Considering the fact that plasma insulin levels of ad libitum fed mice were 
slightly reduced in Mas-deficient mice, an insulin-regulating function of Mas is likely rel-
evant for the functional integrity of the β-cell in vivo. Moreover, Mas or the 
ACE2/Ang-(1-7)/Mas RAS axis might represent potential pharmacological targets to 
prevent or attenuate β-cell pathology in the future. Modulators of Mas might thus have 
future clinical implications with respect to the development of novel therapeutic ap-
proaches in patients with diabetes or hyperinsulinism. 
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Zusammenfassung 

Das systemische Renin-Angiotensin-System (RAS) ist ein endokrines System, welches 
hauptsächlich bekannt dafür ist den Blutdruck, den Wasser- und Salzhaushalt, sowie die 
Volumenhomöostase durch verschiedene, aktive Metabolite, den Angiotensinen, im Kör-
per zu regulieren. Darüber hinaus wurden lokale Renin-Angiotensin-Systeme in ver-
schiedenen Geweben entdeckt, so auch in der Langerhansschen Insel. 
 Ausgehend vom Angiotensinogen, dem Vorläufer aller Angiotensine (Ang), wel-
ches durch Renin in das Dekapeptid Ang I gespalten wird, wird das RAS in drei Achsen 
unterteilt. Die klassische Hauptachse des RAS setzt sich aus dem Angiotensin-
konvertierenden Enzym (ACE), Angiotensin (Ang) II und dem Ang II Typ 1 Rezeptor 
(AT1R) zusammen, wohingegen die zwei alternativen RAS-Achsen entweder aus ACE2, 
Ang-(1-7) und dem Rezeptor Mas oder der Aminopeptidase N (APN), Ang IV und der 
Insulin-regulierten Aminopeptidase (IRAP) bestehen. Die Aktivierung der klassischen 
Hauptachse des RAS, ACE/Ang II/AT1R, wurde mit Metabolischem Syndrom, Diabetes 
mellitus Typ 2, und Inseldysfunktion in Verbindung gebracht. Die schädlichen Effekte 
infolge der pathologischen Aktivierung der Hauptachse des RAS konnten durch pharma-
kologische Inhibitoren verschiedener Komponenten dieser Achse abgeschwächt oder 
sogar aufgehoben werden. Die Bedeutung der zwei alternativen RAS-Achsen, 
ACE2/Ang-(1-7)/Mas und APN/Ang IV/IRAP, auf die Inselfunktion ist jedoch weniger 
gut verstanden. Frühere Untersuchungen konzentrierten sich hauptsächlich auf mögli-
che protektive Wirkungen von Ang-(1-7) über den Rezeptor Mas in insulinsensitivem 
Gewebe und auf bekannte Risikofaktoren des Metabolischen Syndroms (Insulinresis-
tenz, Hyperglykämie, Fettleibigkeit, Bluthochdruck und Dyslipidämie). Die Bedeutung 
dieser Achse auf die β-Zellfunktion und besonders auf die Insulinproduktion und –
sekretion wurde deshalb in der vorliegenden Arbeit untersucht. 

Glukose und Fettsäuren sind Gegenstand der Diabetesforschung, seitdem sie 
etablierte Pathogenitätsfaktoren des Metabolischen Syndroms darstellen und bekannt 
dafür sind, β-Zellen schädigen zu können. Diese Phänomene werden als Gluko- bzw. Lip-
otoxizität bezeichnet. Die pathologisch relevanten Faktoren Glukose, die gesättigte Fett-
säure Palmitinsäure (PA) und der Methylester der Omega-3-Fettsäure Docosahexaen-
säure (DHA-ME) wurden in der vorliegenden Arbeit verwendet, um das lokale β-Zell 
RAS sowie die β-Zellfunktion unter pathophysiologischen Bedingungen zu charakteri-
sieren.  

Ergebnisse dieser Arbeit zeigen die Expression ausgewählter Komponenten des 
RAS in isolierten Langerhansschen Inseln der Maus und der Ratteninsulinoma Zelllinie 
BRIN-BD11 unter basalen Bedingungen. 

Die alternativen RAS-Achsen, ACE2/Ang-(1-7)/Mas und APN/Ang IV/IRAP, wur-
den durch Hochglukose in BRIN-BD11 Zellen nach 24 h aktiviert. Übereinstimmend mit 
diesen Ergebnissen wurde ein Anstieg der Insulinproduktion festgestellt. Im Gegensatz 
dazu waren die Expressionen von Komponenten der Hauptachse des RAS, 
ACE/Ang II/AT1R, und des Ang II Typ 2 Rezeptors (AT2R) unter den gleichen Bedingun-
gen nicht betroffen (Härdtner et al., 2013). 

Beide Fettsäuren, PA und DHA-ME, modulierten die Expression von Komponen-
ten des RAS in BRIN-BD11 Zellen nach 24 h. Während PA bei basalen, niedrigen Gluko-
sekonzentrationen (5,5 mM) die Expression des AT1R, des Rezeptors der RAS-
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Hauptachse, sowie des AT2R verstärkte, regulierte es die des Rezeptors der alternativen 
ACE2/Ang-(1-7)/Mas RAS-Achse, Mas, herunter. Diese Effekte waren begleitet von einer 
dosisabhängigen Reduktion der Insulinproduktion und -sekretion. Im Gegensatz dazu 
steigerte DHA-ME die Expression der Komponenten der ACE2/Ang-(1-7)/Mas RAS-
Achse und IRAP bei niedrigen Glukosekonzentrationen, ein Effekt, der in Gegenwart ho-
her Glukosekonzentrationen (25 mM) teilweise noch verstärkt werden konnte. Bei basa-
len Glukosekonzentrationen reduzierte DHA-ME die Insulinsekretion, wohingegen sie in 
Gegenwart hoher Glukosekonzentrationen gesteigert wurde. Die Insulin-mRNA-Menge 
blieb von DHA-ME jedoch unbeeinflusst. Zusätzlich verursachte DHA-ME, im Gegensatz 
zu Glukose und PA, einen signifikanten Anstieg der Produktion von reaktiven Sauer-
stoffspezies, auf jeden Fall von Wasserstoffperoxid, nach 30 min.  

Änderungen der Expression von Komponenten der alternativen 
ACE2/Ang-(1-7)/Mas RAS-Achse durch Glukose und PA korrelierten stark mit der kor-
respondierenden Insulinsekretion und -produktion. Daher wurde die Hypothese aufge-
stellt, dass die ACE2/Ang-(1-7)/Mas RAS-Achse an der Regulation der Insulinsekretion 
und -produktion beteiligt ist. Die Bedeutung dieser Hypothese wurde in primären 
Langerhansschen Inseln von Mas-defizienten und wildtypischen Mäusen bestätigt. In-
seln wurden mit dem bevorzugten Liganden des Mas-Rezeptors, Ang-(1-7), oder mit 
dessen pharmakologischen Agonisten bzw. Antagonisten inkubiert. In isolierten Inseln 
Mas-defizienter Mäuse waren sowohl die Langzeit-Insulinsekretion und die Glukose-
stimulierte Kurzzeit-Insulinsekretion als auch die Insulinproduktion wesentlich ver-
mindert. Ähnliche Effekte wurden sogar bei Inseln heterozygoter Mas-Mäuse sowie in 
wildtypischen Inseln, die mit verschiedenen Ang-(1-7) Antagonisten, D-Alanin7-
Ang-(1-7) oder D-Prolin7-Ang-(1-7), behandelt wurden, beobachtet. Im Gegensatz dazu 
wurden sowohl die Langzeit-Insulinsekretion, die Glukose-stimulierte Insulinsekretion 
als auch die Insulinproduktion durch Ang-(1-7) oder dessen nichtpeptidischen Agonis-
ten AVE 0991 gesteigert. 
 
Die zugrundeliegenden molekularen Mechanismen der Mas-abhängigen Regulation der 
Insulinsekretion und –produktion wurden mit unterschiedlichen Strategien analysiert. 
Um eine oder mehrere übergeordnete Kinasen oder Signalwege zu identifizieren, die 
möglicherweise an der Mas-abhängigen Regulation der Genexpression und Sekretion 
von Insulin beteiligt sind, wurde der Signalweg ausgehend vom Insulin-Gen schrittweise 
stromaufwärts analysiert. Dazu wurden sowohl Transkriptionsfaktoren von Insulin, 
pancreatic duodenal homeobox-1 (PDX-1) und deren übergeordnete Transkriptionsfak-
toren als auch Gene, die essentiell für die Inselfunktion oder am Energiestoffwechsel 
beteiligt sind, auf veränderte Expression in Inseln von Mas-defizienten Mäusen unter-
sucht. Ausgewählte Kandidaten wurden auch in wildtypischen Inseln, die mit Ang-(1-7) 
bzw. Ang-(1-7) Agonisten oder Antagonisten behandelt wurden, untersucht. Dieser An-
satz ermöglichte die Identifizierung der Adenosinmonophosphat (AMP)-aktivierte Pro-
teinkinase (AMPK) als potentielle, übergeordnete Kinase.  
 Zusätzliche, mögliche übergeordnete Kinasen oder Signalwege konnten durch die 
Analyse gemeinsamer cis-Elemente der Promotoren von ausgewählten Transkriptions-
faktoren, die eventuell an der Mas-abhängigen Regulation der Insulinsekretion 
und -produktion beteiligt sind, identifiziert werden. Durch diese Methode wurden Phos-
phatidylinositol-3-Kinase (PI3K)/AKT- sowie cyclisches AMP (cAMP)/Proteinkinase A 
(PKA)-abhängige Signalwege als potentielle, übergeordnete Regulatoren detektiert.  

In einem weiteren Ansatz wurden bekannte Signalwege stromabwärts des Mas-
Rezeptors auf eine mögliche Beteiligung bei der Mas-abhängigen Regulation der Insulin-
sekretion und –produktion hin untersucht. Dabei konnte eine Beteiligung des extrazellu-
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lär regulierten Kinase (ERK)1- und 2-abhängigen Signalwegs an diesem Mechanismus 
ausgeschlossen werden. Obwohl die Daten der vorliegenden Arbeit keine Schlüsselfunk-
tion des PI3K/AKT-Signalweges bei der Mas-abhängigen Änderung der Insulin-
Genexpression nahelegen, könnte dennoch eine Beteiligung des PI3K/AKT-Signalweges 
an der Mas-abhängigen Regulation der Insulinsekretion durch die Aktivierung der en-
dothelialen Stickstoffmonoxid-Synthase (eNOS) möglich sein. 

Bemerkenswerterweise konnten einerseits ein regulatorischer Rückkopplungs-
mechanismus zwischen dem PI3K/AKT-Signalweg und Mas in BRIN-BD11 Zellen identi-
fiziert und andererseits eine Beteiligung des ERK1/2-Signalweges an der Regulation der 
Mas-Genexpression ausgeschlossen werden. 
 
Die vorliegenden Daten tragen zum besseren Verständnis zellulärer Mechanismen be-
züglich der Regulation der Genexpression und Sekretion von Insulin bei. Vor allem Mo-
dulationen des Mas-Signalweges veränderten die Insulinproduktion und –sekretion in 
isolierten Inseln in vitro. Angesichts der Tatsache, dass in der vorliegenden Arbeit Plas-
mainsulinkonzentrationen von ad libitum gefütterten Mas-defizienten Mäusen leicht 
vermindert waren, ist eine Insulin-regulierende Funktion von Mas für die funktionelle 
Integrität der β-Zelle wahrscheinlich auch in vivo von Bedeutung. Des Weiteren könnten 
zukünftig der Rezeptor Mas oder die ACE2/Ang-(1-7)/Mas Ras-Achse potentielle, phar-
makologische Zielstrukturen zur Vorbeugung oder Abschwächung der β-Zellpathologie 
darstellen. Modulatoren des Mas-Signalweges könnten somit klinische Bedeutung bei 
der Entwicklung neuartiger Therapieansätze des Diabetes mellitus bzw. des Hyperinsu-
linismus erlangen. 
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ADH antidiuretic hormone  
ADP adenosine diphosphate 
AGEs advanced glycation end products  
AGT angiotensinogen 
AKT synonym of protein kinase B 
Ala alanine 
AM acetoxymethyl ester  
AMP adenosine monophosphate  
AMPK adenosine monophosphate-activated pro-

tein kinase  
Ang angiotensin 
AP-1 activator protein-1 
APA aminopeptidase A 
APN aminopeptidase N 
APS ammonium persulfate 
ARB angiotensin II type 1 receptor blocker  
Arg arginine 
AS antisense 
Asp aspartate 
AT1aR angiotensin ІІ type 1a receptor 
AT1bR angiotensin ІІ type 1b receptor 
AT2R angiotensin ІІ type 2 receptor 
AT4R angiotensin IV receptor  
ATF activating transcription factor 
ATP adenosine triphosphate 
Bcl-xL AKT/B-cell lymphoma-extra large 
Beta2 synonym of neurogenic differentiation 1 
bHLH basic helix-loop-helix 
BK bradykinin  
BLAST Basic Local Alignment Search Tool  
BLK B lymphoid tyrosine kinase 
bp base pairs 
BSA bovine serum albumin  
bZip basic leucine zipper 
Ca2+VD-channel voltage-dependent calcium-channel 

 



Abbreviations 

XII 

CaMK2δ2 calcium/calmodulin-dependent protein 
kinase II δ2  

cAMP cyclic adenosine monophosphate  
Cat catalase 
CCK cholecystokinin 
CDC Centers for Disease Control and Prevention  
cDNA complimentary deoxyribonucleic acid 
CDX caudal type homeobox 
CEL carboxyl-ester lipase 
CGRP calcitonin gene-related peptide 
CHAPS 3-[(3-cholamidopropyl)-

dimethylammonio]-propane-sulfonate 
CHO chinese hamster ovary 
CHOP C/EBP-homologous protein 
ChREBP carbohydrate response element-binding 

protein  
CK2 casein kinase 2  
CL cardiolipin  
CoA coenzyme A  
COX cyclooxygenase 
C-peptide connecting peptide  
Cq quantification cycle 
CREB  cyclic adenosine monophosphate response 

element-binding protein 
Cy cyanine  
D-Ala D-alanine7-angiotensin-(1-7) 
DAPI 4′,6-diamidino-2-phenylindole dihydro-

chloride  
DCFH-DA 2′,7′-dichlorofluorescin diacetate  
DHA-ME docosahexaenoic acid methyl ester 
DM diabetes mellitus 
DMEM Dulbecco’s modified Eagle’s medium 
DMSO dimethyl sulphoxide  
DNA deoxyribonucleic acid 
DOC sodium deoxycholate 
DPBS Dulbecco’s phosphate buffered saline 
D-Pro D-proline7-angiotensin-(1-7) 
DTT dithiothreitol  
E. coli Escherichia coli 
E2F E2 transcription factor 
ECM extracellular matrix 
EDTA ethylenediamine tetraacetic acid  
ELISA enzyme-linked immunosorbent Assay  
eNOS (NOS3) endothelial nitric oxide synthase 
EPA eicosapentaenoic acid  
EPAC2 exchange protein directly activated by cy-

clic adenosine monophosphate 2 
ERK1/2 extracellular signal–regulated kinases 1 

and 2 
EtOH ethanol  



Abbreviations 

XIII 

FA(s) fatty acid(s)  
FCS fetal calf serum 
Fig. figure 
Fox forkhead box 
FoxA2 forkhead box A2 = synonym for hepatocyte 

nuclear factor 3β 
GADA glutamic acid decarboxylase autoantibod-

ies  
GATA GATA binding protein 
GDP guanosine diphosphate 
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IAA insulin autoantibodies  
IC50 half maximal inhibitory concentration 
ICA cytoplasmic autoantibodies 



Abbreviations 

XIV 

IDDM insulin-dependent diabetes mellitus 
IDE insulin-degrading enzyme 
IF immunofluorescence 
Ig immunoglobulin  
Igf2r insulin-like growth factor II receptor 
IL-1β interleukin-1 β  
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1 Introduction 

1.1 Pancreas – structure and function 

The pancreas is a gland lying transverse in the retroperitoneum of vertebrates; it pro-
duces digestive enzymes as well as hormones. Therefore, it is divided into an exocrine 
and an endocrine part. Digestive enzymes, synthesized by the acinar cells of the exocrine 
pancreas, are secreted via excretory ducts of the tubuloacinar glands, more specifically 
via superior excretory ducts and, in the end, via the main pancreatic duct ductus pancre-
aticus major, into the duodenum. Proteases are secreted as zymogens and are activated 
by limited proteolysis in the duodenum. The digestive enzymes cleave proteins, lipids, 
carbohydrates and nucleic acids into their basic modules, which are absorbed by the 
intestinal mucosa. The exocrine pancreas comprises numerous tubuloacinar glands, 
whereby the digestive enzyme-producing acinar cells represent the functional units of 
these glands. Centroacinar cells, flat epithelial cells of the intercalary ducts of the tubu-
loacinar glands, are localized at the branch of each acinus into an excretory duct and 
secrete bicarbonate into the duodenum. Together with alkaline secretions of the liver 
and the gut, the latter achieves neutralization of the low pH-value of the chymus coming 
from the stomach and, thereby, contributes to the activation of the digestive enzymes 
(Lang and Lang, 2007). 

The endocrine pancreas contains the islets of Langerhans, which are spheroid 
clusters of different hormone-secreting cell types inhomogeneously distributed 
throughout the exocrine pancreas with a higher frequency in the cauda. The islets con-
sist of different cell species. Dependent on the hormone they produce it can be distin-
guished between glucagon-secreting α-cells (~20% of islet cells), insulin- and amylin-
producing β-cells (~70 – 80% of islet cells), somatostatin-producing δ-cells (max. 5% of 
islet cells), pancreatic polypeptide (PP)-secreting cells (max. 2% of islet cells), and a very 
few ghrelin-producing ε-cells (Wierup et al., 2004). Insulin is released from β-cells into 
the blood stream in a dose-dependent manner in response to elevated blood glucose 
levels. The main function of insulin is the stimulation of glucose uptake from the blood 
into peripheral target tissues after ingestion. It is the one and only hormone and effector 
molecule in the body that holds that function. Amylin reduces food intake, inhibits post-
prandial glucagon secretion, delays gastric emptying and enhances satiety (Lutz, 2006). 
Glucagon counteracts insulin and is secreted at low glucose levels. The stimulation of the 
release of sufficient glucose amounts from the liver at fasting states and the mainte-
nance of glucose homeostasis is the main function of glucagon. Somatostatin negatively 
influences the secretion of insulin, glucagon and ghrelin (Alberti et al., 1973; Gaisano et 
al., 2012; Broglio et al., 2003). Pancreatic polypeptide is secreted from islets and the gas-
tro-intestinal tract following ingestion. In high concentrations PP can inhibit cholecysto-
kinin (CCK)-induced gastric acid secretion. Additionally, PP embarrasses secretion of 
exocrine pancreas and reduces gall bladder contractions. In summary, these actions are 
conducive to reducing nutrient absorption (Gehlert, 1998). Ghrelin has a wide spectrum 
of activities with orexigenic effects, control of energy expenditure and peripheral gas-
troenteropancreatic actions among others (summarized in Broglio et al., 2003).  

In their entirety, the islets are regarded as islet organ and account for 1 – 2% of 
the whole pancreas, but require ~10% of the blood supply. This extensive systemic vas-
cular supply is ensured via superior gastroduodenal, splenic and superior mesenteric 
arteries (Aumüller et al., 2006; Jansson and Hellerström, 1986). Afferent arterioles 
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branch to a glomerular-like capillary network in the centre of the islet, whereas the 
blood flow first reaches the β-cells prior to the other cell types. Efferent capillaries aris-
ing from this network coalesce in venules either in the periphery or on the edge of the 
islet depending on the islet size. The collecting venules finally lead the blood into the 
portal vein to deliver the secreted peptide hormones to the target tissues and organs. 
This order of supply enables a rapid response to changes in blood glucose concentra-
tions (Bonner-Weir and Orci, 1982; Samols et al., 1988).  

The endocrine pancreas is not only intensively supplied with blood vessels, it is 
also richly innervated by nerves including sympathetic, parasympathetic and sensory 
ones. Neurotransmitters or neuropeptides located in sympathetic nerves are noradrena-
line, galanin and neuropeptide Y (NPY). Those released from the parasympathetic 
nerves are acetylcholine (Ach), vasoactive intestinal polypeptide (VIP), gastrin releasing 
peptide (GRP) and pituitary adenylate cyclase-activating polypeptide (PACAP). Neuro-
peptides located to sensory nerves are calcitonin gene-related peptide (CGRP) and sub-
stance P (SP). There are also other nerves not strictly related to the sympathetic, para-
sympathetic or sensory nervous system. Neurotransmitters or hormones released from 
these nerves are nitric oxide (NO) and CCK. The islet autonomic nerves have an im-
portant role in mediating the cephalic phase of insulin secretion (all summarized in 
Ahrén, 2000). (Also see chapter 1.2.3 Insulin – Secretion and biological effects).  

It is worth mentioning that there is a different architecture of islets in different 
species. It is generally accepted that the different cell types in islets are not randomly 
distributed. In rodents, the β-cells compose the centre of the islets surrounded by α-, δ-, 
PP- and ε-cells. In contrast, in human islets this clear arrangement can be confused and 
the β-cells are directly juxtaposed to the non-β-cells, which simplifies paracrine interac-
tions (Bosco et al., 2010). 

 

1.2 Insulin 

1.2.1 Structure and biosynthesis 

Insulin is a peptide hormone, which has a molecular weight of 5.8 kDa (Oliva et al., 
2000). It consists of a 21 amino acid (AA)-long A-chain and a 30 AA-long B-chain both 
connected with two disulfide bonds. A third one is located within the A-chain for stabili-
zation of the quaternary structure (Oyer et al., 1971; Sanger, 1988). Insulin is capable of 
self-association in the presence of elevated concentrations of zinc ions. Therefore, it oc-
curs as hexamers in the insulin storage granules of β-cells, whereas it circulates in the 
blood as dimers and monomers (Steiner, 1977; Evans et al., 2011).  

The primary insulin gene product is cotranscriptionally processed by intron 
splicing to mature messenger ribonucleic acid (mRNA). This mRNA encodes for prepro-
insulin protein which contains, at the N-terminus, a signal sequence followed by the 
complete sequence for the B-chain, connecting peptide (C-peptide) and A-chain at the 
C-terminus (Nicol and Smith, 1960; Oyer et al., 1971; Bell et al., 1980). The insulin mRNA 
is translated at the ribosomes of the rough endoplasmatic reticulum (rER) and the re-
sulting preproinsulin peptide is cotranslationally threaded into the ER-lumen via the 
signal peptide (Okun and Shields, 1992). In the ER-lumen the signal peptide is eliminat-
ed and the proinsulin formed thereby is pinched off in vesicles from the ER and trans-
ported to the Golgi apparatus. In the Golgi apparatus as well as in β-granules proinsulin 
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is matured to insulin by splitting off the C-peptide by prohormone convertases, and a 
subsequent removement of the last two arginine residues of the newly formed 
C-terminus by carboxypeptidase E (Steiner et al., 1996; Davidson, 2004). Insulin and 
C-peptide are stored in equimolar amounts in the secretory granules until a glucose-
stimulus reaches the β-cells (Clark and Steiner, 1969). 

 

1.2.2 Regulation of insulin gene expression 

Glucose is the main stimulus for insulin gene expression. The preproinsulin transcrip-
tion is rapidly initiated and reaches its maximum 30 min after glucose stimulation. This 
direct response is necessary for instantly restocking insulin during secretion (Leibiger et 
al., 1998a).  

The insulin gene is highly conserved throughout evolution (Steiner et al., 1985). 
Humans only have one gene coding for insulin, whereas mice and rats have two non-
allelic insulin genes. The human insulin gene and the insulin gene II of mice and rats 
have two introns, whereas the insulin gene I lacks a second intron (Soares et al., 1985). 
It is believed that two introns in the insulin gene correspond to a common ancestor and 
introns can be lost throughout evolution (Perler et al., 1980). Finally, it has been discov-
ered that the insulin gene I is a functional retroposon generated by reinsertion of the 
sequence of a partially spliced insulin II transcript into the genome (Soares et al., 1985). 

The insulin gene expression is restricted to β-cells and it is controlled by several 
ubiquitous or β-cell-restricted transcription factors (TFs), which bind to specific deoxy-
ribonucleic acid (DNA) sequences located within a 300 base pairs (bp) region in the in-
sulin gene promoter. The fundamental cis-elements regulating insulin gene expression 
are A-boxes, E-boxes and C1/rat insulin promoter element (RIPE)3b-elements (summa-
rized in Melloul et al., 2002).  

A-boxes exhibit AT-rich nucleotide sequences and comprise a TAAT consensus 
sequence. A-boxes play a great part in contributing to insulin promoter activation as 
shown in some mutation-experiments. A-boxes represent binding sites for the β-cell en-
riched homeodomain-containing TF pancreatic duodenal homeobox-1 (PDX-1) (Ohlsson 
et al., 1993; Petersen et al., 1994; Marshak et al., 1996).  

E-boxes, E1 and E2, contain the core sequence CANNTG (Melloul et al., 2002). 
They are essential for transactivation of the insulin gene as shown in mutation-
experiments and bind transcription factors of the basic helix-loop-helix family (bHLH) as 
homo- or heterodimers formed either of class A (ubiquitous) or class B (tissue-specific 
expressed) bHLH-TFs (Melloul et al., 2002; Karlsson et al., 1987). β-cell-enriched Be-
ta2/neurogenic differentiation 1 (NeuroD1) binds to E1-elements and transactivates the 
insulin promoter as a heterodimeric complex with the ubiquitous TF E47 (Naya et al., 
1995).  

The C1/RIPE3b1-element represents a binding site for the β-cell specific basic 
leucine zipper (bZip) TF V-maf musculoaponeurotic fibrosarcoma oncogene homolog A 
(MafA), which transactivates the insulin gene (Matsuoka et al., 2003; Kataoka et al., 
2004). The activating transcription factor 2 (ATF2) is a ubiquitous member of bZip TFs 
of the ATF/CREB family (cyclic adenosine monophosphate (cAMP) response element-
binding protein) and is reported to bind to CRE-(like) elements in the insulin promoter 
region (Ban et al., 2000; Hay et al., 2007). Recent studies show that ATF2 binds, not sin-
gly, but as heterodimeric complex with MafA, to C1/RIPE3b-element and activates the 
insulin gene expression. In additional, it has been reported that MafA and ATF2 physical-
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ly interact with PDX-1 and NeuroD1, thereby transactivating the insulin promoter in a 
synergistic manner (Zhao et al., 2005; Han et al., 2011). 

Paired box protein 6 (Pax6) binds to the pancreatic islet cell-specific enhancer el-
ement sequence (PISCES) in the rat insulin I promoter and acts there as a transactivator 
(Sander et al., 1997). However, the rat insulin II promoter and the insulin promoters of 
other species like humans and mice lack a PISCES-element. In these PISCES-less promot-
ers Pax6 is proposed to bind to AT-rich regions, which can be found in A-boxes of the 
insulin promoter (Wolf et al., 2010; Kalousová et al., 1999; Ritz-Laser et al., 2003). In the 
A-boxes of the insulin promoter Pax6 and PDX-1 are supposed to compete for the same 
binding sites. Therefore, the occupation of these binding sites by Pax6, together with the 
interaction of Pax6 with NeuroD1, leads to suppression of insulin transcription, as 
shown for the rat insulin II promoter (Wolf et al., 2010). 

 

1.2.3 Secretion and biological effects 

Insulin is exclusively secreted from the β-cells of the islets of Langerhans. For an ade-
quate release of insulin, glucose has to be taken up and metabolized by β-cells. Glucose 
enters the β-cells according to the concentration gradient through glucose transporters 
by use of facilitated diffusion. In β-cells of rodents the predominant glucose transporter 
(GLUT) is GLUT2 which has a low affinity, but high capacity for glucose (Guillam et al., 
1997). In contrast, in human β-cells GLUT1 and 3 are supposed to be the predominant 
glucose transporters (De Vos et al., 1995; McCulloch et al., 2011). In the β-cell glucose is 
phosphorylated in the first step of glycolysis by glucokinase (GK), which also has a low 
affinity for glucose. However, the phosphorylation and not the uptake of glucose into the 
β-cell represents the rate-limiting step in glucose catabolism (German, 1993). Conse-
quently, the rate of glycolysis is directly proportional to blood glucose concentrations. 
Because of their low affinity to glucose GLUT2 and GK are referred to as glucose sensors 
(Roncero et al., 2004).  

The β-cells secrete basal insulin amounts at low glucose concentrations 
(Polonsky et al., 1988). After food intake the extracellular glucose concentrations in-
crease and, as soon as a species-specific threshold is reached, the so-called glucose-
stimulated insulin secretion (GSIS) is induced. The threshold for glucose-stimulated in-
sulin secretion in humans is at ~3 – 4 mM glucose, whereas that in mice accounts for 
~5 – 6 mM (Doliba et al., 2012; Henquin et al., 2006; Hedeskov, 1980).  

The adenosine triphosphate (ATP)/adenosine diphosphate (ADP)-ratio becomes 
elevated by the metabolism of glucose (Jensen et al., 2008). This leads to closure of ATP-
sensitive potassium (K+ATP)-channels followed by membrane depolarisation. Subse-
quently, voltage-dependent calcium (Ca2+VD)-channels are opened, which lead to an in-
flux of extracellular Ca2+. The increase in intracellular Ca2+-concentrations [Ca2+]I trig-
gers the exocytosis of insulin secretory granules (Lemaire and Schuit, 2012). 

In an amplifying pathway, glucose stimulates GIP and GLP-1-secretion from the 
gut (Dupre et al., 1973; Schmidt et al., 1985; Kim and Egan, 2008). These incretins acti-
vate the α-subunits of heterotrimeric, stimulatory G-proteins (Gαs) and stimulate mem-
brane bound adenylate cyclase (AC), which in turn rapidly increases cyclic adenosine 
monophosphate (cAMP)-concentrations (Doyle and Egan, 2007; Meloni et al., 2013). 
AC8 is proposed to have an especially important role in mediating insulin release in 
β-cells. AC8 is Ca2+-dependent and therefore couples the triggering and the amplifying 
pathway of insulin secretion (Roger et al., 2011; Delmeire et al., 2003; Lemaire and 
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Schuit, 2012). Soluble ACs play not more than a minor role in insulin secretion by con-
tributing to the overall cAMP concentration (Ramos et al., 2008; Meloni et al., 2013). In-
creasing levels of cAMP lead to the activation of protein kinase A (PKA) and “exchange 
protein directly activated by cAMP 2” (EPAC2) [also known as Rap guanine nucleotide 
exchange factor 4 (RAPGEF4)] (Lemaire and Schuit, 2012). PKA and EPAC2 potentiate 
glucose effects by further enhancing inhibition of K+ATP-channels, prevention of mem-
brane repolarization and further recruitment of Ca2+ from intracellular stores (Meloni et 
al., 2013). These effects lead to amplification of insulin secretion. A summary of the un-
derlying mechanisms of glucose-stimulated insulin secretion is given in Figure 1.2.3. 

Insulin secretion is characteristically biphasic in nature. The first phase of insulin 
secretion is rapid and intensive, whereas the second-phase of insulin release is less in-
tensive but prolonged (Bratanova-Tochkova et al., 2002). The triggering pathway of in-
sulin secretion is responsible for the first phase of insulin release. It also takes part, to 
some degree, in the second phase of insulin secretion. However, the amplifying pathway 
is thought to play a predominant role in the second phase of insulin release (Bratanova-
Tochkova et al., 2002; Wilcox, 2005). It is worth mentioning that other nutritional com-
pounds like some monosaccharides (fructose, mannose and galactose), amino acids (es-
pecially leucine and arginine) and fatty acids enhance glucose-stimulated insulin secre-
tion (summarized in Wilcox, 2005). In addition, there are many hormones that modulate 
insulin secretion besides glucagon, somatostatin and the incretins GLP-1 and GIP, which 
have already been mentioned above. Neurotransmitters/neuropeptides released from 
the parasympathetic nerves are capable of enhancing insulin secretion, whereas those of 
the sympathetic nerves inhibit insulin release. CGRP released from sensory nerves has 
an inhibitory effect and CCK located in other nerves has a stimulatory effect on insulin 
secretion. The function of NO is controversial because the inhibition of NO synthase as 
well as exogenously applied NO produced inhibitory, stimulatory or even no effects at all 
on insulin release (Ahrén et al., 1995; Ahrén, 2000; Salehi et al., 1996; Schmidt et al., 
1992; Jones et al., 1992; Smukler et al., 2002). 
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Fig. 1.2.3: Regulation of glucose-stimulated insulin secretion. Glucose is taken up by GLUTs and is 
metabolized. The resultant increase of the ATP/ADP-ratio leads to closure of K+

ATP-channels followed by 
membrane depolarisation and opening of Ca2+

VD-channels ascending thereby [Ca2+]I, which triggers exocy-
tosis of insulin granules. In a second way the incretins GIP and GLP-1 activate G-proteins (Gαs). In a second 
way the incretins GIP and GLP-1 activate G-proteins (Gαs). Both, Gαs and Ca2+/Calmodulin-complexes are 
essential for AC8 stimulation, which, on its part, increases cAMP-concentrations followed by the activation 
of PKA and EPAC2. This finally leads to amplification of insulin secretion. Abbreviations: GLUT = glucose 
transporter, K+

ATP = ATP-sensitive potassium channel, Ca2+
VD = voltage-dependent calcium channel, 

[Ca2+]i = intracellular Ca2+-concentrations, GIP = gastric inhibitory polypeptide, GIPR = gastric inhibitory 
polypeptide receptor, GLP-1 = glucagon-like peptide-1, GLP-1R = glucagon-like peptide-1 receptor, 
ATP = adenosine triphosphate, ADP = adenosine diphosphate, GTP = guanosine triphosphate, 
GDP = guanosine diphosphate, AC = adenylate cyclase, cAMP = cyclic adenosine monophosphate, 
PKA = protein kinase A, EPAC = exchange protein directly activated by cAMP. Reprinted by permission 
from Macmillan Publishers Ltd: [Nat. Cell Biol.] (Lemaire and Schuit, 2012), slightly modified. 
http://www.nature.com/ncb/index.html 

 
 
 
Insulin operates as anabolic hormone on plenty of insulin-sensitive tissues of which liv-
er, muscle and fat cells are the principal ones because of their abundance and im-
portance in metabolism (Suh et al., 2005). After a meal, insulin promotes glucose uptake 
into peripheral tissues, thereby lowering blood glucose concentrations until it is within a 
normal range of 4 – 7 mM (Poulsen et al., 2014). Insulin promotes glycolysis, glycogene-
sis and fat storage and, at the same time, suppresses glycogenolysis, gluconeogenesis 
and lipolysis (Pessin and Saltiel, 2000; Noguchi et al., 2013; Lewis et al., 2002). 

 

1.3 Diabetes mellitus 

Diabetes mellitus (DM) is a ~3000-year-old disease, which was already described in an-
cient Egyptian manuscripts (Ahmed, 2002). In 2011, ~366 million people suffered from 
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diabetes worldwide and it is estimated to concern ~553 million persons in 2030. Alt-
hough the number of diabetics is increasing in every country of the world, 80% are in-
habitants of middle- and low income countries (International Diabetes Federation, 
2011). 

Since 1936, distinctions have been made between an insulin-dependent DM 
(IDDM), nowadays type 1 DM (T1DM), and a non-insulin-dependent DM (NIDDM), today 
known as type 2 DM (T2DM) (Himsworth, 1936). Characteristics of DM are an absolute 
and/or a relative lack of insulin and hyperglycemia. T2DM is the most common form of 
diabetes involving 90 – 95% of all cases and T1DM ~5% (Centers for Disease Control 
and Prevention (CDC), 2011). The absolute lack of insulin in T1DM-patients is due to 
destruction of insulin-secreting β-cells, which can be evoked by autoimmune reactions, 
infectious agents, inflammatory processes or experimentally by β-cell specific toxins like 
alloxan and streptozotocin. The most common autoantibodies used in clinical diagnos-
tics to distinguish between T1DM and other types of diabetes are islet cell cytoplasmic 
autoantibodies (ICA), insulin autoantibodies (IAA), glutamic acid decarboxylase autoan-
tibodies (GADA) and insulinoma-associated-2 autoantibodies (IA-2A) (Pihoker et al., 
2005). T1DM is manifested when β-cell mass is less than 20% and insulin has to be sub-
stituted (Panten and Rustenbeck, 2005). In principle, humans of all ages can develop 
T1DM. However, T1DM mainly occurs in children, adolescents and young adults. The 
late form of T1DM is called latent autoimmune diabetes of adults (LADA), at which the 
β-cell destruction progresses very slowly (Stenström et al., 2005). 

The relative lack of insulin in T2DM is mainly due to insulin resistance of target 
tissues, secretory defects and/or failure of insulin receptors (Reaven, 1988). The preva-
lence of T2DM depends on a combination of genetic predisposition and behaviours in 
everyday life (Ripsin et al., 2009). A physically inactive lifestyle, smoking, excessive al-
cohol consumption, obesity and environmental toxins like e.g. bisphenol A, a component 
of several plastics, represent risk factors for T2DM (Hu et al., 2001; Centers for Disease 
Control and Prevention (CDC), 2004; Lang et al., 2008). T2DM normally arises in pa-
tients over 40 years of age, although nowadays the incidence has increased in children 
and adolescents because of ascending childhood obesity since 1960 (Barlow, 2007). At 
the beginning T2DM progresses slowly and the disease can be controlled for a long time 
simply by special diets and exercises. In some cases the addition of oral antidiabetics is 
necessary in this stage of glycemic control and in a later advanced stage insulin has to be 
substituted (Panten and Rustenbeck, 2005). 

The genetic predisposition of T2DM is believed to be a polygenetic affection, 
whereas a special form of DM, called maturity onset diabetes of the young (MODY), is 
characterized by an autosomal dominant inheritance of a monogenetic mutation and a 
young age of onset (usually before the age of 25) (Todd, 1996). It accounts for 2 – 5% of 
all DM-cases and, in contrast to T2DM, it can be ascribed to a defect in insulin production 
rather than to decreased insulin actions (Ledermann, 1995; Byrne et al., 1996). Eleven 
MODY genes have been discovered to date [Source: Online Mendelian Inheritance in 
Man (OMIM)]. Mutations in the gene encoding for the glycolytic enzyme glucokinase is 
named MODY 2. Heterozygous mutations in the GK gene lead through reduced glucose 
sensitivity to a mild form of diabetes with fewer disease-associated complications. This 
form of MODY can be treated simply with diet and exercise in most cases (Froguel et al., 
1993; Fajans et al., 2001). In contrast, homozygous mutations in the GK gene are 
associated with neonatal DM and insulin has to be substituted within the first few days 
of life (Fajans et al., 2001). The genes of MODY 1 – 6 encode for TFs: hepatocyte nuclear 
factor 4α (Hnf4α) (MODY 1), Hnf1α (MODY 3), PDX-1 (MODY 4); Hnf1β (MODY 5) and 
NeuroD1 (MODY 6) (Yamagata et al., 1996a; Yamagata et al., 1996b; Stoffers et al., 1997; 
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Horikawa et al., 1997; Malecki et al., 1999). MODY forms caused by mutations of one of 
the mentioned β-cell enriched TFs are progressive, and insulin has to be substituted 
(Fajans et al., 2001). The other MODY genes encode for Kruppel-like factor 11 (KLF11) 
(MODY 7), carboxyl-ester lipase (CEL) (MODY 8), Pax4 (MODY 9), insulin (MODY 10), 
and B lymphoid tyrosine kinase (BLK) (MODY 11) (Neve et al., 2005; Torsvik et al., 2010; 
Plengvidhya et al., 2007; Molven et al., 2008; Borowiec et al., 2009; OMIM). 

Further types of DM are classified. These include gestational diabetes and other 
specific forms of diabetes triggered by e.g. ailments of the exocrine pancreas, endo-
crinopathies, drugs and infections (Kerner and Brückel, 2009). 

 

1.3.1 Pathogenic factors of the metabolic syndrome 

T2DM is associated with the so-called ‘metabolic syndrome’. This disease refers to the 
co-occurrence of different cardiovascular risk factors including hyperglycemia, insulin 
resistance, obesity, dyslipidemia and hypertension (Huang, 2009a).  
 Chronic hyperglycemia leads to insulin resistance of target tissues and hyperinsu-
linemia (Huang, 2009a; Prasad and Quyyumi, 2004). In β-cells, chronic hyperglycemia 
impairs normal cell function, a phenomenon referred to as glucotoxicity (Marshall et al., 
1991; Federici et al., 2001; Robertson, 2004). 

Chronically elevated plasma concentrations of free fatty acids (FAs), as occur in 
obese patients, contribute their part to insulin resistance (Huang, 2009a; Prasad and 
Quyyumi, 2004). Chronic exposure of β-cells to FAs impairs their function and viability, 
which leads to lipodysfunction and lipotoxicity (Li et al., 2008; Poitout, 2008). The main 
mechanisms through which sustained elevated FA levels very likely affect islets are (I) 
inhibition of insulin gene expression and GSIS, and (II) increased ceramide production, 
which promotes apoptosis (Zhou and Grill, 1994; Unger and Orci, 2001). Long-term ef-
fects of FAs depend on their chain length and degree of saturation. Therefore, saturated 
FAs such as palmitate cause lipotoxicity, ER stress and apoptosis, whereas unsaturated 
FAs such as oleat do not influence cell viability, but induce β-cell dysfunction including 
increased basal insulin secretion and impaired GSIS accompanied with mitochondrial 
remodelling (Koshkin et al., 2003; Poitout et al., 2010; Supale et al., 2012).  

Both, gluco- and lipotoxicity can occur independently from each other, whereas 
the latter only reaches its full extent in the presence of elevated glucose concentrations 
(Poitout and Robertson, 2002). Chronically increased plasma levels of glucose and FAs 
synergistically contribute to β-cell failure in T2DM, a phenomenon referred to as gluco-
lipotoxicity (Prentki and Corkey, 1996; Poitout and Robertson, 2002). 
 
T2DM and the metabolic syndrome have consistently been related to activated renin-
angiotensin system (RAS) via the main RAS axis comprising angiotensin-converting en-
zyme (ACE, EC 3.4.15.1), angiotensin (Ang) II and Ang II type 1 receptor (summarized in 
Skov et al., 2014). (Also see chapter 1.4 The renin-angiotensin system). In clinical trials 
ACE inhibitors (ACEis) and angiotensin II type 1 receptor blockers (ARBs) have been 
shown to have beneficial effects on the incidence of diabetes as well as on the reduction 
of cardiovascular complications in patients with DM [Heart Outcomes Prevention Evalu-
ation (HOPE) and Ongoing Telmisartan Alone and in Combination with Ramipril Global 
Endpoint Trial (ONTARGET) study, among others] (Yusuf et al., 2000; Jarvis, 2012).  

Ang II is the main peptide hormone of the renin-angiotensin system. It is a potent 
vasoconstrictor and elevated plasma levels are an important cause of hypertension. 
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However, for its part, hypertension again stimulates Ang II production through mechan-
ical stretch. But other pathogenic factors of the metabolic syndrome have been also re-
lated to RAS activation and, therefore, to increased Ang II levels including insulin re-
sistance/hyperinsulinemia, hyperglycemia and obesity (all summrized in Skov et al., 
2014 and Prasad and Quyyumi, 2004). 

On its part Ang II again stimulates pathogenic factors of the metabolic syndrome by pos-
itive feedback mechanisms, thereby reinforcing the deleterious effects mediated by as-
sociated risk factors. These effects include formation of reactive oxygen species (ROS), 
reduction of NO bioavailability, tissue damage and increases in proinflammatory and 
prothrombotic mediators (Huang, 2009a; Prasad and Quyyumi, 2004). Therefore, RAS 
activation by these pathogenic factors, and vice versa, represents a self-reinforcing 
mechanism through which metabolic disease could initiate and progress. 

 

1.4 The renin-angiotensin system 

1.4.1 Systemic RAS 

The systemic renin-angiotensin system, also known as the renin-angiotensin-
aldosterone system (RAAS), is an endocrine system that is mainly known to regulate 
blood pressure, fluid and electrolyte balance as well as volume homeostasis in the body 
through different active metabolites. The precursor of these active compounds, angio-
tensinogen, is a secretory protein comprised of 452 AA in humans and 453 AA in mice 
and rats (Source: UniProt). It is produced in the liver as well as in the heart, vessels, kid-
neys and adipose tissue and is cleaved into the decapeptide Ang I by renin 
(EC 3.4.23.15). Renin is an aspartyl protease enzyme, which is produced by the jux-
taglomerular apparatus of the kidney; it was discovered more than 100 years ago (Ti-
gerstedt and Bergman, 1898). Ang I is converted into the biologically active octapeptide 
Ang II by a key enzyme of the RAS, ACE. There are also ACE- and renin-independent 
Ang II-generating pathways. Besides renin, angiotensinogen can also be cleaved into 
Ang I by cathepsin D (EC 3.4.23.5), which can be further processed to Ang II by chymase 
(EC 3.4.21.39) and cathepsin A (EC 3.4.16.5). In addition, angiotensinogen can be direct-
ly converted into Ang II by the tissue plasminogen activator (EC 3.4.21.68), cathepsin G 
(EC 3.4.21.68) and tonin (EC 3.4.21.35) (Kaschina, 2011; Unger, 2002; Santos et al., 
2013). 

In 1954, ACE had been discovered as an Ang II-generating enzyme (Skeggs et al., 
1954; Skeggs et al., 1956). Forty years later its other abilities, to convert Ang-(1-9) into 
Ang-(1-7) and to hydrolyse Ang-(1-7) into Ang-(1-5), had been clearly defined (Deddish 
et al., 1998; Yamada et al., 1998a). Another function of ACE is the inactivation of the po-
tent endothelium-dependent vasodilator bradykinin (BK), clarifying its role as a pro-
hypertensive enzyme. On the whole, Ang II mediates its action via Ang II type 1 or type 2 
receptors (AT2R). AT1R mediated signalling is associated with direct vasoconstriction 
as well as with stimulation of aldosterone production in the renal cortex. This leads to 
increased reabsorption of sodium and water from the urine into the blood in the renal 
tubules, thereby indirectly increasing blood volume and blood pressure. Ang II via AT1R 
also promotes thirst and salt appetite as well as secretion of vasopressin, a peptide hor-
mone also known as antidiuretic hormone (ADH). ADH, like aldosterone, stimulates the 
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reabsorption of water from urine and causes vasoconstriction in higher concentrations, 
both of which lead to increased blood pressure. In additional, Ang II supports inflamma-
tion, growth, migration and production of components belonging to the extracellular 
matrix, fibrosis, atherosclerosis and arrhythmia through AT1R. In contrast, the binding 
of Ang II to AT2R mostly is accompanied with the opposite effects: vasodilation, apopto-
sis and decreased cell proliferation (Yamada et al., 1998b; Hayashida et al., 1996; Touyz 
and Schiffrin, 2000; Zimmerman et al., 2002).  

In 2000, an enzyme homolog of ACE called angiotensin-converting enzyme 2 
(ACE2, EC 3.4.17.23) had been identified. This carboxypeptidase is insensitive to the ACE 
inhibitors (ACEi) lisinopril, captopril and enalapril, does not inactivate BK and has dif-
ferent biochemical tasks in the cell (Tipnis et al., 2000; Donoghue et al., 2000). Cleavage 
of one amino acid either from Ang I or from Ang II to form Ang-(1-9) or Ang-(1-7), re-
spectively, are the main functions of ACE2. However, the catalytic efficiency to cleave 
Ang II is 400-fold higher than for Ang I indicating that ACE2 is the predominant 
Ang-(1-7)-generating enzyme (Tipnis et al., 2000; Donoghue et al., 2000; Rice et al., 
2004). In additional, Ang-(1-7) can also be generated from Ang I or II by other enzymes 
including prolyl endopeptidase (PEP, EC 3.4.21.26), neutral endopeptidase 24.11 (NEP, 
EC 3.4.24.11) or prolyl carboxypeptidase (PCP, EC 3.4.16.2) (Rice et al., 2004; Chappell 
et al., 2004; Santos et al., 2000). Ang-(1-7) actions are mainly associated with vasodila-
tion and decreased proliferation, but also with diminished hypertrophy, fibrosis and 
thrombosis as well as with anti-arrhythmogenic effects mediated through Mas. 
Ang-(1-7) thereby counter-regulates Ang II-mediated cellular consequences via AT1R. 
Hence, the RAS can be seen as dual function system in which the balance of ACE and 
ACE2 activities are mostly responsible for regulation of the balance between vasocon-
striction and vasodilation as well as between proliferation and anti-proliferation (Warn-
er et al., 2007; Santos and Ferreira, 2007; Ribeiro-Oliveira et al., 2008).  

Ang II can also be processed to other active metabolites, Ang III and further to 
Ang IV through the aminopeptidases A and N (EC 3.4.11.7 and 3.4.11.2), respectively. 
Ang III can bind to the AT1R and AT2R and has similar effects to Ang II, though less pro-
nounced (Padia et al., 2007; Bosnyak et al., 2011; Ribeiro-Oliveira et al., 2008). Ang IV is 
a ligand for the Ang IV receptor (AT4R), which is also identified as an insulin-regulated 
aminopeptidase (IRAP, EC 3.4.11.3). Ang IV is supposed to exert its effects by inhibiting 
the catalytic activity of IRAP (Albiston et al., 2001). IRAP has multiple functions in dif-
ferent organs. In adipocytes and muscle, IRAP is co-localized with the insulin-responsive 
glucose transporter, GLUT4, and is redistributed from the endosomes by GLUT4 special-
ized vesicles (GSVs) to the cell surface in response to insulin (Jordens et al., 2010). 
Ang IV, Ang-(1-7) as well as Ang II can also be degraded to Ang-(3-7) by aminopeptidas-
es and/or carboxypeptidases (Greene et al., 1982; Chansel et al., 1998; Chappell et al., 
1990; Ferreira et al., 2007). A summary of the most important RAS components and 
pathways is illustrated in Fig. 1.4.1 A and B. 
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A 

 

B 

 
 
Fig. 1.4.1 A and B: Components of the renin-angiotensin system (A) and human, mouse and rat 

amino acid sequences of the peptides of the RAS (B). A: Angiotensinogen is converted to angiotensin I 
by renin and this is cleaved to Ang II, which can bind to its AT1R and AT2R or be further processed into 
other effector molecules of the RAS such as Ang III and Ang IV or Ang-(1-7) that mediate their action final-
ly via AT4R = IRAP or Mas, respectively. Ang-(1-7) can also be generated from Ang I either directly or 
indirectly via Ang-(1-9). B: * = first 12 N-terminal amino acids of angiotensinogen and the other RAS pep-
tides Ang I, II, III, IV, Ang-(1-7) and Ang-(1-9) generated thereof (Source: UniProt, angiotensinogen human 
(P01019), mouse (P11859) and rat (P01015)). Abbreviations: renin-angiotensin system (RAS), 
APA/N = aminopeptidases A and N, IRAP = insulin-regulated aminopeptidase, ACE = angiotensin-
converting enzyme, NEP = neutral endopeptidase 24.11, PEP = prolylendopeptidase, 
AT1a/bR = angiotensin ІІ type 1a/b receptor, AT2R = angiotensin ІІ type 2 receptor, Ang = angiotensin, 
AGT = angiotensinogen. 
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1.4.2 The receptor Mas 

Mas is a G protein-coupled receptor with seven transmembrane domains that was ini-
tially discovered as a proto-oncogene isolated from a human epidermoid carcinoma in 
1986 (Young et al., 1986). The Mas protein encodes 325 AA in humans and 324 AA in 
mice and rats (Young et al., 1986; Metzger et al., 1995; Young et al., 1988). The sequence 
homology of mouse Mas compared to rat (97%) and human Mas (91%) is very high 
(Metzger et al., 1995). The human Mas gene is located on the distal half of chromosome 
6q, whereas rat Mas is supposed to be mapped on chromosome 1 (Rabin et al., 1987). 
Mouse Mas has been found on chromosome 17 in close proximity of insulin-like growth 
factor II receptor (Igf2r) (Cebra-Thomas et al., 1992).  

In 1988, Mas was classed among the angiotensin receptors. This has been postu-
lated, because the administration of Ang II and Ang III to a neural cell line transfected 
with the Mas gene revealed an increase in intracellular Ca2+-concentrations and activa-
tion of DNA synthesis (Jackson et al., 1988). This phenomenon has also been observed in 
other studies and models (McGillis et al., 1989; Poyner et al., 1990). However, the en-
hancing Ca2+-concentrations in Mas transfected cells could not be blocked by Ang II an-
tagonists (Andrawis et al., 1991). Therefore, Mas was no longer regarded as a receptor 
for Ang II. Years later, in 2003, Ang-(1-7) was identified for the first time as endogenous 
ligand for Mas. Even later, Mas was also demonstrated to be a receptor for two other 
peptides of the RAS, Ang III and IV, although to a lesser extent (Santos et al., 2003a; 
Gembardt et al., 2008). 

Not only the action of Ang-(1-7) through Mas antagonizes Ang II-driven effects 
through AT1R as mentioned above, but also the receptor Mas by itself. Mas can physical-
ly interact with the AT1R by forming a hetero-oligomeric complex and thereby opposes 
the effects of Ang II in an additional way (Kostenis et al., 2005; Santos et al., 2003a). 

Some signalling pathways downstream of Mas have now been identified, of which 
the phosphatidylinositol 3-kinase (PI3K)/AKT and extracellular signal–regulated kinase 
(ERK)1 and 2 pathway are the most prominent (Sampaio et al., 2007a; Zhou et al., 2012; 
Passos-Silva et al., 2013). Ang-(1-7) through Mas stimulates the activity of endothelial 
nitric oxide synthase (eNOS) and NO-production by activating the PI3K/AKT pathway, 
whereas it inactivates ERK1 and 2 through dephosphorylation (Sampaio et al., 2007a; 
Zhou et al., 2012).  

In contrast, not only a ligand-associated, but also a ligand-independent, constitu-
tive activity of Mas has been observed. Mas constitutively activates phospholipase (PL)C 
as well as the TFs serum response factor (SRF) and nuclear factor κ B (NFκB) (Gembardt 
et al., 2005; Grajewski, 2008). Activation of SRF requires Gq/11-mediated activation of the 
small guanosine triphosphat (GTP)ase RhoA, but not Rac1 (Gembardt et al., 2005). PLC 
has also been shown to be involved in RhoA activation (Notcovich et al., 2010). Based on 
these findings the following signalling mechanism is very likely: Mas constitutively acti-
vates PLC mediated by Gq/11 proteins, which leads to RhoA-dependent activation of SRF. 
The constitutive activity of Mas is associated with mitogenic properties (Gembardt et al., 
2005). 
 

1.4.3 Local RAS 

Besides the systemic RAS, local tissue ones have been discovered. In 1971 the first com-
ponent of the RAS, renin, was found on the tissue level in dog brain (Ganten et al., 1971). 
Within one decade, local renin-angiotensin systems had been identified in the endo- and 
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exocrine pancreas as well as in the heart, blood vessels, kidney, adrenal gland, central 
nervous system, uteroplacental unit, lymphatic and adipose tissue (summarized in 
Leung, 2007; Lavoie and Sigmund, 2003 and Ribeiro-Oliveira et al., 2008). Tissue-
specific RAS is linked to cellular regulation mechanisms therefore influencing local sig-
nalling pathways through intracrine, autocrine and paracrine actions. Local RAS is regu-
lated independently from the circulatory one, but can interact with it in an endocrine 
manner (Paul et al., 2006; Leung, 2007). This independent regulation of local RAS is elu-
cidated by normal Ang II levels in the plasma of hypertensive or diabetic patients, 
whereas those in the local periphery are elevated. This implies overactive local RAS and 
normal active systemic RAS at the same time (Tikellis et al., 2006). On the other hand 
several cellular effects exhibited by renin-angiotensin systems at tissue levels can be 
added to or influence the circulatory RAS as well (Leung, 2007). 

Two main roles of the islet RAS have been suggested in the literature over the years: 
preservation of islet perfusion and regulation of β-cell function (Leung, 2007). These 
hypotheses are supported by several experimental data. In normal rats, an acute Ang II 
infusion has been shown to inhibit the first phase of glucose-induced insulin secretion, 
an incident that occurs in early stages of T2DM (Carlsson et al., 1998; Gerich, 2002). This 
effect has been accompanied by decreased islet blood flow supporting the view that its 
maintenance is important in the regulation of GSIS (Tikellis et al., 2006; Carlsson et al., 
1998). Furthermore, RAS activation via the main ACE/Ang II/AT1R axis has also been 
associated with increased NAD(P)H oxidase activity, one of the main sites of ROS for-
mation in the islet (Griendling et al., 1994; Nakayama et al., 2005; Oliveira et al., 2003). 
Several subunits of the NAD(P)H oxidase have been detected in insulin-secreting cells, 
whose expressions were augmented in T1DM and T2DM (Oliveira et al., 2003; Uchizono 
et al., 2006; Tsubouchi et al., 2004; Nakayama et al., 2005). Oxidative stress causes β-cell 
dysfunction, insulin resistance, deprivation of insulin production and secretion through 
different mechanisms comprising depletion of at least two important transactivators of 
the insulin gene, MafA and PDX-1 (Passos-Silva et al., 2013; Harmon et al., 2005; Mat-
suoka et al., 1997; Kaneto et al., 2001; Robertson, 2004; Hayden and Tyagi, 2002). Fur-
thermore, ROS have been associated with β-cell apoptosis through increased amyloid 
depositions and fibrosis (Hayden et al., 2007; Hayden and Tyagi, 2002). Both intensified 
fibrosis and diminished insulin production accumulatively reduce insulin secretion and 
thereby aggravate the emergence of diabetes (Bindom and Lazartigues, 2009). Thus, 
blockage of the main, classical ACE/Ang II/AT1R RAS axis by ACEis and/or ARBs mini-
mizes islet dysfunction such as islet fibrosis, reduction of insulin production and secre-
tion and loss of β-cell mass (Nakayama et al., 2005; Lupi et al., 2006; Shao et al., 2006; 
Tikellis et al., 2004). These data provided evidence of an involvement of Ang II in β-cell 
dysfunction and, by implication, that a blockage of the main, classical ACE/Ang II/AT1R 
axis beneficially affects islet function. In contrast, very limited data is available concern-
ing the local islet ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP alternative RAS axes. 
Previous studies mainly focused on the possible protective actions of Ang-(1-7)/Mas in 
insulin-sensitive tissues and on pathogenic factors contributing to the manifestation of 
the metabolic syndrome. The impact of this axis on β-cell function and, in particular, on 
insulin production and release is less well understood and is examined in the present 
study. 
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1.5 Aims of the study 

The renin-angiotensin system is comprised of three axes, the main classical axis 
ACE/Ang II/AT1R and the two alternative ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP 
RAS axes. The activation of the main RAS axis has been associated with detrimental ef-
fects on islet function like e.g. glucotoxicity, fibrosis, diminished blood flow, oxidative 
stress and impaired GSIS. These outcomes could be abolished by the pharmacological 
inhibition of components of the main RAS axis. However, the impact of the two alterna-
tive ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP RAS axes on islet function is less well 
understood. Thus, the overall aim of the present study is to functionally characterize the 
local pancreatic β-cell renin-angiotensin system with a special focus on the alternative 
RAS axes. More precisely, this study will examine, if  
 

• selected components of the RAS are expressed on a basal level in isolated murine 
islets of Langerhans and the rat insulinoma cell line BRIN-BD11. 

• selected components of the RAS are differently expressed after treatment with 
pathophysiologically relevant factors like glucose, palmitic acid and docosahex-
aenoic acid methyl ester (DHA-ME) in BRIN-BD11 cells. 

• pathophysiologically relevant factors like glucose, palmitic acid and DHA-ME in-
fluence parameters of β-cell function (insulin secretion and production) and ROS-
formation.  

• possible changes in the expression pattern of the RAS in BRIN-BD11 cells by glu-
cose, PA and DHA-ME correlate with parameters of β-cell function.  

 
In the case of a positive correlation of the expression of a certain RAS component or axis 
with parameters of β-cell function, the functional relevance of this RAS component or 
axis should be examined in β-cells. In detail, it should be determined in isolated islets, if  
 

• the genetic deletion of a specific RAS component influences β-cell function (insu-
lin secretion and production). 

 
If the genetic deletion of a specific RAS component actually affects insulin secretion and 
production, it should be determined in isolated WT islets, if 
 

• the pharmacological modulation of this specific RAS component affects insulin 
secretion and production. 

 
If the insulin secretion and production are affected by genetic deletion or pharmacologi-
cal modulation of a specific RAS component the underlying molecular mechanisms 
should be further investigated by means of different approaches: 
 

• The pathway from the insulin gene expression should be elucidated stepwise up-
stream to the specific RAS component with focus on the transcriptional level. The 
aim of this strategy is to find one or more master regulatory kinases or pathways 
possibly involved in the specific RAS component-dependent regulation of insulin 
gene expression and secretion.  

• In a second strategy the possible involvement of established downstream signal-
ling pathways of a specific RAS component in the regulation of insulin secretion 
and production will be analysed. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

Product Manufacturer 

2′,7′-dichlorofluorescin diacetate (DCFH-DA) Sigma-Aldrich, Steinheim, Germany 
2-mercaptoethanol SERVA, Tübingen, Germany 
3-[(3-cholamidopropyl)-dimethylammonio]- 

propane-sulfonate (CHAPS) 
Roth, Karlsruhe, Germany 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) 

Sigma-Aldrich, Steinheim, Germany 

4′,6-diamidino-2-phenylindole dihydrochloride 
(DAPI) 

Sigma-Aldrich, Steinheim, Germany 

6X DNA Loading Dye R0611 Fermentas, St. Leon-Rot; Germany 
acetic acid  Roth, Karlsruhe, Germany 
acrylamide (Rotiphorese® Gel 30) Roth, Karlsruhe, Germany 
Acrylan® (surface disinfectant) Antiseptika, Pulheim, Germany 
agarose LE DNAse-/RNAse free Biozym, Vienna, Austria 
ammonium persulfate (APS) Roth, Karlsruhe, Germany 
blasticidin S hydrochloride Invitrogen, Darmstadt, Germany 
bovine serum albumin (BSA) fraction V Roth, Karlsruhe, Germany 
bromophenol blue Kallies, Sebnitz, Germany 
C2H3NaO2 Roth, Karlsruhe, Germany 
C6H5Na3O7 × 2 H2O Roth, Karlsruhe, Germany 
CaCl2 Sigma-Aldrich, Steinheim, Germany 
calcein acetoxymethyl ester (AM) (in DMSO) Invitrogen, Darmstadt, Germany 
chloroform Merck, Darmstadt, Germany 
Collagenase NB8 Broad Range SERVA, Heidelberg, Germany 
Coomassie® Brilliant Blue G 250 Sigma-Aldrich, Steinheim, Germany 
Dako Fluorescent Mounting Medium Dako, Hamburg, Germany 
developer AGFA, Bonn, Germany 
dimethyl sulphoxide (DMSO) AppliChem, Darmstadt, Germany 
dithiothreitol (DTT) Sigma-Aldrich, Steinheim, Germany 
docosahexaenoic acid methyl ester (DHA-ME)  

[in ethanol (EtOH)] 
Cayman Chemicals, Ann Arbor, MI, 
USA 

Dulbecco’s modified Eagle’s Medium (DMEM), 
low Glucose (1 g/l), 4 mM L-glutamine 

PAA Laboratories, Pasching, Aus-
tria 

Dulbecco’s phosphate buffered saline, steril 
(DPBS) 

Invitrogen, Darmstadt, Germany 

ethylenediamine tetraacetic acid (EDTA) Roth, Karlsruhe, Germany 
EtOH denatured (96%)  university pharmacy 
EtOH undenatured (96%) university pharmacy 
fetal calf serum (FCS) PAA Laboratories, Cölbe, Germany 
Ficoll® 400 AppliChem, Darmstadt, Germany 
fixer AGFA, Bonn, Germany 
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Gene Ruler TM 100 bp DNA Ladder Fermentas, St. Leon-Rot; Germany 
Gene RulerTM DNA Ladder UltraLow Range Fermentas, St. Leon-Rot; Germany 
glucose oxidase (GOD) Sigma-Aldrich, Steinheim, Germany 
glucose sterile 40% concentrated infusion 

solution 
BRAUN, Melsungen, Germany 

glycerol (87%) Sigma-Aldrich, Steinheim, Germany 
glycerol 2-phosphate disodium salt hydrate Sigma-Aldrich, Steinheim, Germany 
glycine Roth, Karlsruhe, Germany 
guanidine hydrochloride AppliChem, Darmstadt, Germany 
H2O2 (30%) Roth, Karlsruhe, Germany 
H2SO4 > 95% Roth, Karlsruhe, Germany 
H3PO4 (85%) Roth, Karlsruhe, Germany 
HCl Merck, Darmstadt, Germany 
Incubator Clean (surface disinfectant) AppliChem, Darmstadt, Germany 
isopropanol (IP) Roth, Karlsruhe, Germany 
K2HPO4 Sigma-Aldrich, Steinheim, Germany 
KCl Roth, Karlsruhe, Germany 
KH2PO4 Merck, Darmstadt, Germany 
L-glutamine PAA Laboratories, Cölbe, Germany 
luminol chemiluminescent substrate 

(20X LumiGLO® and 20X Peroxide) 
Cell Signalling Technology, Dan-
vers, MA, USA 

methanol (MeOH) Roth, Karlsruhe, Germany 
MgSO4 × 7 H2O Roth, Karlsruhe, Germany 
N,N,N′,N′-Tetramethylethan-1,2-diamin (TEMED) Roth, Karlsruhe, Germany 
Na4P2O7 Sigma-Aldrich, Steinheim, Germany 
NaCl Roth, Karlsruhe, Germany 
NaF Sigma-Aldrich, Steinheim, Germany 
NaHCO3 Roth, Karlsruhe, Germany 
NaN3 Merck, Darmstadt, Germany 
NaOH Roth, Karlsruhe, Germany 
NaVO3 Sigma-Aldrich, Steinheim, Germany 
nonyl phenoxypolyethoxylethanol (NP-40) Sigma-Aldrich, Steinheim, Germany 
palmitic acid (in EtOH) Sigma-Aldrich, Steinheim, Germany 
pegGOLD TriFastTM PEQLAB Biotechnologie, Erlangen, 

Germany 
penicillin/streptomycin (100X) (Pen. G100 U/ml, 

Strep. 10 µg/ml) 
PAA Laboratories, Pasching, Aus-
tria 

phenylmethanesulfonylfluoride (PMSF) Roche Diagnostics, Mannheim, 
Germany 

Ponceau S SERVA, Tübingen, Germany 
primers Invitrogen, Darmstadt, Germany; 

Qiagen, Hilden, Germany 
propidium iodide (PI) Sigma-Aldrich, Steinheim, Germany 
protease inhibitor cocktail oComplete Roche Diagnostics, Mannheim, 

Germany 
protein marker PageRulerTM Prestained Protein 

Ladder 
Thermo Fisher Scientific, 
Braunschweig, Germany 

RedSafeTM Nucleic Acid Staining Solution 
(20,000X) 

iNtRON Biotechnology, Gyeonggi-
do, Korea 
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RestoreTM Western Blot Stripping Buffer Thermo Fisher Scientific, 
Braunschweig, Germany 

Roti®-Block (10X) Roth, Karlsruhe, Germany 
saponine Roth, Karlsruhe, Germany 
sodium deoxycholate (DOC) Roth, Karlsruhe, Germany 
sodium dodecyl sulfate (SDS) SERVA, Tübingen, Germany 
Super Signal® West Dura Trial Kit Thermo Fisher Scientific, 

Braunschweig, Germany 
Super Signal® West Pico Chemoluminescent 

Substrate 
Thermo Fisher Scientific, 
Braunschweig, Germany 

thiourea Merck, Darmstadt, Germany 
trichloroacetic acid (TCA) Roth, Karlsruhe, Germany 
tris(hydroxymethyl)-aminomethan (Tris) Roth, Karlsruhe, Germany 
TritonTM X-100 Sigma-Aldrich, Steinheim, Germany 
trypsin EDTA (1:250) 

ultraviolet (UV) inactivated (10X) 
PAA Laboratories, Pasching, 
Austria 

TWEEN® 20 Sigma-Aldrich, Steinheim, Germany 
urea Roth, Karlsruhe, Germany 
xylene Merck, Darmstadt, Germany 
ε-aminocaproic acid Sigma-Aldrich, Taufkirchen, 

Germany 

 

2.1.2 Equipment 

Abbe-Zeiss counting cell chamber Fein Optik, Jena, Germany 
absorption meter infinite M 200 TECAN, Wuppertal, Germany 
autoclaves 

model 2540EL 
model 3850ELV 
model 5075ELV 

 
Tuttnauer, Breda, The Netherlands 
Tuttnauer, Breda, The Netherlands 
Tuttnauer, Breda, The Netherlands 

balance PT 600 Sartorius, Goettingen, Germany 
binocular microscope Carl Zeiss, Jena, Germany 
blood glucose meter Ascensia Elite XL Bayer, Leverkusen, Germany 
centrifuges 

MR 1822 
GR 4.22 
A14 
Centrifuge 5415R 

 
Jouan, Saint Nazaire, France 
Jouan, Saint Nazaire, France 
Jouan, Saint Nazaire, France 
Eppendorf, Hamburg, Germany 

confocal microscope Zeiss LSM 510 Meta  Carl Zeiss MicroImaging, Jena, Germany 
delicate tissue forceps (115 mm) Aesculap, Tuttlingen, Germany 
Dieffenbach bulldog clamp CVD (58 mm) Aesculap, Tuttlingen, Germany 
enzyme-linked immunosorbent assay 

(ELISA)-reader MultiSkan EX 
Thermo Electron Corporation, 
Langenselbold, Germany 

Eppendorf Mastercycler personal Eppendorf, Hamburg, Germany 
film cassette Kodak, Stuttgart, Germany 
fluorescence meter infinite F 200 TECAN, Wuppertal, Germany 
fluorescence microscope Olympus IX70  Olympus, Tokio, Japan 
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freezers (-20 °C) AEG, Frankfurt on the Main; Germany, 
Foron, Scharfenstein, Germany; Liebherr, 
Ochsenhausen, Germany 

freezers (-80 °C) NUNC, Wiesbaden, Germany; NUAIRE 
Corporation, Plymouth, USA 

Freezing Container, cooling rate 1 °C/min Thermo Fisher Scientific, Braunschweig, 
Germany 

Gel Imager iX INTAS  INTAS Science Imaging, Göttingen 
heating cabinet hybridizer HB-1D Thermo Dux, Wertheim, Germany 
ice machine Enodis, Herborn, Germany 
incubator (CO2) MMM Group, Planegg, Germany 
incubator Cell Star NUNC, Wiesbaden, Germany 
laboratory rocker Sarstedt, Nümbrecht, Germany 
light-optical microscope Telaval 3 Carl Zeiss, Jena, Germany 
magnetic stirrer Variomag® Thermo Electron Corporation, 

Langenselbold, Germany 
microwave micromaxx® MM 41580 Medion, Essen, Germany 
mini bulldog clamp CVD (14/35 mm) Aesculap, Tuttlingen, Germany 
multichannel pipette 20 – 200 µl VWR, Darmstadt, Germany 
polymerase chain reaction (PCR) cycler 

CFX96TM/C1000 real-time PCR 
detection system 

 
BioRad, Munich, Germany 

pH meter ORION model 420 A Thermo Electron Corporation, 
Langenselbold, Germany 

pipettes Eppendorf, Hamburg, Germany 
pipettor Accu-jet®  BRAND, Wertheim, Germany 
power source microcomputer electro- 

phoresis power supply 
Consort, Turnhout, Belgium 

power supply unit power pack 200 BioRad, Munich, Germany 
refrigerators (2 – 8 °C) Liebherr, Ochsenhausen, Germany; 

Siemens, Munich, Germany 
safety cabinet NU-425-400 NUAIRE Corporation, Plymouth, USA 
scanner Scan Maker i800 Microtek, Hsinchu, Taiwan 
scissors Wilkinson Sword Wilkinson Sword, Solingen, Germany 
SDS-PAGE mini-gel chamber system Biometra, Göttingen, Germany 
semi-dry electroblotter Trans-Blot® 

SD Cell 
BioRad, Munich, Germany 

semi-dry electroblotting system BioRad, Munich, Germany 
shaker Janke and Kunkel, Staufen, Germany 
shaker neoLab® DRS-12 neoLab, Heidelberg, Germany 
spectrophotometer NanoDrop 2000 c  Thermo Fisher Scientific, Wilmington, 

Delaware, USA 
special accuracy weighing machine 

BP 160 P 
Sartorius, Goettingen, Germany 

ultrapure water system Milli-Q Synthesis 
A 10 

Millipore, Schwalbach, Germany 

water bath Grant LTD 6G Grant Instruments, Cambridge, UK 
 
 
 



Materials and Methods 

19 

2.1.3 Consumables 

BZO Seal Film, adhesive optical film  Biozym, Vienna, Austria 
capillary blood collection system (EDTA, 

200 µl) 
KABE LABORTECHNIK, Nümbrecht-
Elsenroth, Germany 

cell scrapers TPP, Trasadingen, Switzerland 
cover glasses (24 × 40 mm, thickness: 

0.13 – 0.16 mm) 
Süsse, Gundensberg, Germany 

cryotubes Roth, Karlsruhe, Germany 
GELoader Tips (1 – 10 µl) Eppendorf, Hamburg, Germany 
glass pasteur pipettes (230 mm) VWR, Darmstadt, Germany 
injection syringes 

21 G × 4 ¾ ´´ (0.8 × 120 mm) 
Sterican®  

30 G × ½ ´´ (0.3 × 12 mm)  
0.01 – 1 ml Omnican® F 

 
 
 
BRAUN, Melsungen, Germany 

Injekt® 5 ml luer lock BRAUN, Bad Arolsen, Germany 
low protein binding micro tubes Sarstedt, Nümbrecht, Germany 
microscope slides Super-FrostPlus Menzel, Braunschewig, Germany 
microtiterplates 96 well 

clear, flat bottom 
sterile, clear, flat NunclonTM D 
Surface 
sterile, clear-plate, black 

 
Greiner Bio-One, Frickenhausen, Germany 
NUNC, Wiesbaden, Germany 

Greiner Bio-One, Frickenhausen, Germany 

PCR 96-well TW-MT-Plate, white, low 
profile, DNAse, RNAse, metals and 
pyrogens free 

Biozym, Vienna, Austria 

PCR Soft Tubes 0.2 ml, DNAse, RNAse  
free 

Biozym, Vienna, Austria 

petri dish polystyrene (35 × 10 mm) Sarstedt, Nümbrecht, Germany 
pipette tipps 

1000 µl, 250 µl 
0.5 – 20 µl 
Save Seal-Tips professional DNAse, 
RNAse, pyrogen and DNA free 
(10/100/200 µl) 
Filter Tip PP natural with PE filter, 
sterile, DNAse, RNAse and pyrogen 
free (100 – 1000 µl) 

 
Sarstedt, Nümbrecht, Germany 
Eppendorf, Hamburg, Germany 
Biozym Scientific, Oldendorf (Germany) 
 
nerbe plus, Winsen/Luhe, Germany 

polyvinylidenfluoride (PVDF) immo- 
bilon-P transfer membrane 

Millipore, Bedford, Ma, USA 

PROTRAN® Nitrocellulose (NC) Transfer 
Membrane 

Whatman, Dassel, Germany 

reaction tubes (1.5 ml, 2 ml and 15 ml) Sarstedt, Nümbrecht, Germany 
reaction tubes 15 ml PS (120 × 17 mm) Sarstedt, Nümbrecht, Germany 
reaction tubes 50 ml Becton Dickinson, Heidelberg, Germany 
sterile serological pipettes 

1 ml 
5 – 25 ml 

 
NUNC, Wiesbaden, Germany 
Sarstedt, Nümbrecht, Germany 
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tissue culture dish (60 × 15 mm) Sarstedt, Nümbrecht, Germany 
tissue culture dish (12-well) Greiner Bio-One, Frickenhausen, Germany 
Tissue Culture Flask T75/T175 vent Cap 

Red 
Sarstedt, Nümbrecht, Germany 

WHATMAN filter (3 mm) Whatman, Dassel, Germany 
X-ray films CEA, Hamburg, Germany 

 

2.1.4 Cell line 

BRIN-BD11 is a rat insulinoma cell line, which was generated in 1996 after electrofusion 
of RINm5F rat insulinoma cells and primary New England Deaconess Hospital (NEDH) 
rat pancreatic islets. BRIN-BD11 cells are glucose responsive, grow in monolayers, and 
show epithelioid characteristics and stability until about passage 50. They express 
GLUT2 and have a high glucokinase to hexokinase-ratio, which together both indicate a 
well-performing glucose-sensing system (McClenaghan et al., 1996). This cell line was 
kindly provided by Philip Newsholme from the Conway Institute of the University 
College Dublin in Ireland. 
 BRIN-BD11 cells that stably express either the H2O2-sensitive fluorescent protein 
HyPer in the cytosol (HyPer-Cyto), in the mitochondria (HyPer-Mito) or in the 
peroxisome (HyPer-Peroxi) were created and kindly provided by PD Dr. Matthias Elsner 
from the Department of Clinical Biochemistry of the Hannover Medical School in 
Germany. 

 

2.1.5 Mouse strain 

Mas wild type (WT, +/+), heterozygous (+/-) and knock-out (k.o., -/-) mice were 
generated on a C57BL/6J background and were kindly provided by Prof. Dr. Thomas 
Walther from the University College Cork in Ireland (Walther et al., 1998). 
 Animals were raised and kept in the Department of Laboratory animal Science of 
the University Medicine Greifswald in close collaboration and under the supervision of 
Dr. J. van den Brandt. 

 

2.1.6 Kits 

rat insulin ELISA Mercodia, Uppsala, Sweden 
ultrasensitive rat insulin ELISA Mercodia, Uppsala, Sweden 
Revert AidTM First Strand cDNA Synthesis Kit Fermentas, St. Leon-Rot, Germany 
SensiMixTM SYBR Hi-ROX Mastermix Bioline, Luckenwalde, Germany 
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2.1.7 Buffers and solutions 

Cell culture medium BRIN-BD11 

cells/isolated islets 

DMEM/low glucose (1 g/l)/4 mM 
L-glutamine 
10% (v/v) FCS 
100 U/ml penicillin 
100 µg/ml streptomycin 
 

Freezing medium BRIN-BD11 cells 90% (v/v) FCS 
10% (v/v) DMSO 

Protein isolation 
 

10X PBS 1.4 M NaCl  
27 mM KCl  
100 mM Na2HPO4 × 2 H2O 
18 mM KH2PO4 
pH 7.4, autoclaved 

  
protein resuspension buffer 8 M urea 

2 M thiourea 
2% (w/v) CHAPS 
40 mM Tris 
65 mM DTT 

  
modified 
radioimmunoprecipitation assay 
(RIPA) buffer 

50 mM Tris-HCl pH 7.5 
5 mM EDTA 
100 mM NaCl 
0.5% TritonTM X-100 
10% glycerol 
10 mM K2HPO4 

0.5% NP-40 
0.5% DOC 
1 mM NaVO3 

1X protease inhibitor cocktail oComplete 
20 mM NaF 
0.1 mM PMSF 
20 mM glycerol 2-phosphate disodium salt 
hydrate 

Agarose gel 
 

50X Tris-Acetate-EDTA buffer 
(TAE) 

2 M Tris 
1 M acetic acid 
64 mM EDTA 
 

agarose gel running buffer 1X TAE 
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Determination of protein concentration 
 

Bradford reagent 0.01% (w/v) Coomassie brilliant blue 
G-250 
0.85 M 96% EtOH 
1.8 M 85% H3PO4 

  
SDS-polyacrylamide gel electrophoresis 

(PAGE) 
 

stacking gel buffer 0.5 M Tris-HCl 
pH 6.8 

  
separation gel buffer 1.5 M Tris-HCl 

pH 8.8 
  

10X SDS-PAGE running buffer 248 mM Tris 
1.92 M glycine 
1% (w/v) SDS 
pH~8.3, not adjusted 

  
SDS-PAGE running buffer 1X SDS running buffer 

  

Western blot  
4X protein loading buffer  128.2 mM Tris-HCl pH 6.8 

4.1% (v/v) SDS 
2.8 M glycerol 
(1.46 M 2-mercaptoethanol) 
0.02% (w/v) bromophenol blue 

  
transfer buffer (PVDF) 20% (v/v) 10X SDS running buffer 

20% (v/v) MeOH 
  

anode buffer 300 mM Tris 
20% (v/v) MeOH 
pH 10.4 

  
cathode buffer 39.6 mM ε-aminocaproic acid 

20% (v/v) MeOH 
pH 7.6, not adjusted 

  
Ponceau S solution 0.2% (w/v) Ponçeau S 

3% (w/v) trichloroacetic acid 
  

blocking buffer 1X Roti®-Block 
  

10X Tris-buffered saline (TBS) 200 mM Tris  
1.38 M NaCl 
pH 7.6 

  
  



Materials and Methods 

23 

1X TBST 10% (v/v) 10X TBS 
0.1% (v/v) TWEEN® 20 

  

Immunofluorescence  
 

IF-buffer 0.2% (w/v) BSA Fraction V 
0.05% (w/v) saponine 
0.1% (w/v) NaN3 

 in PBS pH 7.4 
  
10X antigen retrieval buffer 100 mM C6H5Na3O7 × 2 H2O 

pH 6.0 
  

antigen retrieval buffer 1X antigen retrieval buffer 
  

Live/Dead-assay 
 

staining buffer 3 µM propidium iodide 
2 µM calcein-AM 
in PBS pH 7.4 

  

ROS-assay (DCFH-DA) 
 

stock solution glucose oxidase 10 U/ml GOD in 50 mM sodium acetate  
pH 5.1  

  

Islet isolation 
 

1X Krebs-Ringer buffer (KR) 123 mM NaCl 
4.7 mM KCl 
1.2 mM MgSO4 × 7 H2O 
1.2 mM KH2PO4 
10 mM HEPES 
20 mM NaHCO3 
2.6 mM CaCl2 
pH 7.4 

  
islet washing-/injection buffer  1X KR/0.5% BSA 
  
islet short-term storage buffer 1X KR/0.5% BSA/5 mM glucose 

  
Ficoll® 400 gradient 4 ml 25% Ficoll® 400  
 3 ml 23% Ficoll® 400  
 3 ml 20% Ficoll® 400  
 3 ml 11% Ficoll® 400  

Islet stimulation 
 

stimulation buffer 1X KR/0.5% BSA/supplements 
supplements 5 mM glucose/40 mM KCl 
 2.8 mM glucose 
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2.1.8 Antibodies 

Primary antibodies 
 

goat α AT1R (C-18, SC-31181), polyclonal Santa Cruz Biotechnology, Heidelberg, 
Germany 

goat α AT2R (K-15, SC-48452), polyclonal Santa Cruz Biotechnology, Heidelberg, 
Germany 

goat α Hnf3β (P-19, SC-9187), polyclonal Santa Cruz Biotechnology, Heidelberg, 
Germany 

goat α IRAP (E-14, SC-107642), polyclonal Santa Cruz Biotechnology, Heidelberg, 
Germany 

goat α PDX-1 (ab47383), polyclonal Abcam, Cambridge, UK 
goat α actin (I-19, SC-1616), polyclonal Santa Cruz Biotechnology, Heidelberg, 

Germany 
mouse α glucagon, monoclonal Sigma-Aldrich, Steinheim, Germany 
mouse α phospho-AKT (Ser473) (587F11), 
monoclonal 

Cell Signalling, Frankfurt on the Main, 
Germany 

rabbit α ACE2 (LS-B439), polyclonal LifeSpan Biosciences, Seattle, WA, USA 
rabbit α AKT (pan) (1147), monoclonal Cell Signalling, Frankfurt on the Main, 

Germany 
rabbit α angiotensin-(1-7) Mas, polyclonal Alomone Labs, Jerusalem, Israel 
rabbit α Mas (LS-B3564), polyclonal LifeSpan Biosciences, Seattle, WA, USA 
rabbit α ERK1/2 (p44/42), polyclonal Cell Signalling, Frankfurt on the Main, 

Germany 
rabbit α glucagon (HN 2066), polyclonal  PROGEN, Heidelberg, Germany 
rabbit α GLUT2 (BSS-BS-0351R), polyclonal Bioss, Woburn, MA, USA 
rabbit α insulin (H-86, SC-9168), polyclonal Santa Cruz Biotechnology, Heidelberg, 

Germany 
rabbit α phospho-AKT (Thr308), polyclonal Cell Signalling, Frankfurt on the Main, 

Germany 
rabbit α phospho-ERK1/2 (p44/42 

MAPK, Thr202/Tyr204), polyclonal 
Cell Signalling, Frankfurt on the Main, 
Germany 

rabbit α ribosomal protein, large, P0 (RPLP0) 
(LS-C80304), polyclonal 

LifeSpan Biosciences, Seattle, WA, USA 

rabbit α somatostatin (H-106, SC-13099), 
polyclonal 

Santa Cruz Biotechnology, Heidelberg, 
Germany 

  

Secondary antibodies 
 

chicken α rabbit immunoglobulin (Ig)G (H+L) 
MFP 488 

MoBiTec, Göttingen, Germany 

donkey α goat IgG (H+L) MFP 555 MoBiTec, Göttingen, Germany 
goat α mouse cyanine (Cy)2-couled DIANOVA, Hamburg, Germany 
goat α mouse Cy3-coupled DIANOVA, Hamburg, Germany 
mouse α rabbit Cy3-coupled DIANOVA, Hamburg, Germany 
mouse α rabbit Cy2-coupled DIANOVA, Hamburg, Germany 
rabbit α goat Cy2-coupled DIANOVA, Hamburg, Germany 
  



Materials and Methods 

25 

α goat IgG, horseradish peroxidase  
(HRP)-coupled 

Cell Signalling, Frankfurt on the Main, 
Germany 

α mouse IgG, HRP-coupled Cell Signalling, Frankfurt on the Main, 
Germany 

α rabbit IgG, HRP-coupled Cell Signalling, Frankfurt on the Main, 
Germany 

 

2.1.9 Inhibitors, agonists and antagonists 

Name function  

(D-proline7)-angiotensin-
(1-7) 

Ang-(1-7) antagonist Kindly gift from Prof. Dr. 
Thomas Walther, 
University College Cork, 
Ireland 

A-779 = (D-alanine7)- 
angiotensin I/II 
(1-7) 
trifluoroacetate salt 
(H-2888) 

Ang-(1-7) antagonist Bachem, Bubendorf, 
Switzerland 

angiotensin I/II (1-7) 
trifluoroacetate salt 
(H-1715) 

ligand of Mas Bachem, Bubendorf, 
Switzerland 

AVE 0991 (in DMSO) Ang-(1-7) agonist Sanofi-Aventis, Frankfurt 
on the Main, Germany 

LY294002 (in DMSO) PI3K inhibitor Enzo Biochem, New York, 
NY, USA 

PD98059 (in DMSO) MEK inhibitor Enzo Biochem, New York, 
NY, USA 

 

2.1.10 Computer programs 

Ascent Software for Multiscan Thermo Electron Corporation, 
Langenselbold, Germany 

GraphPad Prism 5 GraphPad, La jolla, CA, USA 
i-control 1.6 (for infinite reader) TECAN, Grödig, Austria 
ImageJ Wayne Rasband, National Institute of 

Mental Health, Bethesda, Maryland, USA 
INTAS Capture-Software INTAS Science Imaging, Göttingen 
Microsoft (MS) Office Excel 2003 and 2010 Microsoft Germany, Unterschleißheim, 

Germany 
MS Office PowerPoint 2003 and 2010 Microsoft Germany, Unterschleißheim, 

Germany 
MS Office Word 2003 and 2010 Microsoft Germany, Unterschleißheim, 

Germany 
Scion VisiCapture 1.1 Scion Corporation, Frederick, MD, USA 
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SilverFast®SE Microtek, Hsinchu, Taiwan 
 
SkanIt Software 2.2.1 

 
Thermo Electron Corporation, 
Langenselbold, Germany 

Zeiss LSM software Carl Zeiss MicroImaging, Jena, Germany 
Zotero 3.0.8 Centre for History and New Media of 

George Mason University, Washington 
D.C., USA 

 

2.2 Methods 

2.2.1 Cell culture 

2.2.1.1 Freezing and thawing of BRIN-BD11 cells 

Approximately five million BRIN-BD11 cells were resuspended in freezing medium, 
transferred into a cryotube, cooled at -80 °C in a freezing container filled with 
isopropanol with a cooling rate of 1 °C/min before they were cryoconserved in the gas 
phase of liquid nitrogen. Thawing was carried out very quickly at 37 °C. To remove the 
freezing medium, cells were washed with fresh cell culture medium, centrifuged at 
1,900 × g and 4 °C for 5 min, resuspended again in cell culture medium and were 
cultured in a 75 cm2 cell culture flask with 25 ml cell culture medium at 37 °C, 5% CO2 in 
a humidified atmosphere for about 24 h, before the medium was changed to remove 
dead cells. 

 

2.2.1.2 Cultivation of BRIN-BD11 cells 

BRIN-BD11 cells were seeded in cell culture flasks at a density of 2.5 – 3 million per 
175 cm2 growth area in 40 ml cell culture medium for approximately four days. As soon 
as BRIN-BD11 cells were nearly confluent, they were removed from the surface by 
trypsinization with 1X trypsin for 2 min at 37 °C, washed once with cell culture medium 
and centrifuged at 1,900 × g and 4 °C for 5 min. The supernatant was discarded, the cell 
pellet resuspended in medium and cells were counted in an Abbe-Zeiss counting cell 
chamber. Depending on the experiment, BRIN-BD11 cells were seeded in a density of 
two million per 60 × 15 mm cell culture petri dish with a final volume of 4 ml or 50,000 
or 20,000 cells per well of a 96-well plate with a final volume of 250 µl/well. 
Experiments of BRIN-BD11 cells for insulin secretion, mRNA and protein amount 
analysis were carried out in 60 × 15 mm cell culture petri dishes, whereas those for 
cytotoxicity-assay (Live/Dead) or assays to detect ROS (DCFH-DA, HyPer) were 
performed in 96-well plates. 96-well plates with flat, transparent bottom and black sides 
were used exclusively for ROS-detection assays. Cells were cultivated at 37 °C, 5% CO2 in 
a humidified atmosphere for 18 – 24 h, or 48 h in the case of BRIN-BD11 expressing the 
HyPer vector, before the treatment was carried out. Cells expressing the HyPer protein 
were selected with the aid of 1 µM blasticidin 
 



Materials and Methods 

27 

2.2.1.3 Treatment of BRIN-BD11 cells 

BRIN-BD11 cells were cultivated for 18 – 24 h or 48 h as described above. Medium was 
replaced and dependent on the experiment, cells were treated with one or with a 
combination of the following reagents: Glucose (5.5 – 50 mM), palmitic acid (0.025 –
 0.4 mM), 0.1 mM docosahexaenoic acid methyl ester, 40 mM KCl/15 mM glucose, 
5 mU/ml glucose oxidase, 50 µM H2O2, 100 nM Ang-(1-7), 1 µM D-Ala7-Ang-(1-7), 
100 µM LY294002 or 50 µM PD98059, respectively. Enzyme inhibitors or Ang-(1-7) 
antagonists were added to the cells 1 h or 15 min prior to the conduction of further 
treatments. The treatment of BRIN-BD11 cells stably transfected with HyPer vectors 
was carried out in PBS/5.5 mM glucose. Experiments including approaches with fatty 
acids were executed with cell culture medium or PBS/5.5 mM glucose containing 2% 
heat inactivated bovine serum albumin. Within one experimental approach all samples 
comprised the same solvent concentration. Treated BRIN-BD11 cells were incubated at 
37 °C, 5% CO2 in a humidified atmosphere for a specific, experiment-dependent time. 
 

2.2.1.4 Insulin secretion of BRIN-BD11 cells 

Of the BRIN-BD11 cells, two million were seeded per 60 × 15 mm cell culture petri dish. 
Cells were cultivated and stimulated as described in 2.2.1.2 “Cultivation-“ and 2.2.1.3 
“Treatment of BRIN-BD11 cells”. The treatment was carried out for 20 min or 24 h as 
indicated in the figure legends. Of the cell culture supernatant, 1 ml was transferred into 
a 1.5 ml reaction tube, centrifuged at 620 × g for 1 min, 200 µl were transferred into a 
new reaction tube and were frozen at -80 °C. The secreted amounts of insulin were 
quantified in the cell culture supernatants by use of insulin ELISA (see 2.2.5.5 
“Determination of insulin concentrations”). 

 

2.2.1.5 Live/Dead staining 

This assay was based on a calcein-staining for living and a propidium iodide-coloration 
for dead cells. PI is a red fluorescent dye which cannot pass intact membranes, but the 
damaged ones of dead cells. It intercalates there into double-stranded nucleic acids. 
Calcein acetoxymethyl ester is a membrane-permeable, nonfluorescent dye, which is 
converted to a green fluorescent compound by the activity of intracellular esterases of 
living cells.  

Of the BRIN-BD11 cells, 20,000 were seeded per well of a 96-well plate and 
stimulated as described in 2.2.1.2 “Cultivation-“ and 2.2.1.3 “Treatment of BRIN-BD11 
cells”. Twenty-four hours after stimulation, the medium was aspirated, 100 µl PBS and 
100 µl Live/Dead staining buffer were added per well and incubated for 20 min at room 
temperature in the dark. Untreated cells were used as a control. The assay was 
evaluated with Olympus IX70 fluorescence microscope, a red-green filter and a 10-fold 
magnification. The amounts of dead (red) and living (green) cells were counted from the 
pictures taken. 
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2.2.1.6 Determination of reactive oxygen species 

DCFH-DA 

DCFH-DA is a nonfluorescent, nonpolar substance, which diffuses into the cell. Within 
the cell, it is deacetylated to the nonfluorescent, polar 2′,7′-dichlorofluorescin by 
intracellular esterases. DCFH is stable for a few hours and is rapidly oxidized to the 
highly fluorescent 2′,7′-dichlorofluorescein by ROS (Bass et al., 1983; Brandt and Keston, 
1965). Therefore, the relative fluorescence intensity is a measure for the relative 
amount of generated ROS in the cells. 

Of BRIN-BD11 cells, 50,000 per well were cultivated in a 96-well plate with 
transparent flat bottom and black sides. Cells were cultivated and treated as described 
in 2.2.1.2 “Cultivation-” and 2.2.1.3 “Treatment of BRIN-BD11 cells”. Immediately after 
administration of the adjuvants, 2′,7′-dichlorofluorescin diacetate was added to a final 
concentration of 15 µg/ml and the cells were incubated at 37 °C and 5% CO2 in the dark. 
Fluorescence intensity was measured after 30 min, 1 h and 2 h of incubation at an 
excitation wavelength of 480 nm and an emission wavelength of 530 nm. Untreated cells 
were used as a control. 

 
BRIN-BD11 cells expressing the HyPer protein 

The HyPer protein was originally developed by Belousov and co-workers (2006). They 
inserted the circularly permuted yellow fluorescent protein into the regulatory domain 
of the H2O2-sensitive protein OxyR of Escherichia coli (E. coli) (Aslund et al., 1999; 
Belousov et al., 2006). Elsner and co-workers generated compartment-specific HyPer 
vectors to examine the site of H2O2-formation in living cells. Therefore, they used 
compartment-specific tags, fused them with the cDNA coding for the HyPer protein and 
sub-cloned the cDNA of resulting cytosolic, mitochondrial, or peroxisomal HyPer 
proteins into the lentiviral transfer plasmid pLenti6/V5-MCS (Gehrmann and Elsner, 
2011; Elsner et al., 2011). Accordingly, these biosensors represent a fluorescent, 
compartment- and H2O2-specific detection system for in vitro applications. The spectrum 
of HyPer protein has two excitation maxima at 420 and 500 nm and one emission 
maximum at 516 nm. The H2O2 sensor HyPer is ratiomeric, because the excitation peak 
at 420 nm decreased in proportion to the increase of the peak at 500 nm in response to 
H2O2. The advantage of this ratiomeric sensor is that the determination of the relative 
H2O2-production does not require normalization on the amount of protein expressed 
(Belousov et al., 2006). 

Of the BRIN-BD11 cells expressing either HyPer-Cyto, HyPer-Mito or HyPer-
Peroxi, 20,000 were seeded per well of a 96-well with transparent flat bottom and black 
sides. Samples were run in quadruplicate. Cells were cultivated and treated as described 
in 2.2.1.2 “Cultivation” and 2.2.1.3 “Treatment of BRIN-BD11 cells”. Because fatty acids 
were used in this experiment, the treatment was carried out in PBS/5.5 mM glucose/2% 
BSA, except of the positive control with exogenously applied H2O2. H2O2 was dissolved in 
PBS/5.5 mM glucose without BSA. Fluorescence intensity was measured 30 min after 
the treatment at the two excitation wavelengths of 415 and 500 nm and the emission 
wavelength of 516 nm. The relative amount of compartiment specific H2O2-production 
was determined using a ratiomeric evaluation of both wavelengths pairs (415/516 nm 
and 500/516 nm). Untreated cells were used as control. 
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2.2.2 Primary islet cells 

2.2.2.1 Islet isolation 

About three months-old mice, males and females, were killed by cervical dislocation. 
After the waist was disinfected with 75% ethanol, the abdomen was opened, the 
paramount intestinal loop was turned down, a big bulldog clamp was positioned directly 
next to the duodenal papilla of the biliopancreatic duct, a small one accurately placed on 
the branching of the biliopancreatic duct, the hepatic ducts and the cystic duct. For 
plastic stretching of the pancreatic tissue 1 ml of Krebs-Ringer solution was injected into 
the pancreas through the biliopancreatic duct using a syringe. The pancreas was taken 
out of the mouse, cut into small pieces and washed three times with Krebs-Ringer buffer 
to dilute digestive enzymes without centrifugation, but only per sedimentation. After the 
last washing step, Krebs-Ringer buffer was aspirated and 1 ml of 2 mg/ml collagenase in 
Krebs-Ringer solution was added per pancreas. For short-term storage, to collect more 
pancreata to digest at the same time in the same glass container, the cut and washed 
pancreata were kept on ice in Krebs-Ringer buffer supplemented with 5 mM glucose 
until the digest was performed for 13 min in a water bath at 34 °C in which the container 
was well shaken by hand every other minute. The digest was stopped by adding ice-cold 
cell culture medium and the container was kept on ice. To dilute collagenase the 
pancreata were washed twice with cold medium after the digested pieces had 
sedimented. The pancreata were transferred into a 15 ml polystyrene tube and 
centrifuged at 1,400 × g for 4 min, the supernatant was discarded, the pellet 
resuspended in 4 ml 25% Ficoll, the Ficoll-gradient was stacked with 23%, 20% and 
11% Ficoll and the gradient centrifugation was performed at 800 × g at room 
temperature for 10 min without applying the brakes. The phases between 11% and 20% 
Ficoll and 20% and 23% Ficoll were collected, transferred into a new 15 ml polystyrene 
tube, washed twice with cold medium and were centrifuged at 1,400 × g for 2 min after 
each washing step. In the last step, the supernatant was aspirated to a rest volume of 
around 2 ml. Islets were picked and collected in cell culture medium by use of a 
binocular with 16-times magnification. Isolated islets were treated and cultivated as 
described in 2.2.2.2. 

 

2.2.2.2 Treatment and cultivation of isolated islets 

Immediately after isolation (2.2.2.1), islets were seeded and cultivated in cell culture 
plates under specific experiment-dependent conditions as described below, before the 
treatment was carried out. For experiments requiring protein or RNA isolation, 80 or 
approximately 200 islets were seeded in 3 ml cell culture medium in a 35 × 10 mm petri 
dish (polystyrene), respectively. For insulin secretion experiments, five islets per well of 
a 12-well plate were incubated with 500 µl cell culture medium. Immediately after 
seeding, islets were treated with and without 1 µM D-Ala7-Ang-(1-7), 1 µM D-Pro7-
Ang-(1-7), 200 nM Ang-(1-7) or 100 nM AVE 0991, respectively and incubated at 37 °C 
and 5% CO2 for 24 or 48 h. 
 
 
 
 



Materials and Methods 

30 

2.2.2.3 Insulin secretion 

After 24 h of treatment (2.2.2.2), the supernatants were transferred into a 1.5 ml 
reaction tube, centrifuged at 620 × g for 1 min, 200 µl were transferred into a new 
reaction tube and were frozen at -80 °C. Islets were washed with 500 µl Krebs-Ringer 
buffer supplemented with 2.8 mM glucose and incubated at 37 °C and 5% CO2 for 
30 min. This step was repeated once before Krebs-Ringer solution without glucose was 
added and the cells were kept in the incubator at 37 °C and 5% CO2 for 1 h. The 
supernatant was aspirated and islets of each well were incubated with 500 µl of 
stimulation-buffer with supplements at 37 °C and 5% CO2 for 2 h. Cell culture 
supernatants of each well were collected as described above and were frozen at -80 °C. 
The secreted amounts of insulin were quantified in the cell culture supernatants by use 
of insulin ELISA (see 2.2.5.5 “Determination of insulin concentrations”). During insulin 
secretion experiments with angiotensin peptides or AVE 0991, every single step 
contained these reagents. 

 
2.2.2.4 Islet-cell disruption 

Cultivated islets were transferred with a glass Pasteur pipette into a 1.5 ml reaction tube 
with low binding affinity, washed two times with PBS and centrifuged after each step at 
620 × g and 4 °C for 5 min. The supernatant was aspirated, the pelletized islets were 
either resuspended with modified RIPA buffer (15 µl/80 islets) or weighed and 
resuspended with the corresponding volume of Trifast. The different protocols are 
described in detail below in 2.2.3 “RNA and Protein preparation”. 

 

2.2.3 RNA and protein preparation 

Total RNA and proteins were extracted from isolated islets or cultivated cells by a 
modified method after Chomczynski and Sacchi. This method combines guanidinium 
thiocyanate and phenol-chloroform extraction (Chomczynski and Sacchi, 1987; 
Chomczynski and Sacchi, 2006). For preparation 1 ml of Trifast was used per 10 cm2 

growth area of cells. Cells were incubated with Trifast at room temperature for 
5 minutes, homogenized with a cell scraper and transferred into a 1.5 ml reaction tube. 
In the case of isolated islets, 10 mg were lysed by 100 µl Trifast. 

In the following all volume details refer to a 1 ml-Trifast-protocol. The protocol 
was adapted accordingly to varying Trifast volumes.  

After 0.2 ml chloroform were added, the sample was immediately inverted for 
15 s and incubated on an inverter for at least 3 min at room temperature. After the tubes 
were centrifuged at 12,000 × g and 2 – 8 °C for 15 min, they were incubated on ice for 
2 – 3 min.  

 
2.2.3.1 RNA isolation 

The aqueous phase was transferred into a new 1.5 ml reaction tube. This phase 
contained total RNA, which was precipitated with 0.5 ml isopropanol and was allowed to 
incubate for 10 min at room temperature before it was centrifuged at 12,000 × g and 2 –
 8 °C for 12 min. The supernatant was discarded and the RNA-pellet was washed three 
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times with 1 ml of 75% ethanol and centrifuged after each step at 7,500 × g at 2 – 8 °C 
for 5 min. After the RNA was dried it was rehydrated in a. deion. overnight at 4 °C and 
subsequently resuspended. The RNA concentration was defined using a 
spectrophotometer. 

 

2.2.3.2 Protein isolation (Trifast) 

0.3 ml of 96% ethanol were added to the organic phase and interphase to precipitate the 
genomic DNA. Reaction tubes were incubated on an inverter for 2 – 3 min. After the 
tubes were centrifuged at 12,000 × g and 2 – 8 °C for 2 min, the organic phase was 
apportioned and transferred into two new 2 ml reaction tubes. This phase contained 
proteins, which were precipitated in each tube with 0.75 ml isopropanol and were 
allowed to stand for 10 min at room temperature, before they were centrifuged at 
12,000 × g and 2 – 8 °C for 7 min. The supernatant was discarded and each protein-
pellet was washed four times with 1.5 ml of 0.3 M guanidiniumhydrochloride, followed 
by two washing steps with 96% undenatured ethanol, and centrifuged after each step at 
12,000 × g and 2 – 8 °C for 5 min. One washing period was carried out on an inverter for 
at least 20 min. After the proteins were dried they were resuspended in protein 
resuspension buffer using a shaker for approximately 20 min. 

 

2.2.3.3 Protein isolation (modified RIPA) 

Isolated islets were washed, pelletized and resuspended in modified RIPA buffer as 
described in 2.2.2.4 “Islet-cell disruption”. In the case of cultivated BRIN-BD11 cells, the 
cells were washed once with cold 1X PBS, scraped off the culture plate in 1X PBS, 
transferred into a 1.5 ml reaction tube and centrifuged at 1,900 × g and 4 °C for 5 min, 
before the supernatant was aspirated and the cell pellet was resuspended in modified 
RIPA buffer.  

Cells resuspended in modified RIPA buffer were kept on ice for 30 min, quick-
frozen in liquid nitrogen, slowly thawed on ice and centrifuged at 16,000 × g and 4 °C for 
30 min before the obtained proteins in the supernatant were transferred into a new 
1.5 ml reaction tube and stored at -80 °C. 

 

2.2.4 Determination of mRNA amounts 

BRIN-BD11 cells were cultivated and stimulated as described in 2.2.1.2 “Cultivation-“ 
and 2.2.1.3 “Treatment of BRIN-BD11 cells”. Isolated islets were cultivated and treated 
as described in 2.2.2.2 “Treatment and cultivation of isolated islets”. Total RNA was 
isolated using the Trifast protocol described in 2.2.3/2.2.3.1 and 1 µg was reverse 
transcribed in a 30 µl approach with the aid of Revert AidTM First Strand cDNA Synthesis 
Kit following the instruction manual using oligo dT primers. In the case of isolated 
mouse islets, 150 – 500 ng RNA were reverse transcribed as indicated in the figure 
legends. cDNA was diluted 1:8 in a. deion. and a master mix per reaction approach for 
quantitative polymerase chain reaction (qPCR) was applied as follows: 
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10 µl SensiMixTM SYBR Hi-ROX Mastermix 

250 – 1000 nM Primermix [sense (S) and antisense (AS)] 
[see Table 6.1 rat and mouse primers for qPCR (appendix)] 

ad 12 µl with a. deion. 
 
 
In a 96-well plate for qPCR 12 µl master mix and 8 µl of 1:8-diluted cDNA were mixed 
well, the plate was closed with adhesive film and centrifuged at 1,200 × g and 4 °C for 30 
seconds, before the qPCR was started with the following protocol. [1:800-diluted cDNA 
was used for determination of mRNA amounts of highly expressed genes in BRIN-BD11 
cells e.g. insulin 1 and 2, ribosomal protein L13A (Rpl13a) and IRAP]: 
 

10 min 95 °C initial denaturation of the antibody blocking the active site 
of polymerase 

10 s 
15 s 
10 – 30 s 

95 °C 
57 – 64 °C * 
72 °C 

denaturation of double-strand DNA 
annealing of primers 
elongation of amplificates 

10 s 95 °C denaturation of double-strand DNA 
5 s/∆T = 0.5 °C 65 – 95 °C analysis of melt curves 
   = determination of fluorescence intensity; * primer dependent (Tab. 6.1, 
appendix) 
 
The results of qPCR were evaluated with the aid of ∆∆c(q)-method included in the qPCR-
cycler evaluation-software by Biorad. Either rat Rpl13a or mouse ribosomal protein, 
large, P0 (P0) was used for normalization. During optimization of the PCR conditions the 
size and the purity of PCR products were controlled on agarose gels (2.2.4.1) using a 
DNA-marker standard. After the control of the size and the purity of the amplificates 
PCR products were controlled with the aid of melt curve analysis in subsequent 
experiments. Amplificates having a quantification cycle (Cq)-value greater than 39 were 
treated as not expressed. 

Primer sequences, annealing temperatures and concentrations, as well as the size 
of the specific PCR products and the corresponding gel images are listed in the appendix 
in Tab. 6.1 A/B or in Fig. 6.2 A/B, respectively. 
 

2.2.4.1 Agarose gel electrophoresis 

Dependent on the size of the amplificates, an agarose gel of 1.5% or 2% was used. 
Agarose was boiled together with 50 ml 1X Tris-Acetat-EDTA-buffer. The comb was 
spotted into the chamber and when the temperature of the agarose was approximately 
60 °C, 3.2 µl of 10-fold diluted RedSafeTM Nucleic Acid Staining Solution (20,000X) was 
added, the tube was gently inverted and the gel was poured into the chamber. After 
gelation, it was overlaid with 1X TAE-buffer, 10 µl of sample-loading buffer-mix was put 
into the slot and was run at 5 – 7 V per cm of electrode-distance. The gel was examined 
with the aid of a transilluminator. 

 

 

 

 
X 44 
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2.2.5 Determination of protein amounts and secretion 

2.2.5.1 Determination of protein concentration 

Protein concentrations were determined by a method modified after Bradford 
(Bradford, 1976). 2 µl of protein, undiluted or diluted in lysis-buffer, and defined 
amounts of BSA stock solution (200 µg/ml in lysis-buffer), which served as standard, 
were each pipetted into wells of a 96-well plate in triplicates and filled up to a total 
volume of 20 µl with lysis-buffer. 300 µl freshly filtrated Bradford-solution was added 
per well and incubated at room temperature for 15 min, before the absorption was 
measured at 595 nm with reference wavelength at 360 nm. A pipetting scheme is shown 
in Table 2.2.5.1: 

 
Table 2.2.5.1: Pipetting scheme for determination of protein concentrations 
 

 BSA 
(µg) 

BSA 
(200 µg/ml) 
(µl) 

lysis-
buffer (µl) 

protein 
sample 
(µl) 

Bradford 
reagent 
(µl) 

standard 

0 0 20 - 

300 

0.4 2 18 - 
0.6 3 17 - 
0.8 4 16 - 
1.0 5 15 - 
1.2 6 14 - 
1.6 8 12 - 
2 10 10 - 
4 20 0 - 

sample  - - 18 2 

 

2.2.5.2 Electrophoretic separation of proteins 

40 µg of total protein were electrophoretically separated with the aid of SDS-PAGE using 
a 12% gel (or 15% for detection of proteins < 30 kDa) and a Tris-buffered system. In the 
case of analysis of insulin protein amounts 15% geles were used. Slots of the gel were 
loaded with defined amounts of proteins mixed with loading buffer. A protein-marker 
was used as mass standard and the gel was run at 80 V for approximately 30 min and 
subsequently at 120 – 150 V until bromophenol blue reached the bottom of the gel. 

 

2.2.5.3 Western blot 

After the proteins had been separated by SDS-PAGE, they were transferred on a 
membrane with the aid of the western blot method. Either a nitrocellulose- or a PVDF–
membrane was used for the transfer, depending on the optimization of western blot for 
a certain antibody. The PVDF-membrane was activated in methanol for 15 s, washed in 
a. deion. for 2 min and was equilibrated together with six Whatman filters and the gel in 
transfer-buffer, before the transfer was started at 1 mA/cm2 gel for 1.5 h. 
Anode-/cathode buffer-systems and a protein transfer for 1 h were used in the case of 
the NC-membrane. Therefore, the membrane and three Whatman filters were 
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equilibrated in anode-buffer whereas the gel and three filters were equilibrated in cath-
cathode-buffer. Past transfer the membrane was blocked with 1X Roti® for at least 
60 min and the first antibody was incubated at 4 °C overnight. After the membrane had 
been washed three times with Tris-buffered saline with 0.1% TWEEN® 20 for 5 min, the 
HRP-coupled secondary antibody was incubated at room temperature for 1 h. The 
membrane was washed three times with TBST for 5 min, was incubated with a 
chemoluminescent substrate for 2 min and exposed to a X-ray film, which was 
developed dependent on the signal strength and fixed in a darkroom. The results were 
densitometrically evaluated using the software ImageJ. The chemoluminescence signal 
of a particular protein was normalized to that of corresponding actin or RPLP0. 
Antibody-dilutions and buffers for western blotting are summarized in Tab. 2.2.5.3: 
 
Table 2.2.5.3: Summary of antibody-dilutions and –buffers for western blot 
 

Primary 
antibody species dilution buffer 

α Mas  
(LS-B3564) 

rabbit 1:2,000 
PBS/5% 
skimmed 
milk/0.03% NaN3 

α actin   goat 1:500 
TBST/5% 
BSA/0.03% 
NaN3 

α phospho-
ERK1/2  rabbit 1:1,000 

TBST/5% 
BSA/0.03% 
NaN3 

α ERK1/2  rabbit 1:1,000 
TBST/5% 
BSA/0.03% 
NaN3 

α phospho-AKT   
(Thr308) rabbit 1:500 

TBST/5% 
BSA/0.03% 
NaN3 

α AKT  rabbit 1:1,000 
TBST/5% 
BSA/0.03% 
NaN3 

α Insulin  rabbit 1:200 
TBST/5% 
BSA/0.03% 
NaN3 

α RPLP0  rabbit 1:2,000 
TBST/5% 
BSA/0.03% 
NaN3 

    
Secondary 
antibody coupling dilution buffer 

α rabbit IgG HRP 1:5,000 1X Roti® 
α goat IgG HRP 1:10,000 1X Roti® 
α mouse IgG HRP 1:10,000 1X Roti® 
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2.2.5.4 Immunofluorescence 

Formalin-fixed paraffin sections of mice pancreata with a thickness of 4 µm were kindly 
prepared and provided by Dr. B. Miehe from the Department of Anatomy and Cell 
Biology of the Ernst-Moritz-Arndt University of Greifswald. Sections were deparaffined 
with xylene (3 × xylene), rehydrated in a descending alcohol series (2 × 96% EtOH, 
1 × 75% EtOH, 1 × 50% EtOH, 1 × a. deion.) by incubating the sections in each solution 
for 5 min before an antigen retrieval was performed by boiling the sections in 1X antigen 
retrieval buffer two times at 95 °C for 5 min. After the sections have been blocked in IF-
buffer for at least 30 min, they were incubated with primary antibodies, diluted in IF-
buffer, in a wet chamber overnight at 4°C. Sections were washed three times in IF-buffer 
for 5 min and the secondary antibodies, 1:200-diluted in IF-buffer, were incubated in a 
dark, wet chamber for 2 – 4 h. Sections were washed three times in IF-buffer in the dark 
for 10 min, incubated with 10 µg/ml DAPI for 1 min and washed again three times in IF-
buffer in the dark for 10 min. Sections were covered with fluorescence mounting 
medium and cover glasses, sealed with nail polish after the mounting medium had 
hardened and stored in the dark. Immunofluorescence-stained paraffin sections were 
analysed with the confocal microscope LSM 510 Meta by Carl Zeiss at the Department of 
Microbiology of the Ernst-Moritz-Arndt University of Greifswald. Primary antibodies 
and dilutions used for immunofluorescence are summarized in Table 2.2.5.4. The 
fluorescent secondary antibodies used are listed in 2.1.8. 

 
Table 2.2.5.4: Summary of primary antibodies and their dilutions used for 

immunofluorescence 
 

primary antibody  species  dilution  
α ACE2 rabbit 1:400 
α Mas (Alomone) rabbit 1:100 
α AT1R goat 1:50 
α AT2R goat 1:50 
α glucagon   rabbit 1:100 
α glucagon  mouse 1:100 
α GLUT2 rabbit 1:500 
α Hnf3β goat 1:50 
α insulin  rabbit 1:500 (1:50 for double staining) 
α IRAP goat 1:50 
α PDX-1 goat 1:10,000 
α phospho -AKT  (Ser473) mouse 1:50 
α somatostatin  rabbit 1:50 

 

2.2.5.5 Determination of insulin concentration 

Insulin concentration of mouse plasma and cell culture supernatants of cultivated 
BRIN-BD11 cells or isolated islets were determined by a sandwich ELISA following the 
instruction manual. To determine the insulin concentration in supernatants of 20 min-
treated BRIN-BD11 cells an ultrasensitive insulin ELISA was used. 

The insulin concentrations in the supernatants or in the cell lysates of isolated 
islets varied between the different experiments. This may be due to variations in size 
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and functionality of the islets. Therefore, the insulin concentrations per islet of long- and 
short-term insulin secretion as well as of the endogenous insulin levels, which 
corresponded to 100% of the respective experiments, were averaged and summarized 
in Table 2.2.5.5. 
 
Table 2.2.5.5: Summary of averaged insulin concentrations per islet of long- and short-term insulin 

secretion experiments as well as of the endogenous insulin, which corresponded to 100% of the 

respective experiments. 
 

long-term insulin secretion (24 h) 2.58 µg/l insulin per islet 
short-term insulin secretion (2 h) 2.90 µg/l insulin per islet 
endogenous insulin 0.03 µg insulin per islet 

 

2.2.6 Determination of blood parameters of mice 

2.2.6.1 Determination of plasma insulin 

Blood samples of mice were collected in capillary blood collection systems coated with 
EDTA. The samples were centrifuged at 700 × g and 4 °C for 10 min to separate the 
plasma from the solids. Plasma samples were stored at -80 °C and insulin concentrations 
were analysed using an ELISA as described in 2.2.5.5 “Determination of insulin 
concentration”. 

 

2.2.6.2 Determination of blood glucose 

The concentration of blood glucose in mice was measured with a commercial glucose 
meter, Ascensia Elite XL, using approximately 10 µl of whole blood. 

 

2.2.7 Analyses of transcription factor binding sites in specific 

promoters 

Promoter sequences of Hnf1α, NeuroD1, MafA and Hnf3β were obtained by using the 
databases of the National Centre for Biotechnology Information (NCBI). To find the 
starting bases (-1) of the promoters, murine mRNA sequences of the genes of interest 
were analysed with a specific nucleotide Basic Local Alignment Search Tool (BLAST) in 
the whole mouse genome, and it was only searched for highly similar sequences. 
Promoter sequences from the base -1 to -1000 were analysed on the website of 
CBRC-TFSEARCH (version 1.3) that predicts transcription factor binding sites in given 
sequences. Promoter sequences and the predicted transcription factor binding sites 
within the sequences are listed in Appendix 6.3. 
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2.2.8 Statistics 

Data with n ≥ 12 were tested for a normal distribution by visual examination with 
frequency distribution histograms and by use of the D´Agostino and Pearson omnibus 
K2 normality test. Data without detectable non-normality were further analysed with 
One-way ANOVA to compare the means of three or more unmatched groups. If there was 
a significant difference, unpaired t tests were applied to compare two sets of 
measurement. Normally distributed data were shown as bars with means + standard 
error of mean (SEM). 

To compare three or more groups of data with 4 ≤ n < 12, the nonparametric 
Kruskal-Wallis test was used. If there was a significant difference, Mann-Whitney tests 
were applied to compare two sets of measurement. Nonparametric data are shown as 
boxplots with medians, interquartile range (IQR) and whiskers (quartile 1 – 1.5 × IQR 
and quartile 3 + 1.5 × IQR). Median and quartile 1 and 3 (Q1 and Q3) mentioned in the 
text were written as median (Q1; Q3). 

Correlation coefficients were calculated by the Pearson correlation test. 
 

For all tests, two-tailed p-values < 0.05 were considered significant; p-values 
0.05 ≤ p ≤ 0.08 were mentioned in the text as a tendency of regulation. 
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3 Results 

3.1 Expression of components of the local RAS in pancreatic islets 

3.1.1 Basal mRNA amounts of RAS components in BRIN-BD11 cells 

and isolated islets 

mRNA amounts of selected main components of the RAS were analysed in the rat 
insulinoma cell line BRIN-BD11 and in isolated mouse pancreatic islets under basal 
conditions by reverse transcription-quantitative polymerase chain reaction (RT-qPCR).  
 
In the rat insulinoma cell line BRIN-BD11 mRNA amounts of components of the RAS 
comprising AT2R and members of the classical ACE/Ang II/AT1R RAS axis were 
detected under basal conditions (Fig. 3.1.1.1). AT1aR and AT1bR were separately 
evaluated, because in rodents the AT1R has two subtypes. AT1aR was not expressed in 
these cells and could not even be induced by any reagent used in the present study. 
Basal mRNA amounts of members of the alternative APN/Ang IV/IRAP axis and the 
ACE2/Ang-(1-7)/Mas axis could also be detected in BRIN-BD11 cells (Fig. 3.1.1.1). 
Additionally, basal mRNA amounts of NEP, which also belongs in part to the 
ACE2/Ang-(1-7)/Mas axis, were detected in BRIN-BD11 cells (Fig. 3.1.1.1). 
 

 
 

Fig. 3.1.1.1: In BRIN-BD11 cells mRNA amounts of components of the renin-angiotensin system 

could be detected under basal conditions. For exact experimental procedures see 2.2.4. and 2.2.4.1. The 
correct size of the PCR products were confirmed by gel electrophoresis using a 1.5% agarose gel. 
Abbreviations: bp = base pairs, rACE = rat angiotensin-converting enzyme, rAT1bR = rat angiotensin ІІ 
type 1b receptor, rAT2R = rat angiotensin ІІ type 2 receptor, rNEP = rat neutral endopeptidase 24.11, 
rMas = rat Mas, rAPN = rat aminopeptidase N, rIRAP = rat insulin-regulated aminopeptidase. 
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In isolated mouse pancreatic islets mRNA amounts of components of the RAS compris-
ing AT2R, members of the classical ACE/Ang II/AT1R, the alternative APN/Ang IV/IRAP 
and the ACE2/Ang-(1-7)/Mas RAS axis could be detected under basal conditions 
(Fig. 3.1.1.2). Additionally, basal mRNA amounts of NEP were detected in isolated mouse 
islets (Fig. 3.1.1.2).  
 

 
 

Fig. 3.1.1.2: In isolated primary mouse islet cells mRNA amounts of components of the renin-

angiotensin system could be detected under basal conditions. For exact experimental procedures see 
2.2.4 and 2.2.4.1. The correct size of the PCR products were confirmed by gel electrophoresis using a 1.5% 
agarose gel. Abbreviations: bp = base pairs, mACE = mouse angiotensin-converting enzyme, 
mAT1a/bR = mouse angiotensin ІІ type 1 a/b receptor, mAT2R = mouse angiotensin ІІ type 2 receptor, 
mNEP = mouse neutral endopeptidase, mMas = mouse Mas, mAPN = mouse aminopeptidase N, 
mIRAP = mouse insulin-regulated aminopeptidase. 

 

3.1.2 Distribution of RAS components in the islet 

After the basal mRNA amounts of the main components of the RAS had been determined 
in isolated mouse islets, the distribution of selected RAS components was analysed in 
different cell types of the islet via immunohistochemistry. 

Paraffin sections of mouse pancreas were immunohistochemically stained for the 
receptors of the RAS, AT1R, AT2R, IRAP and Mas as well as for ACE2. Double staining 
with these RAS components and specific markers for different islet cell-types besides 
β-cells (insulin), either α-cells (glucagon) or δ-cells (somatostatin), was performed to 
better assess the cell types expressing components of the RAS in the islet. 

 
The receptors of all three RAS axes AT1R, AT2R, IRAP and Mas as well as ACE2, the main 
enzyme of the ACE2/Ang-(1-7)/Mas axis, were present in the islets of Langerhans in 
mice (Fig. 3.1.2.1 A – I). The AT1R appeared to be only expressed in β-cells, because it 
was colocalized with insulin, but not with glucagon or somatostatin (Fig. 3.1.2.1 A – C). 
The stainings for AT2R and insulin were colocalized, whereas no colocalization with 
glucagon was detected. Therefore, the AT2R was expressed in β-cells, but not in α-cells 
(Fig. 3.1.2.1 D and E). IRAP was detected in the centre of the islet, indicating it is 
expressed in insulin-secreting cells, but secondarily there seemed to be a slight staining 
positive for IRAP in α- and δ-cells (Fig. 3.1.2.1 F and G). Mas and ACE2 were expressed in 
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the centre of the islet, the β-cells. In contrast, neither protein was detectable in gluca-
glucagon-secreting cells (Fig. 3.1.2.1 I and H). The control stainings with secondary 
antibodies coupled with either MFP 488 or Cy2 (both green) or MFP 555 or Cy3 (both 
red) lacking first antibodies were very pale, indicating the RAS-receptor and -enzyme 
stainings to be specific (Fig. 3.1.2.1 J and K). 
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Fig. 3.1.2.1 A – K: AT1R (A – C), AT2R (D and E), IRAP (F and G) and Mas (I), the receptors of the 

renin-angiotensin system, as well as ACE2 (H), are expressed in mouse pancreatic β-cells. Control 
stainings with secondary antibodies only, cyanine (Cy)2/3 or MFP 488 and MFP 555, are shown in J or K, 
respectively. Paraffin sections were immunohistochemically stained against AT1R (1:50), AT2R (1:50), 
IRAP (1:50), Mas (1:100), ACE2 (1:400), insulin (1:50), glucagon (1:100), somatostatin (1:50) and/or the 
secondary antibodies coupled with either MFP 488 or Cy2 (both green) or MFP 555 or Cy3 (both red) 
(1:200). For exact experimental procedures see 2.2.5.4. Nuclear staining was performed with DAPI. The 
immunofluorescence was visualized by confocal microscopy with 63-fold magnification. Abbreviations: 
AT1/2R = angiotensin II type 1/2 receptor, IRAP = insulin-regulated aminopeptidase, ACE2 = angiotensin-
converting enzyme 2, DAPI = 4′,6-diamidino-2-phenylindole dihydrochloride. 
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The immunohistochemical stainings as well as the detection of basal mRNA amounts in 
mouse islets and the rat insulinoma cell line BRIN-BD11 proved the existence of a local 
renin-angiotensin system. Thus, these cell models are suitable to functionally 
characterize the RAS in β-cells. 

 

3.2 Influences of pathophysiologically relevant factors of the 

metabolic syndrome on the expression of components of the RAS 

in BRIN-BD11 cells 

Every day, the islets of Langerhans have to deal with glucose and fatty acids. Since it is 
known that hyperglycemia and obesity play a central role in the onset of diabetes, 
glucose and fatty acids were brought into the focus of diabetic research. Hence, this 
work commenced by examining the influences of glucose, palmitic acid and 
docosahexaenoic acid methyl ester on the expression of components of the RAS in the 
rat insulinoma cell line BRIN-BD11. 

 

3.2.1 Influence of glucose on the expression of components of the RAS 

In order to analyse, whether glucose alters the expression pattern of the RAS in 
BRIN-BD11 cells, components of the renin-angiotensin system were screened for 
alterations in mRNA amounts after administration of glucose using RT-qPCR. 
 
The mRNA amount of the AT2R and of the components of the main classical RAS axis, 
ACE and AT1R, were not affected by glucose in BRIN-BD11 cells after 24 h 
(Fig. 3.2.1.1 A - C). The control at standard low glucose (5.5 mM) was set at 100%. Only 
ACE mRNA was slightly up-regulated at 50 mM glucose, at which the median reached 
139%, Q1 = 118% and Q3 = 148%, in the following written as 139 (118; 148)% 
(Fig. 3.2.1.1 A). 
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A                                                   B 

 

C 
 

Fig. 3.2.1.1 A – C: Glucose does not affect the 

amounts of ACE (A), AT1bR (B) and AT2R mRNA 

(C) in BRIN-BD11 cells after 24 h. However, ACE 

mRNA amounts are increased at 50 mM glucose 

(A). For detailed experimental procedures see 
2.2.1.2, 2.2.1.3 and 2.2.4. mRNA amounts were 
determined via quantitative PCR. Data were 
evaluated and normalized to ribosomal protein 
L13A (Rpl13a) mRNA amount using ∆∆Cq method. 
Shown are boxplots with medians, interquartile 
ranges and whiskers of six independent 
experiments. ** = p < 0.01 compared to control 
(Co. = 5.5 mM glucose). Abbreviations: 
ACE = angiotensin-converting enzyme, 
AT1/2R = angiotensin II type 1/2 receptor. 

 
 

 
 
 
Besides the classical RAS axis and AT2R, the mRNA amounts of components of the 
alternative ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP RAS axes were analysed. 
 
Glucose increased the mRNA amounts of the members of the ACE2/Ang-(1-7)/Mas axis 
in a dose-dependent manner (Fig. 3.2.1.2 A – D). Control with standard low glucose 
(5.5 mM) was set at 100%. mRNA amounts of every analysed enzyme or receptor of this 
axis, comprising NEP, ACE2 and Mas, were affected in the same way. This effect became 
already significant at 11 mM glucose in each case, at which the medians reached 
305 (155; 604)% in the case of NEP, 245 (202; 410)% for ACE2 and 255 (164; 665)% for 
Mas (Fig. 3.2.1.2 A, C and D). To analyse the glucose-induced effects on the mRNA 
amount of NEP in more detail, glucose was titrated in smaller steps between 5.5 and 
11 mM. The mRNA amount of NEP followed a classical dose response curve; 9 mM 
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glucose treatment has already had a significant influence on NEP mRNA amounts with 
an obtained median of 239 (231; 331)% (Fig. 3.2.1.2 B). 
 

A                                                            B 

 

C                                                            D 

 

Fig. 3.2.1.2 A – D: Glucose increases the mRNA amounts of NEP (A and B), ACE2 (C) and Mas (D) in a 

dose-dependent manner in BRIN-BD11 cells after 24 h. For detailed experimental procedures see 
2.2.1.2, 2.2.1.3 and 2.2.4. mRNA amounts were determined via quantitative PCR. Data were evaluated and 
normalized to ribosomal protein L13A (Rpl13a) mRNA amount using ∆∆Cq method. Shown are boxplots 
with medians, interquartile ranges and whiskers of five independent experiments. * = p < 0.05; 
** = p < 0.01 compared to each control (Co. = 5.5 mM glucose). Abbreviations: NEP = neutral 
endopeptidase 24.11, ACE2 = angiotensin-converting enzyme 2. 

 
 
 
 
 
 



Results 

46 

Glucose also increased mRNA amounts of members of the second alternative RAS axis 
APN/Ang IV/IRAP, in a dose-dependent manner in BRIN-BD11 cells after 24 h 
(Fig. 3.2.1.3 A and B). The control of each gene with standard low glucose (5.5 mM) was 
set at 100%. The mRNA amount of APN was significantly up-regulated from 15 mM 
glucose upwards with a median of 130 (116; 179)%, whereas that of IRAP was already 
significantly increased at 11 mM, at which the median obtained 151 (143; 185)% 
(Fig. 3.2.1.3 A and B). 
 

A                                                            B 

 

Fig. 3.2.1.3 A and B: Glucose increases the mRNA amounts of APN (A) and IRAP (B) in a dose-

dependent manner in BRIN-BD11 cells after 24 h. For detailed experimental procedures see 2.2.1.2, 
2.2.1.3 and 2.2.4. mRNA amounts were determined via quantitative PCR. Data were evaluated and 
normalized to ribosomal protein L13A (Rpl13a) mRNA amount using ∆∆Cq method. Shown are boxplots 
with medians, interquartile ranges and whiskers of six independent experiments. ** = p < 0.01 compared 
to each control (Co. = 5.5 mM glucose). Abbreviations: APN = aminopeptidase N, IRAP = insulin-regulated 
aminopeptidase. 
 
 
 
The mRNA data indicate a shift in the expression of components of the RAS induced by 
glucose to the alternative RAS axes ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP in 
BRIN-BD11 cells after 24 h. A summary of these results describing how glucose 
influenced the mRNA amounts of RAS components in BRIN-BD11 cells is illustrated in 
Fig. 3.2.1.4. 
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Fig. 3.2.1.4: Summary of changes of mRNA amounts of components of the renin-angiotensin system 

in BRIN-BD11 cells in response to glucose after 24 h. Legend: green = mRNA amount of the related 
gene is up-regulated by glucose; yellow = mRNA amount of the related gene is not affected by glucose; 
grey arrow = mRNA amount of the related gene has not been analysed; AT1aR is not expressed in 
BRIN-BD11 cells. Abbreviations: APA/APN = aminopeptidases A and N, IRAP = insulin-regulated 
aminopeptidase, AGT = angiotensinogen, ACE = angiotensin-converting enzyme, NEP = neutral 
endopeptidase 24.11, AT1a/1b/2R = angiotensin ІІ type 1a/1b/2 receptor, Ang = angiotensin. 

 
 
 
After it had been shown that glucose altered the mRNA amounts of components of both 
alternative RAS axes, the expression of the receptor of the ACE2/Ang-(1-7)/Mas axis, 
which is of special interest in the present work, was analysed additionally on the protein 
level by western blot. 
 
Mas protein amounts were increased by glucose up to 25 mM in a dose-dependent 
manner in BRIN-BD11 cells after 24 h (Fig. 3.2.1.5). Control with standard low glucose 
(5.5 mM) was set at 100%. The up-regulation was significant already at 11 mM glucose 
with a median of 322 (187; 390)%. Interestingly, amounts of Mas protein descended 
again at 50 mM glucose, at which the median obtained 176 (62; 423)% (Fig. 3.2.1.5). 
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Fig. 3.2.1.5: Glucose increases the 

amounts of Mas protein in a dose-

dependent manner up to 25 mM in 

BRIN-BD11 cells after 24 h. For detailed 
experimental procedures see 2.2.1.2, 
2.2.1.3 and 2.2.5. Of total protein, 40 µg 
were separated by SDS PAGE and 
visualized by western blot. Protein 
amounts were quantified using ImageJ and 
normalized to actin response. Shown is 
one representative western blot out of 
seven and the related boxplots with 
medians, interquartile ranges and 
whiskers. ** = p < 0.01; *** = p < 0.001 
compared to control (Co. = 5.5 mM 
glucose). 
 
 
 

 
 
 
Glucose increased the protein amounts of Mas in a dose-dependent manner, which 
confirms the corresponding data on the mRNA level.  

 

3.2.2 Influence of PA on the expression of components of the RAS 

In order to analyse whether palmitic acid influences the expression pattern of the renin-
angiotensin system at standard low glucose (5.5 mM) in BRIN-BD11 cells, components 
of the RAS were analysed for altered expressions initially on the mRNA level by 
RT-qPCR. There was no significant difference between the untreated control and the 
untreated solvent control in the following results (data of the comparisons not shown). 
Therefore, only one control, the untreated solvent control, is shown in all figures below. 
 
Palmitic acid did not affect ACE mRNA amount, but instead increased that of the 
receptors AT2 and AT1b in a dose-dependent manner (Fig. 3.2.2.1 A – C). Untreated 
solvent control was set at 100% and the differences became significant at 0.1 mM PA 
with a median of 234 (124; 398)% in the case of AT1bR and at 0.05 mM for AT2R, at 
which the median reached 176 (161; 267)% (Fig. 3.2.2.1 B and C). 
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A                                                            B 

 

C 
Fig. 3.2.2.1 A – C: Palmitic acid increases the 

mRNA amounts of AT1bR (B) and AT2R (C) 

in a dose-dependent manner in BRIN-BD11 

cells after 24 h, whereas ACE (A) mRNA 

amount remain unaffected. For detailed 
experimental procedures see 2.2.1.2, 2.2.1.3 and 
2.2.4. mRNA amounts were determined via 
quantitative PCR. Data were evaluated and 
normalized to ribosomal protein L13A (Rpl13a) 
mRNA amount using ∆∆Cq method. All samples 
were cultured with 5.5 mM glucose, 2% BSA 
and the same solvent concentration (0.4% 
EtOH). Shown are boxplots with medians, 
interquartile ranges and whiskers of seven 
independent experiments. * = p < 0.05; 
** = p < 0.01; *** = p < 0.001 compared to each 
untreated solvent control (Co.). Abbreviations: 
ACE = angiotensin-converting enzyme, 
AT1b/2R = angiotensin II type 1b/2 receptor. 

 
 
 
Besides the classical RAS axis, the influence of PA on the mRNA amounts of components 
of the two alternative RAS axes ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP were 
analysed. 
 
Palmitic acid did not significantly alter the mRNA amounts of the enzymes of the 
ACE2/Ang-(1-7)/Mas axis, ACE2 and NEP, in BRIN-BD11 cells after 24 h (Fig. 3.2.2.2 A 
and B). The mRNA amount of the receptor of this axis, Mas, was dose-dependently 
down-regulated, which became significant at 0.2 mM PA, at which the median obtained 
55 (31; 89)% compared to control (Fig. 3.2.2.2 C). 
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A                                                            B 

 

C 
 

Fig. 3.2.2.2 A – C: Palmitic acid decreases the 

amount of Mas mRNA (C) in a dose-

dependent manner in BRIN-BD11 cells after 

24 h, whereas that of ACE2 (B) and NEP (A) 

are not significantly reduced. For detailed 
experimental procedures see 2.2.1.2, 2.2.1.3 and 
2.2.4. mRNA amounts were determined via 
quantitative PCR. Data were evaluated and 
normalized to ribosomal protein L13A (Rpl13a) 
mRNA amount using ∆∆Cq method. All samples 
were cultured with 5.5 mM glucose, 2% BSA 
and the same solvent concentration (0.4% 
EtOH). Shown are boxplots with medians, 
interquartile ranges and whiskers of seven 
independent experiments. * = p < 0.05; 
** = p < 0.01 compared to each untreated 
solvent control (Co.). Abbreviations: 
NEP = neutral endopeptidase 24.11, 
ACE2 = angiotensin-converting enzyme 2. 

 
 
 
Palmitic acid did not influence the mRNA amounts of APN and IRAP in BRIN-BD11 cells 
at any concentration used after 24 h (Fig. 3.2.2.3 A and B). The untreated solvent 
controls were set at 100%. 
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A                                                            B 

 
Fig. 3.2.2.3 A and B: Palmitic acid does not affect the amounts of APN or IRAP mRNA in BRIN-BD11 

cells after 24 h. For detailed experimental procedures see 2.2.1.2, 2.2.1.3 and 2.2.4. mRNA amounts were 
determined via quantitative PCR. Data were evaluated and normalized to ribosomal protein L13A 
(Rpl13a) mRNA amount using ∆∆Cq method. All samples were cultured with 5.5 mM glucose, 2% BSA and 
the same solvent concentration (0.4% EtOH). Shown are boxplots with medians, interquartile ranges and 
whiskers of five independent experiments. p = non-significant compared to each untreated solvent control 
(Co.). Abbreviations: APN = aminopeptidase N, IRAP = insulin-regulated aminopeptidase. 

 
 
 
Based on the mRNA data of this chapter, it could be concluded that palmitic acid 
influenced the mRNA amounts of all receptors of the RAS in BRIN-BD11 cells after 24 h, 
except those of IRAP. mRNA amounts of RAS-enzymes were not significantly affected by 
PA. This fatty acid dose-dependently increased the mRNA amount of the receptor of the 
main RAS axis AT1R as well as AT2R, whereas that of the receptor of the alternative 
ACE2/Ang-(1-7)/Mas axis was dose-dependently down-regulated instead. A summary of 
these findings, describing how palmitic acid influenced the mRNA amounts of 
components of the RAS in BRIN-BD11 cells after 24 h, is illustrated in Fig. 3.2.2.4. 
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Fig. 3.2.2.4: Summary of changes of mRNA amounts of components of the renin-angiotensin system 

in BRIN-BD11 cells in response to palmitic acid after 24 h. Legend: green = mRNA amount of the 
related gene is up-regulated by PA; red = mRNA amount of the related gene is down-regulated by PA; 
yellow = mRNA amount of the related gene is not affected by PA; grey arrow = mRNA amount of the 
related gene has not been analysed; AT1aR is not expressed in BRIN-BD11 cells. Abbreviations: 
PA = palitic acid, APA/APN = aminopeptidases A and N, IRAP = insulin-regulated aminopeptidase, 
AGT = angiotensinogen, ACE = angiotensin-converting enzyme, NEP = neutral endopeptidase 24.11, 
AT1a/1b/2R = angiotensin ІІ type 1a/1b/2 receptor, Ang = angiotensin. 
 

 

 

After it had been shown that PA altered the mRNA amounts of the receptors AT1, AT2 
and Mas, the influence of PA on the amount of Mas protein was analysed in BRIN-BD11 
cells at standard low glucose (5.5 mM) by western blot. 
 
Palmitic acid decreased Mas protein amounts in BRIN-BD11 cells after 24 h (Fig. 3.2.2.5). 
Untreated solvent control was set at 100% and the decrease of Mas protein amount was 
already significant at 0.025 mM PA with a median of 73 (38; 100)%. This effect was 
dose-dependent up to 0.05 mM PA. Samples with 0.1 mM PA were an exception, because 
they did not match the statistical series (Fig. 3.2.2.5). 
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Fig. 3.2.2.5: Palmitic acid decreases 

Mas protein amounts in a dose-

dependent manner up to 0.05 mM 

in BRIN-BD11 cells after 24 h. For 
detailed experimental procedures see 
2.2.1.2, 2.2.1.3 and 2.2.5. Of total 
protein, 40 µg were separated by SDS 
PAGE and visualized by western blot. 
Protein amounts were quantified 
using ImageJ and normalized to actin 
response. All samples were cultured 
with 5.5 mM glucose, 2% BSA and the 
same solvent concentration (0.4% 
EtOH). Shown is one representative 
western blot out of seven and the 
related boxplots with medians, 
interquartile ranges and whiskers. 
*** = p < 0.001 compared to untreated 
solvent control (Co.) 

 
 

 
 
Palmitc acid decreased the protein amounts of Mas in a dose-dependent manner, which 
confirms the corresponding data on the mRNA level.  

 

3.2.3 Influence of DHA-ME on the expression of components of the RAS 

In order to analyse whether docosahexaenoic acid methyl ester influences the gene 
expression pattern of the renin-angiotensin system in BRIN-BD11 cells after 24 h, 
components of the RAS were initially screened for altered mRNA amounts using 
RT-qPCR. Samples were incubated with either DHA-ME at low glucose (5.5 mM) or high 
glucose (25 mM) concentrations to determine whether DHA-ME affects the mRNA 
amounts of components of the RAS differently under distinct glucose concentrations. 
 
DHA-ME did not affect the mRNA amount of AT2R and components of the main, classical 
RAS axis comprising the enzyme ACE, and the receptor AT1b in BRIN-BD11 cells, either 
at low or at high glucose concentrations after 24 h (Fig. 3.2.3.1 A – C). Untreated solvent 
control at low glucose was set at 100% and no statistical comparison among the 
different columns was significant (Fig. 3.2.3.1 A – C). 
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A                                                             B 

 

C 
 

Fig. 3.2.3.1 A – C: Neither DHA-ME nor high 

glucose alone, nor both in combination 

affect the mRNA amounts of ACE (A), AT1bR 

(B) and AT2R (C) in BRIN-BD11 cells after 

24 h. For detailed experimental procedures see 
2.2.1.2, 2.2.1.3 and 2.2.4. mRNA amounts were 
determined via quantitative PCR. Data were 
evaluated and normalized to ribosomal protein 
L13A (Rpl13a) mRNA amount using ∆∆Cq 
method. All samples were cultured with 2% 
BSA and the same solvent concentration (0.1‰ 
EtOH). Shown are boxplots with medians, 
interquartile ranges and whiskers of nine 
independent experiments. p = non-significant 
compared to each untreated solvent control at 
5.5 mM glucose (Co.). Abbreviations: 
ACE = angiotensin-converting enzyme; 
AT1b/2R = angiotensin ІІ type 1b/2 receptor; 
DHA-ME = docosahexaenoic acid methyl ester. 

 
 
 
Besides the analysis of the classical RAS axis, the influence of DHA-ME on the mRNA 
amounts of components of the two alternative ACE2/Ang-(1-7)/Mas and 
APN/Ang IV/IRAP RAS axes was determined. 
 
DHA-ME increased the mRNA amounts of ACE2 and Mas in BRIN-BD11 cells after 24 h at 
low glucose concentrations with medians of 327 (236; 519)% and 161 (109; 251)% 
respectively (Fig. 3.2.3.2 B and C). The untreated solvent control at 5.5 mM glucose was 
set at 100%. As already shown in 3.2.1, high glucose augmented the mRNA amounts of 
all analysed components of the ACE2/Ang-(1-7)/Mas axis and NEP, which was 
confirmed again in this experiment. The medians of samples treated with high glucose 
reached 394 (233; 605)% in the case of ACE2, 602 (455; 1050)% for Mas and 
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368 (254; 487)% for NEP (Fig. 3.2.3.2 A – C). ACE2 and Mas mRNA amounts were up-
regulated by high glucose and DHA-ME alone, as well as by the coadministration of both 
factors in an additive manner with medians of 817 (620, 1377)% and 782 (529; 1240)% 
respectively. This additive effect was statistically verified only in the case of ACE2 
(Fig. 3.2.3.2 B). DHA-ME did not affect the amount of NEP mRNA. However, DHA-ME 
seemed to slightly abolish the up-regulating effect of high glucose with a median of 
258 (162; 478)%, but this was not statistically confirmed (Fig. 3.2.3.2 A). 
 

A                                                           B 

 

C 
Fig. 3.2.3.2 A – C: DHA-ME and glucose alone 

increase the mRNA amount of ACE2 (B) and 

Mas (C) in BRIN-BD11 cells after 24 h, 

whereas that of NEP (A) remains unaffected 

by DHA-ME. ACE2 mRNA amount is 

additionally up-regulated additively by the 

coadministration of both factors. For detailed 
experimental procedures see 2.2.1.2, 2.2.1.3 and 
2.2.4. mRNA amounts were determined via 
quantitative PCR. Data were evaluated and 
normalized to ribosomal protein L13A (Rpl13a) 
mRNA amount using ∆∆Cq method. All samples 
were cultured with 2% BSA and the same 
solvent concentration (0.1‰ EtOH). Shown are 
boxplots with medians, interquartile ranges and 
whiskers of seven independent experiments. 
* = p < 0.05; ** = p < 0.01; *** = p < 0.001 
compared to untreated solvent control at 
5.5 mM glucose (Co.) or as indicated. 
Abbreviations: ACE2 = angiotensin-converting 
enzyme 2; NEP = neutral endopeptidase 24.11; 
DHA-ME = docosahexaenoic acid methyl ester. 
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DHA-ME increased the amount of IRAP mRNA in BRIN-BD11 cells after 24 h at 5.5 mM 
glucose with a median of 120 (103; 152)%, whereas that of APN remained unaffected 
(Fig. 3.2.3.3 A and B). The untreated solvent control at 5.5 mM glucose was set at 100%. 
As already shown in 3.2.1, glucose augmented the mRNA amounts of IRAP and APN, 
which was confirmed again with these results. The medians of the samples treated with 
high glucose obtained 219 (177; 291)% in the case of IRAP or 153 (146; 180)% for APN, 
respectively (Fig. 3.2.3.3 A and B). The coadministration of DHA-ME and high glucose did 
not further increase APN mRNA amounts, whereas that of IRAP seemed to be slightly 
up-regulated in an additive manner, but this effect was not statistically confirmed 
(Fig. 3.2.3.3 A and B). 
 

A                                                      B 
 

 

Fig. 3.2.3.3 A and B: DHA-ME and high glucose alone increase the mRNA amount of IRAP (B) in 

BRIN-BD11 cells after 24 h, whereas that of APN (A) remains unaffected by DHA-ME. For detailed 
experimental procedures see 2.2.1.2, 2.2.1.3 and 2.2.4. mRNA amounts were determined via quantitative 
PCR. Data were evaluated and normalized to ribosomal protein L13A (Rpl13a) mRNA amount using ∆∆Cq 
method. All samples were cultured with 2% BSA and the same solvent concentration (0.1‰ EtOH). 
Shown are boxplots with medians, interquartile ranges and whiskers of five independent experiments. 
* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001 compared to untreated solvent control at 5.5 mM glucose (Co.) or 
as indicated. Abbreviations: IRAP = insulin-regulated aminopeptidase; APN = aminopeptidase N, 
DHA-ME = docosahexaenoic acid methyl ester. 

 
 
 
Based on the results presented in this chapter, it could be reasoned that DHA-ME alone 
increased the mRNA amounts of components of the ACE2/Ang-(1-7)/Mas axis, ACE2 and 
Mas, as well as of IRAP, the receptor of the second alternative RAS axis in BRIN-BD11 
cells after 24 h. This effect could be further amplified in an additive manner in all three 
cases by the coadministration of DHA-ME and high glucose, but this was only significant 
in the case of ACE2. The mRNA amounts of all other analysed components of the RAS, 
and especially all representatives of the main RAS axis and AT2R, were not affected by 
DHA-ME. A summary of these findings, describing how DHA-ME influenced the mRNA 
amounts of components of the RAS in BRIN-BD11 cells after 24 h, is illustrated in 
Fig. 3.2.3.4. 
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Fig. 3.2.3.4: Summary of changes of mRNA amounts of components of the renin-angiotensin system 

in BRIN-BD11 cells in response to DHA-ME after 24 h. Legend: green = mRNA amount of the related 
gene is up-regulated by DHA-ME; yellow = mRNA amount of the related gene is not affected by DHA-ME; 
grey arrow = mRNA amount of the related gene has not been analysed; AT1aR is not expressed in 
BRIN-BD11 cells. Abbreviations: APA/APN = aminopeptidases A and N, IRAP = insulin-regulated 
aminopeptidase, AGT = angiotensinogen, ACE = angiotensin-converting enzyme, NEP = neutral 
endopeptidase 24.11, AT1a/1b/2R = angiotensin ІІ type 1a/1b/2 receptor, Ang = angiotensin, 
DHA-ME = docosahexaenoic acid methyl ester. 
 
 
 
After it had been shown that DHA-ME altered the amount of ACE2 mRNA and the 
receptors of both alternative RAS axes, Mas and IRAP, the influence of DHA-ME on the 
protein amounts of Mas was analysed in BRIN-BD11 cells by western blot. 
 
Untreated solvent control at 5.5 mM glucose was set at 100%. DHA-ME decreased Mas 
protein amounts in BRIN-BD11 cells at 5.5 mM glucose after 24 h, at which the median 
obtained 33 (10; 74)%. This effect was abolished by the coadministration of DHA-ME 
and 25 mM glucose, at which the protein level reached maximum values with 
148 (129; 262)%. There was no statistically significant difference between the samples 
treated with high glucose alone and in combination with DHA-ME (Fig. 3.2.3.5). As 
already shown in 3.2.1, Mas protein amounts were increased by high glucose alone, 
which was confirmed again by this result, at which the median reached 131 (120; 157)% 
(Fig. 3.2.3.5). 
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Fig. 3.2.3.5: DHA-ME decreases 

the amount of Mas protein at low 

doses of glucose in BRIN-BD11 

cells after 24 h, whereas under 

high glucose conditions, the 

amount of Mas protein is not 

affected. For detailed experimental 
procedures see 2.2.1.2 and 2.2.5. 
40 µg of total protein were 
separated by SDS PAGE and 
visualized by western blot. Protein 
amounts were quantified using 
ImageJ and normalized to actin 
response. All samples were 
cultured with 2% BSA and the 
same solvent concentration (0.1‰ 
EtOH). Shown is one representative 
western blot out of four and the 
related boxplots with medians, 
interquartile ranges and whiskers. 
* = p < 0.05 compared to untreated 
solvent control at 5.5 mM glucose 
or as indicated. Abbreviations: 
DHA-ME = docosa-hexaenoic acid 
methyl ester. 

 
 
 

The amount of Mas protein was decreased by DHA-ME at low glucose concentrations but 
not affected under high glucose conditions in BRIN-BD11 cells after 24 h. This only 
confirms in part the corresponding RT-qPCR results; mRNA amounts of Mas were 
increased by DHA-ME at 5.5 mM glucose.  

 

3.3 Influences of the pathophysiologically relevant factors of the 

metabolic syndrome, glucose and fatty acids, on cell viability of 

BRIN-BD11 cells 

To exclude a negative effect of the used concentrations of glucose, palmitic acid and 
docosahexaenoic acid methyl ester on cell survival over a certain time period, Live/Dead 
assay was carried out. Live/Dead assay is a fluorometric method to visualize living 
(green) and dead cells (red). Living cells were stained by use of calcein-AM and dead 
cells with propidium iodide. This assay was performed with increasing concentrations of 
glucose (5.5, 11, 15, 25 and 50 mM) and PA (0, 0.025, 0.05, 0.1, 0.2 and 0.4 mM) as well 
as with 0.1 mM DHA-ME for 24 h. Fatty acids were dissolved in cell culture medium 
containing 5.5 mM glucose and 2% BSA. DHA-ME was additionally coadministrated with 
25 mM glucose. 
 
The glucose concentrations used in the present study were not cytotoxic in BRIN-BD11 
cells within 24 h. In fact, there were no more dead cells counted in high glucose-treated 
samples than in the control with 5.5 mM glucose. The fraction of dead cells in all glucose-
treated samples independent from the glucose concentration was in the range of 
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0.7 ± 0.1%. PA also did not negatively affect cell viability in BRIN-BD11 cells at any con-
concentration used in this study within 24 h. No sample exposed to palmitic acid 
differed in the number of dead cells from the untreated control. The average of dead 
cells by PA was 0.5 ± 0.4%. The same results were obtained by DHA-ME at low as well as 
at high glucose concentrations, at which the fraction of dead cells was in the range of 
0.9 ± 0.1%. One example of living (green) and dead BRIN-BD11 cells (red) of this assay is 
presented in Fig. 3.3 A. The average numbers of dead BRIN-BD11 cells after treatment 
with different concentrations of glucose, PA or 0.1 mM DHA-ME at 5.5 and 25 mM 
glucose are summarized in Fig. 3.3. B. 
 

A                                           B 
 
 
 
 
 
 
 
 

Fig. 3.3 A: Example of living (green) and dead BRIN-BD11 cells (red) stained with calcein 

acetoxymethyl ester and propidium iodide (40-fold magnification). B: Average number of dead 

BRIN-BD11 cells [(mean ± SEM)%] treated with either 5.5, 11, 15, 25, 50 mM glucose, or 0, 0.025, 

0.05, 0.1, 0.2, 0.4 mM palmitic acid at 5.5 mM glucose, or 0.1 mM docosahexaenoic acid methyl 

ester at 5.5 or 25 mM glucose for 24 h, respectively. For exact experimental procedures see 2.2.1.2, 
2.2.1.3 and 2.2.1.5. 20,000 BRIN-BD11 cells were cultured per well of a 96-well plate. Cell viability was 
analysed fluorometrically with a Zeiss fluorescence microscope IX 70 (10-fold magnification) by counting 
the living and dead cells of the whole well.  

 
 
 
Neither glucose nor PA or DHA-ME negatively affected cell viability of BRIN-BD11 cells 
after 24 h at any concentration used in this work. Therefore, all data obtained in the 
present study with these agents were not due to reduced cell viability. 

 

3.4 Influences of the pathophysiologically relevant factors of the 

metabolic syndrome, glucose and fatty acids, on β-cell function 

After it had been shown that components and axes of the RAS were differentially 
expressed in response to diverse factors, glucose, PA and DHA-ME, the influence of these 
factors on β-cell function was analysed. 

 

3.4.1 Influence of glucose on β-cell function 

As shown in 3.2.1, glucose caused an increase of mRNA amounts of components of the 
alternative RAS axes ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP in BRIN-BD11 cells 
after 24 h. In contrast, components of the main, classical RAS axis ACE/Ang II/AT1R and 
the AT2R remained unaffected. Additionally, amounts of Mas protein were increased by 
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glucose. In order to analyse how glucose influences β-cell function under the same con-
conditions, insulin production (mRNA and endogenous protein) was determined in 
BRIN-BD11 cells by the use of RT-qPCR and western blot. 
 
Glucose increased amounts of insulin 1 and 2 mRNA dose-dependently in BRIN-BD11 
cells after 24 h (Fig. 3.4.1.1 A and B). The control at 5.5 mM glucose was set at 100% and 
the increase was already significant at 11 mM glucose for both insulin genes, in which 
the medians reached 389 (352; 412)% for insulin 1 and 415 (203; 510)% for insulin 2. 
 

A                                                       B 

 
Fig. 3.4.1.1 A and B: Glucose increases the mRNA amounts of insulin 1 (A) and 2 (B) in a dose-

dependent manner in BRIN-BD11 cells after 24 h. For detailed experimental procedures see 2.2.1.2, 
2.2.1.3 and 2.2.4. mRNA amounts were determined via quantitative PCR. Data were evaluated and 
normalized to ribosomal protein L13A (Rpl13a) mRNA amount using ∆∆Cq method. Shown were boxplots 
with medians, interquartile ranges and whiskers of five independent experiments. ** = p < 0.01 compared 
to control (Co. = 5.5 mM glucose). 
 
 
Glucose not only increased insulin 1 and 2 mRNA amounts, it also up-regulated the 
amount of insulin protein in BRIN-BD11 cells after 24 h (Fig. 3.4.1.2). The control at 
5.5 mM glucose was set at 100% and the amount of insulin protein was significantly 
increased already at 11 mM glucose, at which the median obtained 168 (137; 245)%. 
The augmentation was dose-dependent up to 25 mM glucose. At very high glucose 
concentrations (50 mM) the protein amount at which the median obtained 
317 (155; 549)% seemed to decrease again (Fig. 3.4.1.2). The amount of insulin protein 
at 15 mM glucose was not significantly up-regulated, because of the large variance of the 
data. 
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Fig. 3.4.1.2: Glucose increases 

protein amounts of insulin in a 

dose-dependent manner in 

BRIN-BD11 cells after 24 h. For 
detailed experimental procedures see 
2.2.1.2, 2.2.1.3 and 2.2.5. Of the total 
protein 40 µg were separated by SDS 
PAGE and visualized by western blot. 
Protein amounts were quantified 
using ImageJ and were normalized to 
ribosomal protein, large, P0 (RPLP0) 
response. Shown is one 
representative western blot out of 
four and the related boxplots with 
medians, interquartile ranges and 
whiskers. * = p < 0.05 compared to 
control (Co. = 5.5 mM glucose). 
 
 
 
 

 
 
After it had been shown that glucose increased insulin mRNA and protein amounts in 
BRIN-BD11 cells, the glucose-stimulated insulin secretion was determined by use of 
ELISA. 
 
Glucose increased insulin secretion in BRIN-BD11 cells after 20 min in a dose-dependent 
manner (Fig. 3.4.1.3). The untreated control (5.5 mM glucose) was set at 100%. The 
positive control was incubated with 40 mM KCl/15 mM glucose and the increase of 
insulin secretion was already significant at 11 mM glucose with a mean of 172 ± 31% 
(Fig. 3.4.1.3). 

 
 

Fig. 3.4.1.3: Glucose increases insulin 

secretion in a dose-dependent manner in 

BRIN-BD11 cells after 20 min. For detailed 
experimental procedures see 2.2.1.2 – 2.2.1.4 
and 2.2.5.5. Cells were stimulated for 20 min 
with different glucose concentrations or 
40 mM KCl and 15 mM glucose. Supernatants 
were collected and analysed by an 
ultrasensitive insulin ELISA. Shown are bars 
with means + SEM of more than twelve 
independent experiments. 100% = 0.13 µg/l 
insulin. ** = p < 0.01 compared to control 
(Co. = 5.5 mM glucose). 
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Glucose increased dose-dependently the insulin response in BRIN-BD11 cells, which was 
confirmed on the mRNA and protein level as well as by insulin secretion. 

 

3.4.2 Influence of PA on β-cell function 

After it had been shown that PA enhanced the mRNA amounts of AT2R and the receptor 
of the main classical RAS axis, AT1R, and down-regulated those of the receptor of the 
ACE2/Ang-(1-7)/Mas axis instead, the influence of PA on β-cell function was 
determined. BRIN-BD11 cells were incubated with increasing concentrations of PA at 
5.5 mM glucose for 24 h. Insulin mRNA amounts and secretion served as read-outs and 
were analysed by the use of RT-qPCR or ELISA, respectively. 
 
PA decreased the amounts of insulin 1 and 2 mRNA in a dose-dependent manner in 
BRIN-BD11 cells after 24 h (Fig. 3.4.2.1 A and B). The untreated solvent control was set 
at 100% and the decrease was already significant at 0.025 mM PA for insulin 2 with a 
median of 70 (60; 73)% and at 0.05 mM PA in the case of insulin 1, at which the median 
obtained 61 (56; 92)%. 
 

A                                                        B 

 
Fig. 3.4.2.1 A and B: Palmitic acid decreases the amounts of insulin 1 (A) and 2 (B) mRNA in a dose-

dependent manner in BRIN-BD11 cells after 24 h. For detailed experimental procedures see 2.2.1.2, 
2.2.1.3 and 2.2.4. mRNA amounts were determined via quantitative PCR. Data were evaluated and 
normalized to ribosomal protein L13A (Rpl13a) mRNA amount using ∆∆Cq method. All samples were 
cultured with 5.5 mM glucose, 2% BSA and the same solvent concentration (0.4% EtOH). Shown are 
boxplots with medians, interquartile ranges and whiskers of seven independent experiments. * = p < 0.05; 
** = p < 0.01; *** = p < 0.001 compared to each untreated solvent control (Co.). 

 
 
 
After it had been shown that PA decreased the mRNA amount of insulin, the influence of 
the fatty acid PA on the long-term insulin secretion of BRIN-BD11 cells was analysed. 
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Palmitic acid dose-dependently down-regulated the insulin secretion in BRIN-BD11 cells 
after 24 h (Fig. 3.4.2.2). The untreated solvent control was set at 100% and the decrease 
became significant for the first time at 0.05 mM PA, at which the mean reached 86 ± 6%. 
At the highest concentration of PA the insulin secretion was even down-regulated to 
31 ± 5% (Fig. 3.4.2.2). 

 
 

 
Fig. 3.4.2.2: Palmitic acid decreases insulin 

secretion in a dose-dependent manner in 

BRIN-BD11 cells after 24 h. For detailed 
experimental procedures see 2.2.1.2 – 2.2.1.4 
and 2.2.5.5. Cells were stimulated for 24 h with 
different palmitic acid concentrations. 
Supernatants were collected and analysed by 
insulin ELISA. All samples were cultured with 
5.5 mM glucose, 2% BSA and the same solvent 
concentration (0.4% EtOH). Shown are bars 
with means + SEM of more than twelve 
independent experiments. 100% = 10.1 µg/l 
insulin. * = p < 0.05; ** = p < 0.01; 
*** = p < 0.001 compared to untreated solvent 
control (Co.). 

 
 
 
In conclusion, PA negatively influenced β-cell function by decreasing the mRNA amount 
of insulin and insulin secretion. 

 

3.4.3 Influence of DHA-ME on β-cell function 

In chapter 3.2.3 it was shown that DHA-ME increased the mRNA amounts of ACE2, Mas 
and IRAP, members of alternative RAS axes. Interestingly, the amount of Mas protein 
was down-regulated by DHA-ME at low glucose, but it was not affected at high glucose 
concentrations. In order to analyse the influence of DHA-ME on β-cell function under the 
same conditions, the insulin mRNA amount and insulin secretion was determined in 
BRIN-BD11 cells using RT-qPCR or ELISA, respectively. 
 
DHA-ME did not affect the amounts of insulin 1 or 2 mRNA in BRIN-BD11 cells after 
24 h, either at low or at high glucose concentrations (Fig. 3.4.3.1 A and B). Untreated 
solvent control of each gene at 5.5 mM glucose was set at 100%. As already mentioned 
in 3.4.1, glucose increased mRNA amounts of insulin 1 and 2, which was again confirmed 
with these results, in which the medians reached 647 (528; 937)% and 
988 (725; 1283)% respectively (Fig. 3.4.3.1 A and B). In the samples coincubated with 
both factors, DHA-ME seemed to slightly attenuate the up-regulating effect of high 
glucose on mRNA amounts of insulin 1 and 2 with a median of 467 (245; 694)% and 
872 (613; 1575)% respectively (Fig. 3.4.3.1 A and B). However, this effect was not 
confirmed statistically. 
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A                                                      B 

 

Fig. 3.4.3.1 A and B: DHA-ME does not affect insulin 1 (A) or 2 (B) mRNA amounts in BRIN-BD11 

cells after 24 h, either at low or at high glucose concentrations. For detailed experimental procedures 
see 2.2.1.2, 2.2.1.3 and 2.2.4. mRNA amounts were determined via quantitative PCR. Data were evaluated 
and normalized to ribosomal protein L13A (Rpl13a) mRNA amount using ∆∆Cq method. All samples were 
cultured with 2% BSA and the same solvent concentration (0.1‰ EtOH). Shown are boxplots with 
medians, interquartile ranges and whiskers of nine independent experiments. *** = p < 0.001 compared to 
each untreated solvent control at 5.5 mM glucose (Co.). Abbreviations: DHA-ME = docosahexaenoic acid 
methyl ester. 

 
 
 
After it had been shown that DHA-ME did not affect insulin mRNA amounts in 
BRIN-BD11 cells after 24 h, the influence on long-term insulin secretion was analysed. 
 
DHA-ME decreased insulin secretion in BRIN-BD11 cells after 24 h at low glucose 
concentrations and this effect was abolished under high glucose conditions (Fig. 3.4.3.2). 
Untreated solvent control at 5.5 mM glucose was set at 100%. DHA-ME decreased 
insulin secretion to 64 ± 6% at 5.5 mM glucose in BRIN-BD11 cells after 24 h 
(Fig. 3.4.3.2). High glucose increased insulin secretion after 24 h, at which the mean 
obtained 140 ± 24% (Fig. 3.4.3.2). The insulin secretion of the samples coincubated with 
DHA-ME and high glucose seemed even up-regulated compared to 25 mM glucose alone 
with a mean of 170 ± 47%, but this effect was not confirmed statistically (Fig. 3.4.3.2). 
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Fig. 3.4.3.2: DHA-ME decreases insulin 

secretion at low glucose concentrations, 

an effect which is abolished under high 

glucose conditions in BRIN-BD11 cells 

after 24 h. For detailed experimental 
procedures see 2.2.1.2 – 2.2.1.4 and 2.2.5.5. 
Cells were treated for 24 h with DHA-ME 
and/or 25 mM glucose as indicated. 
Supernatants were collected and analysed 
by insulin ELISA. All samples were cultured 
with 2% BSA and the same solvent 
concentration (0.1‰ EtOH). Shown are 
bars with means + SEM of more than twelve 
independent experiments. 100% = 6.9 µg/l 
insulin. * = p < 0.05; *** = p < 0.001 
compared to untreated solvent control at 
5.5 mM glucose (Co.) or as indicated. 
Abbreviations: DHA-ME = docosahexaenoic 
acid methyl ester. 
 

 
 

3.5 Influences of the pathophysiologically relevant factors of the 

metabolic syndrome, glucose and fatty acids, on ROS-generation 

in BRIN-BD11 cells 

In the present study, the so far used pathophysiologically relevant factors of the 
metabolic syndrome, glucose and the fatty acids PA and DHA-ME were shown to exert 
different actions on parameters of β-cell function. In order to analyse the influence of 
these factors on ROS-generation, a method based on the oxidation of DCFH was initially 
used in BRIN-BD11 cells. Nonfluorescent DCFH is oxidized by ROS to highly fluorescent 
2′,7′-dichlorofluorescein inside the cell. 
 
Untreated solvent control at 5.5 mM glucose after 30 min of incubation was set at 100% 
and glucose oxidase served as a positive control in this assay. GOD is an enzyme that 
produces hydrogen peroxide through the oxidation of β-D-glucose to D-gluconolactone. 
Fluorescence intensity was measured after 30 min of incubation. Longer exposures (1 
and 2 h) did not lead to a different result (data not shown).  

The positive control with GOD strongly enhanced the fluorescence intensity at 
low (4,969 ± 1,548%) and high glucose concentrations (10,623 ± 2,641%) in BRIN-BD11 
cells after 30 min (Fig. 3.5 A). DHA-ME substantially increased ROS-formation 
independently of the glucose concentration: Under low and high glucose conditions the 
relative fluorescence intensity reached 7,739 ± 1,725% or 7,544 ± 1,595% respectively 
(Fig. 3.5 A). Neither high glucose alone nor PA at 5.5 or 25 mM glucose enhanced DCFH 
oxidation compared to untreated solvent control (Fig. 3.5 A). 
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A 
Fig. 3.5 A: 0.1 mM DHA-ME substantially 

augments ROS-generation in BRIN-BD11 cells 

after 30 min, whereas 25 mM glucose and 

0.1 mM PA do not affect formation of ROS. For 
detailed experimental procedure see 2.2.1.6. 
Fluorescence intensity was measured at an 
excitation wavelength of 480 nm and an emission 
wavelength of 530 nm. All samples were cultured 
with 2% BSA and the same solvent concentration 
(0.1% EtOH). Shown are bars with means + SEM of 
more than twelve independent experiments. 
*** = p < 0.001 compared to untreated solvent 
control (Co.) at 5.5 mM glucose. Abbreviations: 
DHA-ME = docosahexaenoic acid methyl ester, 
ROS = reactive oxygen species, GOD = glucose 
oxidase, PA = palmitic acid. 
 

 
 
 
After a relatively short time of incubation (30 min – 2 h), DHA-ME substantially 
increased ROS-generation in BRIN-BD11 cells. In contrast, PA and high glucose did not 
significantly enhance ROS-formation during this period of time. 
 
The determination of ROS by DCFH-DA is a common, general method to detect ROS, 
including H2O2. However, to detect solely H2O2 and to identify the compartment of H2O2-
formation, a second method using BRIN-BD11 cells that express compartment-specific 
H2O2-sensitive fluorescent proteins HyPer-Cyto, HyPer-Mito or HyPer-Peroxi was 
adopted. 
 
Samples incubated with 50 µM H2O2, 5.5 or 25 mM glucose served as positive, low or 
high glucose controls, respectively. Statistical comparisons were related to control of 
low glucose or as indicated.  

Fluorescence intensity of HyPer-Cyto at 5.5 mM glucose was set at 100 %. The 
positive control increased the fluorescent signal in the cytosol, mitochondrion and 
peroxisome of BRIN-BD11 cells after 30 min with means of 348.6 ± 9.9 %, 191.9 ± 6.3% 
and 265.0 ± 8.4% (Fig. 3.5 B). There were statistically significant differences in the 
fluorescence intensities independent of the stimulus between the different 
compartments (significance levels not shown). The fluorescence intensities of the 
cytosol and peroxisome were higher than in the mitochondrion (Fig. 3.5 B). The highest 
fluorescence intensity was detected in the cytosol (Fig. 3.5 B). PA did not increase the 
H2O2-production in any analysed compartment, either at low, or at high glucose 
concentrations in BRIN-BD11 cells after 30 min (Fig. 3.5 B). There was also no 
significant increase in the amount of H2O2 in BRIN-BD11 cells expressing HyPer-Cyto, 
HyPer-Mito or HyPer-Peroxi after treatment with 25 mM glucose after 30 min of 
incubation (Fig. 3.5 B). DHA-ME significantly enhanced the H2O2-production in all three 
compartments at 5.5 mM glucose and this effect could be further enhanced at high 
glucose concentrations in BRIN-BD11 cells expressing the HyPer protein after 30 min of 
incubation (Fig. 3.5 B). More precisely, the relative fluorescence intensity measured in 
BRIN-BD11 cells transfected with either HyPer-Cyto, HyPer-Mito or HyPer-Peroxi 
induced by DHA-ME was 130.2 ± 2.0%, 119.2 ± 1.0% or 126.1 ± 1.8% at low glucose and 
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155.2 ± 3.1%, 125.0 ± 1.1% or 141.3 ± 2.7% at high glucose concentrations, respectively 
(Fig. 3.5 B). 

 
 

B 

 

Fig. 3.5 B: 0.1 mM DHA-ME enhances H2O2-production in BRIN-BD11 cells expressing HyPer-Cyto, 

HyPer-Mito or HyPer-Peroxi after 30 min, whereas 25 mM glucose and 0.1 mM PA do not affect 

formation of H2O2. For detailed experimental procedure see 2.2.1.6. Fluorescence intensity was 
measured at the two excitation wavelengths of 415 and 500 nm and the emission wavelength of 516 nm. 
The relative amount of compartiment specific H2O2-production was determined using a ratiomeric 
evaluation of both wavelengths pairs (415/516 nm and 500/516 nm). All samples were cultured with 2% 
BSA and the same solvent concentration (0.1% EtOH), except of samples treated with hydrogen peroxide. 
Relative fluorescence intensity of BRIN-BD11 cells expressing the different HyPer proteins treated with 
50 µM H2O2 served as positive controls. Shown are bars with means + SEM of more than twelve 
independent experiments. *** = p < 0.001 compared to each untreated solvent control (Co.) at 5.5 mM 
glucose or as indicated. Abbreviations: DHA-ME = docosahexaenoic acid methyl ester, PA = palmitic acid, 
HyPer-Cyto,-Mito or -Peroxi = expression of the HyPer protein in the cytosol, mitochondrion or 
peroxisome. 
 
 
 
With the aid of the second method to detect H2O2 (HyPer), it could be concluded that 
DHA-ME significantly enhanced H2O2-production in BRIN-BD11 cells in the cytosol, 
mitochondrion and peroxisome at 5.5 mM glucose after 30 min. This effect could be 
further enhanced at high glucose concentrations. In contrast, PA and high glucose did 
not significantly increase H2O2-formation during this period of time. 
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3.6 Correlations of the expressions of components of the 

ACE2/Ang-(1-7)/Mas axis with parameters of β-cell function 

From the results of the chapters 3.2 and 3.4 it is suspicious that ACE2 and Mas mRNA 
and/or protein amounts (3.2.1 – 3.2.3) were still concomitant with accordant insulin 
mRNA amounts and/or secretion in BRIN-BD11 cells after stimulation with glucose, PA 
or DHA-ME (3.4.1 – 3.4.3). Therefore, on the one hand, correlations of dose-dependent 
expressions and/or secretion of either insulin or components of the RAS in response to 
glucose and PA were statistically verified and shown in Fig. 3.6 A and B. On the other 
hand, correlation analyses of glucose- and fatty acid-induced mRNA amounts of the main 
components of the ACE2/Ang-(1-7)/Mas axis and insulin were performed; these are 
summarized in Tab. 3.6. 
 
Glucose dose-dependently increased mRNA amounts of ACE2 and Mas, while 
simultaneously insulin 1 and 2 mRNA and insulin secretion increased in the same way. 
Each correlation was significant with a correlation coefficient r of at least 0.9787 
(Fig. 3.6 A). Mas, as well as insulin protein amounts dose-dependently increased up to 
25 mM glucose and decreased again at 50 mM glucose. The corresponding correlation 
coefficient r was 0.4725 for Mas and 0.9341 for insulin protein amounts including the 
50 mM glucose values. If the 50 mM glucose values were excluded the correlation 
coefficient r was 0.9453 or 0.9872, respectively (Fig. 3.6 A). The dose-dependent effect 
of glucose on the amount of Mas protein was almost significant with p = 0.0547 
excluding the 50 mM glucose-value (Fig. 3.6 A).  

PA dose-dependently influenced ACE2, Mas and insulin 1 and 2 mRNA amounts, 
as well as insulin secretion in the opposite direction as glucose did. Correlation 
coefficients r of the dose-dependent influence of PA on the mRNA amounts of ACE2, Mas 
and insulin 1 and 2, as well as on the insulin secretion were at least -0.8237 (Fig. 3.6 B). 
The correlation coefficient for the dose-dependent effect of PA on the amount of Mas 
protein was slightly smaller (r = -0.6364) (Fig. 3.6 B). 
 

A 
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B 

 

Fig. 3.6 A and B: Correlation of dose-dependent alterations of the mRNA and protein amounts of 

components of the ACE2/angiotensin-(1-7)/Mas axis and insulin production and secretion by 

glucose (A) as well as by palmitic acid (B) in BRIN-BD11 cells. A: Glucose increases ACE2-, Mas- and 
insulin 1 and 2 mRNA amounts as well as Mas- and insulin protein amounts and insulin secretion in 
BRIN-BD11 cells dose-dependently from 5.5 to 25 mM or even 50 mM glucose with a correlation 
coefficient r of at least 0.9453. B: PA decreases the analysed parameters in a dose-dependent manner with 

a correlation coefficient r of at least -0.6364. For detailed information see figure legends 3.2.1 – 3.2.2 and 

3.4.1 – 3.4.2. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. Abbreviations: w/o = without, PA = palmitic acid, 
ACE2 = angiotensin-converting enzyme 2. 

 
 
 
After the dose-dependent regulation of the expressions or the secretion of either the 
components of the ACE2/Ang-(1-7)/Mas RAS axis or of insulin by glucose and palmitic 
acid had been statistically confirmed, correlation comparisons of the mRNA amounts of 
the components of the ACE2/Ang-(1-7)/Mas axis and insulin 1 and 2 were performed.  
 
Glucose-induced mRNA amounts of components of the ACE2/Ang-(1-7)/Mas axis 
significantly correlated with that of insulin 1 and 2 with r ≥ 0.95 (Tab. 3.6). Similarly, PA-
induced mRNA amounts of the same RAS components correlated significantly with that 
of insulin 1 and 2 with a correlation coefficient r of at least 0.82 in nearly all cases 
(Tab. 3.6). The PA-induced amount of Mas mRNA correlated with that of insulin 2 only 
with r = 0.69 (Tab. 3.6). Correlation coefficients r and p-values of the correlation 
comparisons of the mRNA amounts of components of the ACE2/Ang-(1-7)/Mas axis and 
insulin in BRIN-BD11 cells after stimulation with glucose and PA are summarized in 
Tab. 3.6. Data of DHA-ME could not be analysed by a correlation test, because more than 
four values in one single data row are required to do so.  
 
 
 
 



Results 

70 

Table 3.6: mRNA amounts of components of the ACE2/Ang-(1-7)/Mas axis correlate with glucose- 

and palmitic acid-induced alterations of insulin mRNA amounts to a large extent. 
 

 

 
 

Table 3.6: Correlation comparisons of mRNA amounts of Mas, ACE2 and insulin 1 and 2 with each other in 
BRIN-BD11 cells after treatment with different glucose or palmitic acid concentrations for 24 h. For 

detailed information see figure legends 3.2.1 – 3.2.2 and 3.4.1 – 3.4.2. Abbreviations: ACE2 = angiotensin-
converting enzyme 2, r = correlation coefficient. 

 
 
 
In conclusion, results of this study presented so far provided indications for the 
involvement of the ACE2/Ang-(1-7)/Mas axis in islet function. To get further insights 
into the role of this RAS axis on β-cell function, a Mas k.o. model was used. 

 

3.7 Influence of Mas deficiency on mRNA amounts of RAS 

components in isolated islets 

After it had been shown that ACE2 and Mas expressions strongly correlated with 
parameters of islet function, such as insulin secretion and production, the 
ACE2/Ang-(1-7)/Mas axis was brought into focus of this work. In order to find out if this 
RAS axis influences β-cell-signalling and function, a Mas k.o. mouse-model was used. 
Before the consequences of the ablation of Mas on β-cell function were analysed, the 
influence of Mas deficiency on the mRNA amounts of the components of the renin-
angiotensin system in isolated mouse islets was examined by the use of RT-qPCR. For 
this experiment isolated islets were cultured in cell culture medium containing 5.5 mM 
glucose for 24 h, before the RNA was isolated. 
 
The mRNA amount of each analysed component of the RAS of isolated wild type islets 
was set at 100%. Mas deficiency caused a slight increase in the amount of AT1aR mRNA 
in isolated islets with a median of 114 (111; 181)%, whereas those of ACE, AT1bR and 
AT2R remained unaffected (Fig. 3.7.1). There was a tendency to a slight decrease of 
AT2R mRNA amount in Mas k.o. islets (p = 0.0556), whereas in the case of AT1bR the 
data varied too much to achieve a tendency of down-regulation or even statistical 
significance (Fig. 3.7.1).  

Glucose

Mas Insulin 1 Insulin 2 ACE2
Mas r = 0.99/p = 0.002 r = 0.97/p = 0.006 r = 0.99/p < 0.001
Insulin 1 r = 0.99/p = 0.002 r = 0.99/p < 0.001 r = 0.97/p = 0.006
Insulin 2 r = 0.97/p = 0.006 r = 0.99/p < 0.001 r = 0.95/p = 0.014
ACE2 r = 0.99/p < 0.001 r = 0.97/p = 0.006 r = 0.95/p = 0.014

mRNA

Correlation coefficient  r /p -value 

Palmitic acid

Mas Insulin 1 Insulin 2 ACE2
Mas r = 0.86/p = 0.027 r = 0.69/p = 0.126 r = 0.86/p = 0.029
Insulin 1 r = 0.86/p = 0.027 r = 0.95/p = 0.004 r = 0.87/p = 0.026
Insulin 2 r = 0.69/p = 0.126 r = 0.95/p = 0.004 r = 0.82/p = 0.047
ACE2 r = 0.86/p = 0.029 r = 0.87/p = 0.026 r = 0.82/p = 0.047

Correlation coefficient  r /p -value 

mRNA
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Besides the classical RAS axis and AT2R, the influence of Mas deficiency on the mRNA 
amounts of components of the alternative ACE2/Ang-(1-7)/Mas and APN/Ang IV/IRAP 
RAS axes was analysed.  

In isolated islets of Mas k.o. mice ACE2 and NEP mRNA amounts were decreased 
at which the medians obtained 36 (22; 53)% and 52 (38; 76)% respectively (Fig. 3.7.1). 
In contrast, mRNA amounts of APN and IRAP, members of the second alternative RAS 
axis, remained unaffected in Mas k.o. islets (Fig. 3.7.1). 
 

A 
 

 
Fig. 3.7.1: The influence of Mas deficiency on mRNA amounts of selected components of all three 

RAS axes in isolated islets. ACE/Ang II/AT1R axis and AT2R (clear boxplots): Mas deficiency (-/-) causes 
a slight increase in the amount of AT1aR mRNA in isolated mouse islets, whereas mRNA amounts of ACE, 
AT1bR and AT2R remain unaffected or even show a tendency of down-regulation in the case of AT2R. The 
alternative RAS axes ACE2/Ang-(1-7)/Mas (squared boxplots) and APN/Ang IV/IRAP (striped): In 
isolated islets of Mas knock-out mice, ACE2 and NEP mRNA amounts are decreased, whereas those of APN 
and IRAP remain unaffected. Islets from two mice were isolated for one sample, islets were cultivated for 
24 h in cell culture medium containing 5.5 mM glucose, total RNA of the islets was prepared and 500 ng 
were reverse transcribed. mRNA amounts were determined via quantitative PCR. Data were evaluated 
and normalized to ribosomal protein, large, P0 (P0) mRNA amount using ∆∆Cq method. Shown are 
boxplots with medians, interquartile ranges and whiskers of five independent experiments. * = p < 0.05 
compared to wild type (+/+) islets. Abbreviations: RAS = renin-angiotensin system, Ang = angiotensin, 
ACE= angiotensin-converting enzyme, AT1a/1b/2R = angiotensin II type 1a/1b/2 receptor, NEP = neutral 
endopeptidase 24.11, APN = aminopeptidase N, IRAP = insulin-regulated aminopeptidase. 
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In isolated islets of Mas k.o. mice mRNA amounts of ACE2 and NEP were decreased, 
whereas that of AT1aR was increased instead. Other analysed components of the RAS 
were not significantly altered in their mRNA amount in Mas-deficient islets. A summary 
of all these findings is illustrated in Fig. 3.7.2. 

Fig. 3.7.2: Summary of changes of mRNA amounts of components of the renin-angiotensin system 

in isolated islets of Mas knock-out compared to wild type mice. Legend: green = mRNA amount of the 
related gene is up-regulated in Mas knock-out islets; red = mRNA amount of the related gene is down-
regulated in Mas knock-out islets; yellow = mRNA amount of the related gene is not affected in Mas knock-
out islets; grey arrow = mRNA amount of the related gene has not been analysed. Abbreviations: 
APA/APN = aminopeptidases A and N, IRAP = insulin-regulated aminopeptidase, AGT = angiotensinogen, 
ACE = angiotensin-converting enzyme, NEP = neutral endopeptidase 24.11, AT1a/1b/2R = angiotensin ІІ 
type 1a/1b/2 receptor, Ang = angiotensin. 

 

3.8. Does the ACE2/Ang-(1-7)/Mas axis influence islet function? 

Two main conclusions could be drawn from previous results. First, expressions of 
components of the ACE2/Ang-(1-7)/Mas axis correlated with insulin production and 
secretion in the rat insulinoma cell line BRIN-BD11. Secondly, mRNA amounts of 
components of the same RAS axis were decreased in isolated islets of Mas k.o. mice. 
Thus, the influence of the ACE2/Ang-(1-7)/Mas RAS axis on parameters of β-cell 
function was analysed in isolated mouse islets.  
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3.8.1 Influence of Mas deficiency on insulin secretion and production 

Insulin secretion, the main parameter for islet function, of isolated islets of wild type, 
Mas heterozygous and k.o. mice was determined using ELISA. 
 
The long-term insulin secretion (24 h at 5.5 mM glucose) of Mas heterozygous and k.o. 
islets was decreased (Fig. 3.8.1.1). Insulin secretion of WT islets was set at 100%. The 
insulin secretion of Mas heterozygous or k.o. islets was reduced to 59.5 ± 8.4% or even 
to 30.1 ± 6.0% respectively (Fig. 3.8.1.1). There was also a significant difference between 
long-term insulin secretion of Mas heterozygous and k.o. islets (Fig. 3.8.1.1). 
 

 

Fig. 3.8.1.1: Long-term insulin secretion (24 h, 

5.5 mM glucose) of isolated islets of Mas 

heterozygous and knock-out mice is reduced. 

For detailed experimental procedures see 2.2.2.2, 
2.2.2.3 and 2.2.5.5. Insulin secretion of five islets 
per sample was analysed by insulin ELISA. 
Shown are bars with means + SEM of more than 
twelve independent experiments. * = p < 0.05; 
** = p < 0.01; *** = p < 0.001 compared to +/+ or 
as indicated. Abbreviations: +/+ = isolated islets 
of wild type mice; +/- = isolated islets of Mas 
heterozygous mice; -/- = isolated islets of Mas 
knock-out mice. 

 
 
 

 
 
After it had been shown that the long-term insulin secretion of isolated islets of Mas 
heterozygous and k.o. mice was reduced, the influence of Mas deficiency on short-term 
glucose-stimulated insulin secretion was analysed. 
 
The insulin response of the positive control (40 mM KCl/5 mM glucose) of WT islets was 
set at 100% (Fig. 3.8.1.2). WT islets treated with 2.8 mM glucose secreted 16-fold less 
insulin than those stimulated with KCl. These WT islets were also able to respond to 
high glucose with a 20 mM/2.8 mM glucose-stimulated insulin secretion-ratio of 8 
(Fig. 3.8.1.2). The corresponding ratios of KCl/2.8 mM glucose and of 20 mM/2.8 mM 
glucose were 22 and 15 in Mas heterozygous or 13 and 9 in k.o. islets, respectively 
(Fig. 3.8.1.2). The insulin secretion of KCl-treated islets of Mas heterozygous and k.o. 
mice was reduced to 48.7 ± 7.5% and 42.5 ± 2.6% respectively (Fig. 3.8.1.2). Similar 
results were obtained under low (2.8 mM) as well as high glucose conditions (20 mM). 
The basal insulin secretion of Mas heterozygous and k.o. islets was significantly reduced 
to 2.2 ± 0.3% and 3.2 ± 0.4% compared to corresponding WT response with 6.4 ± 1.3% 
respectively (Fig. 3.8.1.2). The glucose-stimulated insulin secretion of Mas heterozygous 
and k.o. islets was significantly reduced to 32.3 ± 2.3% and 27.8 ± 3.8% compared to 
corresponding WT response with 52.8 ± 6.1% respectively (Fig. 3.8.1.2). There was no 
statistically significant difference in insulin secretion between Mas heterozygous and 
k.o. islets either within the KCl-treated positive controls or at low or high glucose 
concentrations (Fig. 3.8.1.2). 
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Fig. 3.8.1.2: Insulin secretion of isolated islets of Mas heterozygous and knock-out mice is reduced 

in response to KCl, low and high glucose concentration. For detailed experimental procedures see 
2.2.2.2, 2.2.2.3 and 2.2.5.5. Insulin secretion of five islets per sample, treated with 2.8 or 20 mM glucose or 
40 mM KCl/5 mM glucose, was analysed by insulin ELISA. Shown are bars with means + SEM of more than 
twelve independent experiments. * = p < 0.05; ** = p < 0.01; *** = p < 0.001 each stimulation compared to 
corresponding wild type response or as indicated. Abbreviations: +/+ = isolated islets of wild type mice; 
+/- = isolated islets of Mas heterozygous mice; -/- = isolated islets of Mas knock-out mice. 

 
 
 
The previous results of this chapter demonstrated decreased long- and short-term 
insulin secretion of Mas heterozygous and k.o. compared to WT islets. However, the 
glucose responsiveness in glucose-stimulated insulin secretion was preserved. In order 
to analyse whether the insulin production is reduced in these islets, too, the endogenous 
insulin concentration was analysed using ELISA. For this experiment isolated islets were 
cultured in cell culture medium containing 5.5 mM glucose for 48 h, before the proteins 
were isolated. 
 
The extent of endogenous insulin production in isolated islets measured after 48 h 
appeared to be dependent on the gene dosage of Mas (number of alleles). The insulin 
protein amount in isolated islets of WT mice was set at 100%. In Mas heterozygous 
islets, the endogenous insulin level was reduced to 66.5 (49.8; 80.8)% and in k.o. islets 
even to 43.1 (30.6; 59.7)% (Fig. 3.8.1.3). However, this effect was only significant for 
Mas k.o. islets. There was no significant difference in endogenous insulin concentrations 
between Mas heterozygous and k.o. islets (Fig. 3.8.1.3). 
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Fig. 3.8.1.3: In isolated islets of Mas 

heterozygous and knock-out mice amounts of 

endogenous insulin are reduced after 48 h at 

5.5 mM glucose. 80 islets were lysed in modified 
RIPA buffer, brought up to the same protein 
concentration and the endogenous insulin amount 
was analysed by ELISA. Shown are boxplots with 
medians, interquartile ranges and whiskers of 
four independent experiments. * = p < 0.05 
compared to +/+. Abbreviations: +/+ = isolated 
islets of wild type mice; +/- = isolated islets of Mas 
heterozygous mice; -/- = isolated islets of Mas 
knock-out mice. 

 
 
 
 

 
 
A second proof of principle for diminished insulin concentrations in islets of Mas k.o. 
mice provided the immunofluorescence staining of mouse pancreas against insulin. 
 
Islets of WT mice exhibited a bright insulin-specific immunofluorescence, whereas those 
of Mas k.o. mice were very pale under the same staining conditions and calibrations of 
the microscope (Fig. 3.8.1.4 A and B). During optimization, the insulin antibody was 
titrated in the immunohistochemistry until differences in the intensity of the staining in 
between the two phenotypes, WT and Mas k.o., were strongest. Therefore, at higher 
antibody concentrations the insulin staining in the islets of Mas k.o. mice also became 
visible. The control stainings with secondary antibody coupled with Cy2 (green) lacking 
the first antibody were very pale, indicating that the unspecific staining was marginal 
(Fig. 3.8.1.4 C and D). 
 

A 
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C 

 
 

D 

 
 

Fig. 3.8.1.4 A – D: Insulin protein amount is decreased in Mas k.o. mice. Shown are insulin- and 
control stainings (Co.) of wild type (+/+) (A and C) and Mas knock-out (-/-) (B and D) islets, respectively. 
Paraffin sections of the mouse pancreas were immunohistochemically stained against insulin (1:500) and 
the secondary antibody coupled with cyanine (Cy)2 (green) (1:200). For exact experimental procedure 
see 2.2.5.4. Nuclear staining was performed with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). 
The immunofluorescence was visualized by confocal microscopy with 63-fold magnification. All sections 
were stained under the same conditions and pictures were taken with the same calibrations of the 
microscope. Shown is one representative immunofluorescence staining out of four. 
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After it had been shown that endogenous insulin concentrations of Mas heterozygous 
and k.o. islets were decreased, RT-qPCR was used to analyse if the amount of insulin 
mRNA was affected in these mice as well. For this experiment isolated islets were 
cultured in cell culture medium containing 5.5 mM glucose for 24 h, before the RNA was 
isolated. 
 
Insulin 1 and 2 mRNA amounts were substantially reduced in isolated islets of Mas 
heterozygous and k.o. mice (Fig. 3.8.1.5 A and B). The insulin mRNA amount in isolated 
islets of WT mice was set at 100%. In heterozygous mice insulin 1 and 2 mRNA amounts 
were decreased to 23.0 (18.7; 44.4)% and 35.2 (25.8; 39.6)% respectively. In Mas k.o. 
mice insulin 1 and 2 mRNA amounts were even down-regulated to 13.3 (3.5; 26.4)% and 
20.9 (12.4; 31.3)% respectively (Fig. 3.8.1.5 A and B). There were no statistical 
differences in the amounts of insulin 1 and 2 mRNA between Mas heterozygous and k.o. 
islets. These data are summarized in detail in Tab. 3.9.1. 
 

A                                                           B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8.1.5 A and B: Insulin 1 (A) and 2 (B) mRNA amounts are substantially reduced in isolated 

islets of Mas heterozygous and knock-out mice. Islets from two mice were isolated for one sample, 
islets were cultivated for 24 h in cell culture medium containing 5.5 mM glucose, total RNA of the islets 
was prepared and 150 ng were reverse transcribed. mRNA amounts were determined via quantitative 
PCR. Data were evaluated and normalized to ribosomal protein, large P0 (P0) mRNA amount using ∆∆Cq 

method. Shown are boxplots with medians, interquartile ranges and whiskers. n = 12 – 13 (wild type, 

+/+); n = 5 (Mas heterozygous, +/-); n = 13 – 14 (Mas knock-out, -/-). * = p < 0.05; ** = p < 0.01; 
*** = p < 0.001 compared to wild type (+/+) islets. 
 
 
 
From the data presented in chapter 3.8.1 it can be concluded that islets of Mas-deficient 
mice showed reduced long- and short-term insulin secretion and endogenous insulin 
production, as well as insulin mRNA amounts. 
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3.8.2 Influence of Mas deficiency on plasma insulin and blood glucose 

levels 

After the influence of Mas deficiency on insulin secretion and production (mRNA and 
protein amounts) had been examined, it was analysed, whether plasma insulin levels 
and blood glucose concentrations were altered in these mice as well. In doing so, plasma 
insulin and blood glucose concentrations were determined by means of insulin ELISA 
and blood glucose meter.  

 

3.8.2.1 Plasma insulin concentrations of ad libitum fed mice 

With decreased numbers of Mas alleles plasma insulin concentrations of ad libitum fed 
WT mice were slightly decreased (Fig. 3.8.2.1). In WT mice plasma insulin 
concentrations accounted for 0.77 (0.54; 0.93) µg/l, in Mas heterozygous mice 
0.60 (0.53; 0.73) µg/l and in k.o. mice 0.59 (0.43; 0.65) µg/l (Fig. 3.8.2.1). There was a 
tendency of decreased plasma insulin concentrations in Mas-deficient mice compared to 
those of WT animals (p = 0.0658) (Fig. 3.8.2.1). 
 

 
 
Fig. 3.8.2.1: In Mas heterozygous and knock-out 

mice plasma insulin concentrations are slightly 

decreased. Blood samples were collected from ad 
libitum fed mice, plasma was separated and insulin 
concentrations were analysed by ELISA. Shown are 
boxplots with medians, interquartile ranges and 
whiskers. n = 8 (wild type, +/+); n = 13 (Mas 
heterozygous, +/-); n = 15 (Mas knock-out, -/-). 
p = 0.0658 Mas knock-out compared to wild type 
mice. 
 
 

 
 
 
 

 
In addition to plasma insulin concentrations the corresponding blood glucose levels of 
ad libitum fed mice were analysed. 

 

3.8.2.2 Blood glucose levels of ad libitum fed mice 

According to slightly decreased plasma insulin concentrations of ad libitum fed Mas k.o. 
mice (shown in Fig. 3.8.2.1), corresponding blood glucose concentrations were slightly 
increased (Fig. 3.8.2.2). However, this effect was not significant. In WT mice blood 
glucose concentration accounted for 8.2 (7.0; 9.0) mM, in heterozygous mice 
8.3 (7.9; 9.1) mM and in k.o. mice 9.5 (7.9; 10.5) mM (Fig. 3.8.2.2).  
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Fig. 3.8.2.2: In Mas knock-out mice blood glucose 

levels are slightly increased. Blood glucose 
concentrations of ad libitum fed mice were 
measured with a traditional blood glucose meter. 
Shown are boxplots with medians, interquartile 
ranges and whiskers. n = 6 (wild type, +/+); n = 13 
(Mas heterozygous, +/-); n = 13 (Mas knock-
out, -/-). p = non-significant.  
 

 
 
 
 
 
 

 
In ad libitum fed Mas-deficient mice plasma insulin concentrations were decreased 
(tendency) whereas corresponding blood glucose levels were slightly increased (non-
significant). 

 

3.8.3 Influence of pharmacological blockade of Mas on insulin 

secretion and production 

In 3.8.1 a clear negative effect of Mas deficiency on long- and short-term insulin 
secretion as well as on the endogenous insulin content and the amount of insulin mRNA 
has been demonstrated. In order to determine whether Ang-(1-7) antagonists showed 
similar effects to the Mas k.o. model, the influence of D-Ala7-Ang-(1-7) and D-Pro7-
Ang-(1-7) on insulin secretion and production of WT islets was analysed by use of ELISA 
or RT-qPCR, respectively. Isolated islets were cultured and treated in cell culture 
medium containing 5.5 mM glucose for 24 or 48 h as indicated, before RNA or proteins 
were isolated. 
 
Insulin secretion of untreated wild type islets was set at 100%. The long-term insulin 
secretion (24 h at 5.5 mM glucose) of isolated mouse islets cultured with Ang-(1-7) 
antagonists D-Ala7-Ang-(1-7) or D-Pro7-Ang-(1-7) was diminished (Fig. 3.8.3.1). The 
insulin secretion of WT islets incubated with D-Ala7- or D-Pro7-Ang-(1-7) was reduced 
to 77.9 ± 4.6% or even to 49.5 ± 5.1% respectively (Fig. 3.8.3.1). The influence of D-Pro7-
Ang-(1-7) on long-term insulin secretion of isolated WT islets was significantly stronger 
than that of D-Ala7-Ang-(1-7) (Fig. 3.8.3.1). 
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Fig. 3.8.3.1: Ang-(1-7) antagonists D-Ala7-

Ang-(1-7) and D-Pro7-Ang-(1-7) decrease long-

term insulin secretion (24 h, 5.5 mM glucose) of 

isolated islets of wild type mice. For precise 
experimental procedures see 2.2.2.2, 2.2.2.3 and 
2.2.5.5. Insulin secretion of five islets per sample was 
analysed by insulin ELISA. Shown are bars with 
means + SEM of more than twelve independent 
experiments. ** = p < 0.01; *** = p < 0.001 compared 
to untreated wild type islets (-) or as indicated. 
Abbreviations: D-Ala = isolated wild type islets 
treated with 1 µM D-alanine7-angiotensin-(1-7), 
D-Pro = isolated wild type islets treated with 1 µM 
D-proline7-angiotensin-(1-7). 

 
 
 
After it had been shown that the long-term insulin secretion of isolated islets treated 
with Ang-(1-7) antagonists was reduced, the influence of these antagonists on short-
term glucose-stimulated insulin secretion was determined. 
 
The insulin secretion of the positive control with 40 mM KCl and 5 mM glucose of 
untreated wild type islets was set at 100% (Fig. 3.8.3.2). Untreated WT islets incubated 
with 2.8 mM glucose secreted 15-fold less insulin than those treated with KCl, which 
corresponds to a reduced secretion of 6.7% with a SEM of 1.3% (Fig. 3.8.3.2). These WT 
islets were also able to respond to high glucose with a 20 mM/2.8 mM glucose-
stimulated insulin secretion-ratio of 9, which was in accordance with a secretion of 
61.3 ± 8.7% for 20 mM glucose (Fig. 3.8.3.2).  

The ratios of insulin responses of KCl/2.8 mM and 20 mM/2.8 mM glucose were 
10 and 6 for D-Ala7-Ang-(1-7)- or 10 and 4 for D-Pro7-Ang-(1-7)-treated WT islets, 
respectively (Fig. 3.8.3.2). The KCl- and 20 mM glucose-stimulated insulin responses of 
isolated WT islets treated with D-Ala7-Ang-(1-7) were reduced to 70.2 ± 6.8% and 
39.7 ± 4.3%. The corresponding responses of D-Pro7-Ang-(1-7)-treated islets were 
decreased to 66.2 ± 8.8% and 25.5 ± 4.5% (Fig. 3.8.3.2). Additionally, there was a 
significant difference between the glucose-stimulated insulin secretions of islets treated 
with D-Ala7-Ang-(1-7) and D-Pro7-Ang-(1-7) (Fig. 3.8.3.2). Interestingly, the basal insulin 
secretion of WT islets incubated with the Ang-(1-7) antagonist D-Ala7-Ang-(1-7) or 
D-Pro7-Ang-(1-7) was not altered compared to that of untreated WT islets. This 
corresponds to a relative insulin secretion of 6.9 ± 1.1% or 6.8 ± 1.2% of D-Ala7-
Ang-(1-7)- or D-Pro7-Ang-(1-7)-cultured WT islets at 2.8 mM glucose, respectively 
(Fig. 3.8.3.2). There was no significant difference observed between the insulin 
secretions of D-Ala7-Ang-(1-7) or D-Pro7-Ang-(1-7)-treated islets either at low glucose 
concentrations or in the KCl-stimulated samples.  
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Fig. 3.8.3.2: Ang-(1-7) antagonists D-Ala7-Ang-(1-7) and D-Pro7-Ang-(1-7) decrease insulin 

secretion of isolated wild type islets in response to KCl and high glucose, whereas that of low 

glucose is not affected. For precise experimental performance see 2.2.2.2, 2.2.2.3 and 2.2.5.5. Insulin 
secretion of five islets per sample, treated with 2.8 or 20 mM glucose or 40 mM KCl/5 mM glucose, was 
analysed by insulin ELISA. Shown are bars with means + SEM of more than twelve independent 
experiments. * = p < 0.05; ** = p < 0.01 each compared to corresponding untreated wild type (-) response 
or as indicated. Abbreviations: D-Ala = isolated wild type islets treated with 1 µM D-alanine7-
angiotensin-(1-7), D-Pro = isolated wild type islets treated with 1 µM D-proline7-angiotensin-(1-7). 

 
 
 
The previous results of this chapter demonstrated decreased long- and short-term 
insulin secretion, at least in KCl- and high glucose-treated samples, of islets treated with 
Ang-(1-7) antagonists. In order to analyse, whether the insulin production was also 
reduced in these islets the endogenous insulin concentration was analysed. 
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The endogenous insulin production was down-regulated in isolated islets cultured with 
D-Ala7-Ang-(1-7) or D-Pro7-Ang-(1-7) for 48 h. The insulin protein amount of isolated 
islets of untreated WT mice was set at 100%. In D-Ala7- and D-Pro7-Ang-(1-7) treated 
islets, the endogenous insulin levels were significantly reduced to 26.2 (8.7; 35.4)% and 
26.8 (9.2; 53.4)% respectively (Fig. 3.8.3.3). Additionally, there was no significant 
difference in endogenous insulin concentrations of D-Ala7- and D-Pro7-Ang-(1-7)-treated 
WT islets (Fig. 3.8.3.3). 
 

 
Fig. 3.8.3.3: The endogenous insulin amount 

is reduced in isolated islets treated with the 

Ang-(1-7) antagonist D-Ala7-Ang-(1-7) or 

D-Pro7-Ang-(1-7) after 48 h at 5.5 mM 

glucose. 80 islets were lysed in modified RIPA 
buffer, brought up to the same protein 
concentration and the endogenous insulin 
amount was analysed by ELISA. Shown are 
boxplots with medians, interquartile ranges and 
whiskers. n = 16 [untreated wild type islets (-)]; 
n = 5 [wild type islets treated with 1 µM 
D-alanine7-angiotensin-(1-7) (D-Ala)]; n = 5 
[wild type islets treated with 1 µM D-proline7-
angiotensin-(1-7) (D-Pro)]. * = p < 0.05 
compared to untreated wild type islets (-). 
 

 
 
After it had been shown that Ang-(1-7) antagonists decreased the endogenous insulin 
amounts, it was determined whether the insulin mRNA amounts were influenced in 
these islets as well. 
 
Insulin 1 and 2 mRNA amounts were substantially down-regulated in isolated islets 
cultured with D-Ala7-Ang-(1-7) or D-Pro7-Ang-(1-7) after 24 h (Fig. 3.8.3.4 A and B). The 
insulin mRNA amounts of isolated islets of untreated WT mice were set at 100%. The 
insulin 1 and 2 mRNA amounts were reduced to 20.4 (16.5; 28.2)% and 
34.5 (17.9; 40.8)% in D-Ala7-Ang-(1-7)- or 12.7 (6.8; 17.3)% and 22.6 (18.8; 54.4)% in 
D-Pro7-Ang-(1-7)-treated islets, respectively (Fig. 3.8.3.4 A and B). There was a 
significant difference in the amount of insulin 1 mRNA in islets treated with D-Ala7- and 
D-Pro7-Ang-(1-7) (Fig. 3.8.3.4 A). Insulin mRNA amounts of D-Ala7- and D-Pro7-
Ang-(1-7)-treated WT islets are in detail summarized in Tab. 3.9.2 as well. 
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A                                                 B 

 
Fig. 3.8.3.4 A and B: Insulin 1 (A) and 2 (B) mRNA amounts are substantially decreased in isolated 

wild type islets treated with the Ang-(1-7) antagonist D-Ala7-Ang-(1-7) or D-Pro7-Ang-(1-7). Islets 
from two mice were isolated for one sample, islets were cultivated and treated for 24 h in cell culture 
medium containing 5.5 mM glucose, total RNA of the islets was prepared and 150 ng were reverse 
transcribed. mRNA amounts were determined via quantitative PCR. Data were evaluated and normalized 
to ribosomal protein, large, P0 (P0) mRNA amount using ∆∆Cq method. Shown are boxplots with medians, 
interquartile ranges and whiskers. n = 4 – 6. * = p < 0.05; ** = p < 0.01 compared to untreated wild type (-) 
or as indicated. Abbreviations: D-Ala = isolated wild type islets treated with 1 µM D-alanine7-
angiotensin-(1-7), D-Pro = isolated wild type islets treated with 1 µM D-proline7-angiotensin-(1-7). 

 
 
 
The pharmacological blockade of Mas reduced long-term and glucose-stimulated insulin 
secretion, endogenous insulin production, as well as the amounts of insulin 1 and 2 
mRNA. 

 

3.8.4 Influence of pharmacological activators of Mas signalling on 

insulin secretion and production 

Both the deficiency and the pharmacological blockade of Mas reduced insulin secretion 
and production. In order to analyse, whether the activation of Mas signalling shows 
opposite effects, the influence of Ang-(1-7) and its non-peptidic agonist AVE 0991 on 
insulin secretion and production was analysed in WT islets by the use of ELISA or 
RT-qPCR, respectively. Isolated islets were cultured and treated in cell culture medium 
containing 5.5 mM glucose for 24 or 48 h as indicated, before RNA or proteins were 
isolated. 
 
The concentration of Ang-(1-7) was optimized (data not shown) and 200 nM was used 
for the experiments with isolated islets, after ambiguous results were obtained with the 
standard concentration of 100 nM. Insulin secretion of untreated wild type islets was set 
at 100%. The long-term insulin secretion (24 h at 5.5 mM glucose) of isolated WT islets 
cultured with Ang-(1-7) or its agonist AVE 0991 was increased (Fig. 3.8.4.1). The insulin 
secretion of WT islets incubated with Ang-(1-7) was increased to 272.1 ± 29.8% and to 
257.5 ± 76.0% in islets treated with AVE 0991 (Fig. 3.8.4.1). 
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Fig. 3.8.4.1: Ang-(1-7) and its agonist AVE 0991 

increase long-term insulin secretion (24 h, 5.5 mM 

glucose) of isolated wild type islets. For precise 
experimental performance see 2.2.2.2, 2.2.2.3 and 
2.2.5.5. Insulin secretion of five islets per sample was 
analysed by insulin ELISA. Shown are bars with 
means + SEM of more than twelve independent 
experiments. * = p < 0.05; *** = p < 0.001 compared to 
untreated wild type islets (-). Abbreviations: 
Ang-(1-7) = isolated islets treated with 200 nM 
angiotensin-(1-7), AVE 0991 = isolated islets treated 
with 100 nM AVE 0991. 

 
 
 

 
 
After it had been shown that Ang-(1-7) and AVE 0991 increased long-term insulin 
secretion of isolated WT islets, their influence on short-term glucose-stimulated insulin 
secretion was analysed. 
 
The insulin response of the positive control with 40 mM KCl and 5 mM glucose of 
untreated WT islets was set at 100% (Fig. 3.8.4.2). Untreated WT islets incubated with 
2.8 mM glucose secreted 16-fold less insulin than those stimulated with KCl. These WT 
islets were also able to respond to high glucose with a 20 mM/2.8 mM glucose-
stimulated insulin secretion-ratio of 10 (Fig. 3.8.4.2). The corresponding ratios of 
KCl/2.8 mM glucose and of 20 mM/2.8 mM glucose were 13 and 7 in Ang-(1-7)- or 12 
and 14 in AVE 0991-treated WT islets, respectively (Fig. 3.8.4.2). The insulin secretion of 
KCl-treated WT islets cultured with Ang-(1-7) or its agonist AVE 0991 was increased to 
180.6 ± 32.5% or 139.9 ± 22.8% respectively (Fig. 3.8.4.2). Similar results were obtained 
under low (2.8 mM) as well as at high (20 mM) glucose conditions. The basal insulin 
secretion of WT islets treated with Ang-(1-7) was significantly increased to 13.8 ± 3.1% 
compared to corresponding WT response with 6.2 ± 0.9% (Fig. 3.8.4.2). There was a 
tendency of enhanced basal insulin secretion of WT islets cultured with AVE 0991 with 
11.4 ± 3.9% and a p-value of 0.0762 (Fig. 3.8.4.2). The glucose-stimulated insulin 
secretion of WT islets treated with Ang-(1-7) or AVE 0991 was significantly increased to 
100.6 ± 19.0% or 156.5 ± 36.9% compared to corresponding WT response with 
62.2 ± 6.1% respectively (Fig. 3.8.4.2). There was no statistically significant difference in 
insulin secretion of WT islets incubated with Ang-(1-7) or AVE 0991, either at low or at 
high glucose concentrations or within the KCl-treated positive controls (Fig. 3.8.4.2). 
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Fig. 3.8.4.2: Ang-(1-7) and its agonist AVE 0991 increase insulin secretion of isolated wild type 

islets in response to KCl, low and high glucose concentrations. For precise experimental performance 
see 2.2.2.2, 2.2.2.3 and 2.2.5.5. Shown are bars with means + SEM of more than twelve independent 
experiments. * = p < 0.05; ** = p < 0.01 each compared to corresponding untreated wild type response (-). 
Abbreviations: Ang-(1-7) = isolated islets treated with 200 nM angiotensin-(1-7), AVE 0991 = isolated 
islets treated with 100 nM AVE 0991. 

 
 
 
After it had been shown that Ang-(1-7) and AVE 0991 increased long- and short-term 
insulin secretion of WT islets, their influence on insulin production (endogenous insulin 
concentration and mRNA amount) was analysed. 
 
The endogenous insulin production was up-regulated in isolated WT islets cultured with 
Ang-(1-7) or AVE 0991 for 48 h. However, this effect was only significant for Ang-(1-7)-
treated islets. The insulin protein amount in isolated islets of untreated WT mice was set 
at 100%. In WT islets incubated with Ang-(1-7) or AVE 0991, the endogenous insulin 
levels were increased to 173.1 (134.1; 244.2)% or 140.6 (110.4; 168.7)% respectively 
(Fig. 3.8.4.3). Additionally, there was no significant difference in endogenous insulin 
concentrations of Ang-(1-7)- and AVE 0991-treated WT islets (Fig. 3.8.4.3). 
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Fig. 3.8.4.3: The endogenous insulin amount 

is increased in isolated wild type islets 

treated with Ang-(1-7) or its agonist 

AVE 0991 after 48 h at 5.5 mM glucose. 80 
islets were lysed in modified RIPA buffer, 
brought up to the same protein concentration 
and the endogenous insulin amount was 
analysed by ELISA. Shown are boxplots with 
medians, interquartile ranges and whiskers. 
n = 16 [untreated wild type islets (-)]; n = 10 
[wild type islets treated with 200 nM 
angiotensin-(1-7) (Ang-(1-7)]; n = 5 (wild type 
islets treated with 100 nM AVE 0991). 
* = p < 0.05 compared to untreated wild type 
islets (-). 
 
 

 
 
 
Insulin 1 and 2 mRNA amounts were up-regulated in isolated islets exposed to Ang-(1-7) 
or AVE 0991 (Fig. 3.8.4.4 A and B). The insulin mRNA amounts of isolated islets of 
untreated WT mice were set at 100%. Insulin 1 and 2 mRNA amounts were increased to 
197.6 (162.4; 275.9)% and 139.6 (108.5; 244.1)% in Ang-(1-7)- or to 
162.0 (147.8; 170.6)% and 174.5 (132.0; 241.6)% in AVE 0991-treated islets, 
respectively (Fig. 3.8.4.4 A and B). There was no significant difference in insulin 1 or 2 
mRNA amounts in islets treated with Ang-(1-7) or AVE 0991 (Fig. 3.8.4.4 A and B). These 
data are summarized in detail in Tab. 3.9.3. 
 

A                                                             B 

 
Fig. 3.8.4.4 A and B: Insulin 1 (A) and 2 (B) mRNA amounts are up-regulated in isolated wild type 

islets treated with Ang-(1-7) or AVE 0991. Islets from two mice were isolated for one sample, islets 
were cultivated and treated for 24 h in cell culture medium containing 5.5 mM glucose, total RNA of the 
islets was prepared and 150 ng were reverse transcribed. mRNA amounts were determined via 
quantitative PCR. Data were evaluated and normalized to ribosomal protein, large, P0 (P0) mRNA amount 
using ∆∆Cq method. Shown are boxplots with medians, interquartile ranges and whiskers. n = 4 – 6. 
* = p < 0.05; ** = p < 0.01 compared to untreated wild type (-). Abbreviations: Ang-(1-7) = isolated islets 
treated with 200 nM angiotensin-(1-7), AVE 0991 = isolated islets treated with 100 nM AVE 0991. 
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The administration of the natural ligand of Mas or its agonist increased long- and short-
term insulin secretion, endogenous insulin production, as well as the amounts of 
insulin 1 and 2 mRNA in isolated islets. 

 

3.9 Does Mas influence the expression of genes essential for islet 

function? 

3.9.1 Influence of Mas deficiency on the expression of genes essential 

for islet function 

After it had been shown that in Mas heterozygous and k.o. islets the amount of insulin 
mRNA was reduced, the underlying mechanism was analysed. To realize this, a mRNA-
screening of isolated islets of all three genotypes, WT, Mas heterozygous and k.o., was 
initially performed by the use of RT-qPCR. For this experiment islets were cultivated at 
5.5 mM glucose for 24 h, before the RNA was isolated.  

At first, mRNA amounts of transcription factors of the insulin promoter were 
analysed. In a second step, the transcription factors regulating the transcription factors 
of insulin were examined. In addition, the screening comprised mRNA amounts of 
glucose transporters, kinases of PDX-1, a key enzyme of energy metabolism, adenosine 
monophosphate (AMP)-activated protein kinase (AMPK), superior TFs involved in 
glucose metabolism and components of redox signalling which are known to be involved 
in diabetes and/or Mas signalling.  

It is worth mentioning that not all of these analysed components are 
predominantly regulated on the transcriptional level, but rather on the protein level by 
phosphorylation and/or translocation. However, in a specific gene-deficient system, 
similar changes of mRNA and protein amounts could be expected.  

These data could provide first indications of the spectrum of components of 
different signalling pathways possibly involved in the mechanism how Mas regulates 
insulin transcription. The results of the mRNA-screening are summarized in Tab. 3.9.1. 

 
The mRNA amount of each analysed gene of WT islets was set at 100%. mRNA amounts 
of all analysed transcription factors regulating insulin gene expression were down-
regulated in Mas k.o. islets (Tab. 3.9.1). That is true for both the transactivators of the 
insulin gene, PDX-1, MafA, NeuroD1, ATF2 and Hnf1α, and a repressor, Pax6 
(Tab. 3.9.1). The mRNA amounts of most of the TFs of insulin (PDX-1, MafA, NeuroD1 
and Pax6) were even reduced in Mas heterozygous islets, though to a lesser extent 
(Tab. 3.9.1). mRNA amounts of the transcription factors of PDX-1 were, in the most 
cases, also down-regulated in Mas heterozygous and k.o. islets (Tab. 3.9.1). Both the 
majority of the activating transcription factors (MAX dimerization protein 1; Mxd1), 
MafA, Hnf1α, NeuroD1 and Hnf3β [= forkhead box A2 (FoxA2)] and the majority of the 
repressing transcription factors [activating TF 3 (ATF3) and forkhead box O1 (Foxo1)] 
were influenced by Mas deficiency. The mRNA amounts of Hnf1α and Hnf3β were not 
affected in Mas heterozygous islets but were down-regulated in Mas k.o. islets 
(Tab. 3.9.1). The mRNA amount of Foxo1 was decreased to 60% of WT-amount in Mas 
heterozygous islets, but this effect was not significant, because the amount of Foxo1 
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mRNA of WT islets varied to a large extent (Tab. 3.9.1). Mxd1 and ATF3 mRNA amounts 
were not altered, either in Mas heterozygous or in k.o. islets (Tab. 3.9.1). 

Insulin 1 and 2 (see also 3.8.1), glucokinase and GLUT2 are typical targets of 
PDX-1. Their mRNA amounts were down-regulated in Mas k.o. islets. In islets of Mas 
heterozygous mice, however, GLUT2 mRNA was also reduced, but that of GK was not 
affected (Tab. 3.9.1). The mRNA amounts of other glucose transporters like GLUT1 and 
the solute carrier family 5 sodium/glucose cotransporter member 1 (SLC5A1), which 
are not regulated through PDX-1, but play a crucial role in the uptake of glucose into the 
islet, were either not concerned by Mas deficiency, in the case of SLC5A1, or were even 
up-regulated, respectively (Tab. 3.9.1).  

Furthermore, three selected kinases of PDX-1 were analysed. There was a 
tendency of increased mRNA amounts of calcium/calmodulin-dependent protein 
kinase II δ2 (CaMK2δ2) in Mas heterozygous islets with a p-value of 0.0755 (Tab. 3.9.1). 
The mRNA amounts of the homeodomain interacting protein kinase 2 (Hipk2) and the 
catalytic subunits of casein kinase 2 (CK2α1 and α2) as well as the regulatory subunit 
(CK2β) were not affected by Mas deficiency (Tab. 3.9.1).  

The mRNA amounts of the catalytic subunits of a key regulator of energy 
metabolism, AMPKα1 and α2, were increased in Mas heterozygous and k.o. islets. 
Sirtuin 1 (SIRT1) is known to activate AMPK and to control energy metabolism. SIRT1 
mRNA amount was also increased in Mas k.o. islets (Tab. 3.9.1).  

Some superior transcription factors involved in glucose metabolism were 
analysed as well: Hnf4, Hnf6 [also known as one cut homeobox 1 (Onecut1)] and Hnf1 
together represent a masterregulatory network of TFs regulating development and 
metabolic function in the liver and pancreas. The mRNA amounts of Hnf4α and Hnf6 
were up-regulated in Mas heterozygous or in k.o. islets, respectively, whereas these of 
Foxo3a and CREB1 were neither affected in Mas heterozygous nor in k.o. islets 
(Tab. 3.9.1).  

Moreover, some components of redox signalling, which are known to play a role 
either in Mas- and/or in insulin signalling or diabetes, were analysed. The mRNA 
amount of eNOS (or NOS3) was increased in both Mas heterozygous and in k.o. islets. 
That of inducible nitric oxide synthase (iNOS or NOS2) was only up-regulated in 
heterozygous islets, whereas the mRNA amount of neuronal nitric oxide synthase (nNOS 
or NOS1) was only down-regulated in Mas k.o. islets (Tab. 3.9.1). The mRNA amount of 
thioredoxin-interacting protein (Txnip) was augmented in Mas k.o. mice whereas that of 
thioredoxin 1 (Txn1) was not affected in both genotypes (Tab. 3.9.1).  
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Table 3.9.1: Mas deficiency causes alterations in the amounts of mRNA of transcription factors of insulin and PDX-1, glucose transporters, target genes 

and kinases of PDX-1, key regulators of energy metabolism, superior transcription factors involved in glucose metabolism and components of redox 

signalling in isolated islets. 
 

 

WT                            

Median (Q1 ; Q3 )%

Mas +/-                     

Median (Q1 ; Q3 )%

p -value                        

+/+ vs. +/-

Symbol          

+/+ vs. +/-

Mas -/-                    

Median (Q1 ; Q3 )%

p -value                      

+/+ vs. -/-

Symbol       

+/+ vs. -/-

PDX-1 # 100.0 (54.2; 173.1) 55.8 (28.3; 63.8) 0.0483 (*) ⬇ 22.6 (10.9; 67.7) 0.0002 (***) ⬇

MafA #, + 89.8 (45.6; 167.0) 31.6 (16.5; 45.1) 0.0727 (ns) (⬇) 7.7 (4.9; 19.0) 0.0034 (**) ⬇

NeuroD1 (Beta2) #, + 105.6 (79.1; 139.7) 65.2 (59.8; 66.3) 0.0451 (*) ⬇ 14.6 (10.6; 39.9) 0.0015 (**) ⬇

ATF2 # 101.5 (58.0; 132.3) 100.0 (62.0; 109.7) 0.5941 = 55.2 (39.1; 72.9) 0.0343 (*) ⬇

Hnf1α  #, + 100.0 (51.5; 138.5) 104.7 (49.5; 140.7) 1.0 = 35.8 (19.2; 42.5) 0.0297 (*) ⬇

Pax6 #, + 102.8 (81.5; 133.9) 62.7 (49.5; 75.4) 0.0283 (*) ⬇ 23.5 (14.2; 44.1) 0.002 (**) ⬇

Mxd1 (MAD1) + 97.0 ( 70.2; 120.9) 147.7 (93.1; 207.1) 0.1419 = 97.9 (64.6; 145.7) 0.9118 =
Hnf3β (FoxA2) + 98.4 (62.5; 110.1) 77.5 (65.4; 85.4) 0.3636 = 40.8 (27.7; 60.6) 0.0098 (**) ⬇

Foxo1 + 100.0 (78.5; 118.7) 61.5 (58.6; 81.5) 0.2020 = 42.5 (29.3; 54.5) 0.0020 (**) ⬇

ATF3 + 100.0 (74.9; 120.2) 92.2 (91.0; 149.0) 0.734 = 86.6 (75.4; 102.9) 0.5974 =
GLUT2 100.0 (63.5; 163.3) 25.2 (22.1; 35.2) 0.0336 (*) ⬇ 15.0 (10.7; 21.5) 0.0002 (***) ⬇

SLC5A1 112.9 (47.6; 153.7) 204.0 (115.1; 257.9) 0.1292 = 100.3 (66.3; 116.4) 0.7513 =
GLUT1 106.5 (67.2; 116.9) 461.6 (412.9; 500.8) 0.0028 (**) ⬆ 362.0 (228.0; 431.1) 0.0001 (***) ⬆

GK 100.9 (70.4; 119.0) 111.5 (104.5; 148.5) 0.4396 = 31.6 (11.5; 40.7) 0.0006 (***) ⬇

Insulin 1 100.0 (38.6; 146.9)  23.0 (18.7; 44.4) 0.0297 (*) ⬇ 13.3 (3.5; 26.4) 0.0002 (***) ⬇

Insulin 2 100.0 (71.8; 167.3) 35.2 (25.8; 39.6) 0.0096 (**) ⬇ 20.9 (12.4; 31.3) 0.0001 (***) ⬇

CaMK2δ2 105.9 (87.5; 119.6) 140.2 (111.7; 184.8) 0.0755 (ns) (⬆) 84.3 (79.0; 130.6) 0.7802 =
CK2α1 76.6 (67.4; 133.4) 81.0 (66.3; 104.2) 0.734 = 85.5 (68.8; 89.3) 0.7513 =
CK2α2 93.4 (72.6; 120.1) 116.8 (68.8; 126.2) 0.6787 = 76.0 (47.1; 104.1) 0.098 =
CK2β 100.0 (85.4; 114.3) 105.3 (80.0; 117.7) 0.8208 = 99.0 (70.2; 105.0) 0.3933 =
Hipk2 95.6 (77.2; 125.1) 110.0 (76.2; 150.7) 0.5697 = 92.9 (63.6; 137.5) 0.9591 =

AMPKα1 90.4 (71.9; 125.6) 140.9 (104.8; 200.3) 0.042 (*) ⬆ 132.9 (109.4; 203.4) 0.0101 (*) ⬆

AMPKα2 122.7 (80.3; 125.7) 228.1 (134.8; 357.9) 0.0112 (*) ⬆ 242.1 (135.3; 408.1) 0.0005 (***) ⬆

SIRT1 98.8 (79.9; 123.9) 157.7 (112.6; 224.5) 0.2141 = 134.5 (109.2; 202.0) 0.0434 (*) ⬆

Hnf4α 113.4 (95.9; 131.3) 148.4 (145.5; 208.2) 0.0295 (*) ⬆ 170.6 (92.7; 218.2) 0.281 =
Foxo3a 98.2 (75.6; 105.8) 95.8 (80.3; 116.6) 0.9143 = 98.5 (88.0; 120.0) 1.0 =
CREB1 98.2 (85.2; 110.5) 132.4 (113.5; 141.2) 0.3677 = 103.2 (75.3; 129.0) 0.9671 =

Hnf6 (Onecut1) 105.5 (92.9; 123.8) 125.2 (115.3; 160.3) 0.2141 = 213.3 (165.1; 233.6) 0.0007 (***) ⬆

eNOS 84.7 (51.4; 132.2) 176.7 (134.1; 343.5) 0.0186 (*) ⬆ 277.3 (164.6; 353.3) 0.0025 (**) ⬆

iNOS 89.2 (61.8; 133.2) 183.4 (116.2; 209.5) 0.0485 (*) ⬆ 89.2 (27.7; 133.1) 0.5414 =
nNOS 75.8 (28.5; 155.6) 88.5 (39.8; 172.3) 0.6706 = 16.5 (7.1; 41.6) 0.0491 (*) ⬇

Txn1 84.3 (67.8; 157.9) 127.7 (100.4; 160.1) 0.3037 = 104.0 (84.7; 132.9) 0.549 =
Txnip 94.6 (65.1; 117.6) 125.6 (109.1; 154.7) 0.2398 = 172.6 (139.7; 245.9) 0.0041 (**) ⬆

Components of 
redox signaling

Transcription 
factors regulating 
insulin (#) and/or 

PDX-1 (+)

Glucose 
transporters and 
targets of PDX-1

Kinases of PDX-1

Energy 
metabolism

Superior TFs 
involved in glucose 

metabol.
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Table 3.9.1: Islets from two mice were isolated for one sample, islets were cultivated for 24 h in cell culture medium containing 5.5 mM glucose, total RNA of the 
islets was prepared and 150 ng were reverse transcribed. mRNA amounts were determined via quantitative PCR. Data were evaluated and normalized to ribosomal 
protein, large, P0 (P0) mRNA amount using ∆∆Cq method. Shown are medians with 25. and 75. quartile (Q1; Q3)%, the corresponding p-values (* = p < 0.05; 
** = p < 0.01; *** = p < 0.001) and a graphical symbol of up- or down-regulated mRNA amounts of isolated islets of Mas heterozygous (+/-) and knock-out (-/-) mice 

compared to wild type (+/+) mice. n = 6 – 13 (+/+); n = 4 – 5 (+/-); n = 5 – 14 (-/-). Abbreviations: vs. = versus, TF(s) = transcription factor(s), PDX-1 = pancreatic 
duodenal homeobox-1, NeuroD1 = neurogenic differentiation 1, MafA = V-maf musculoaponeurotic fibrosarcoma oncogene homolog A, ATF = activating TF, 
Pax6 = paired box 6, Mxd1 = MAX dimerization protein 1, MAD1 = mitotic arrest deficient 1, Hnf = hepatocyte nuclear factor, FoxA2 = forkhead box A2, 
Foxo = forkhead box, GLUT = glucose transporter, SLC5A1 = solute carrier family 5 sodium/glucose cotransporter member 1, GK = glucokinase, 
CaMK = calcium/calmodulin-dependent protein kinase, CK2 = casein kinase 2, Hipk2 = homeodomain interacting protein kinase 2, (c)AMP = (cyclic) adenosine 
monophosphate, AMPK = AMP-activated protein kinase, CREB1 = cAMP responsive element-binding protein 1, SIRT1 = sirtuin 1, Onecut1 = one cut homeobox 1, 
e/i/nNOS = endothelial/inducible/neuronal nitric oxide synthase, Txn1 = thioredoxin 1, Txnip = thioredoxin-interacting protein. 
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In chapter 3.9.1 has been presented a broad range of mRNA amounts, which were 
influenced more or less by Mas deficiency in isolated islets. Some of the most interesting 
candidates like PDX-1, GLUT2 and Hnf3β were additionally analysed on the protein level 
by immunohistochemistry. 
 
Islets of WT mice exhibited a clear PDX-1- and Hnf3β-specific immunofluorescence in 
the nuclei, but these proteins were not detectable in those of Mas k.o. mice under the 
same staining conditions and antibody dilutions (Fig. 3.9.1. A – D). Hnf3β, but not PDX-1, 
was also present in the nuclei of the exocrine pancreas of WT mice (Fig. 3.9.1. A and C). 
Islets of WT mice exhibited a bright GLUT2-specific immunofluorescence in the 
membranes, whereas those of Mas k.o. mice were paler under the same staining 
conditions and calibrations of the microscope, indicating that there is weaker GLUT2 
protein expression in Mas k.o. compared to WT islets (Fig. 3.9.1. E and F). During 
optimization, PDX-1, GLUT2 and Hnf3β antibodies were titrated in the 
immunohistochemistry until differences in the intensity of the staining in between the 
two phenotypes, WT and Mas k.o., were strongest. Therefore, at higher antibody 
concentrations the respective stainings in the islets of Mas k.o. mice also became visible. 
The unspecific stainings of the secondary antibodies coupled with Cy2 (green) lacking 
first antibodies are shown in (Fig. 3.9.1. G and H). 
 

A 

 
B 
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G 

 

H 

 
 

Fig. 3.9.1. A – H: PDX-1 (A and B), Hnf3β (C and D) and GLUT2 (E and F) protein amounts are 

decreased in Mas knock-out islets. Shown are PDX-1, Hnf3β, GLUT2 and control (Co.) stainings in wild 
type (+/+) (A, C, E and G) and Mas knock-out (-/-) (B, D, F and H) islets, respectively. Paraffin sections of 
mouse pancreas of wild type and Mas knock-out mice were immunohistochemically stained against PDX-1 
(1:10,000) (A and B), Hnf3β (1:50) (C and D) or GLUT2 (1:500) (E and F) and the secondary antibody 
coupled with cyanine (Cy)2 (green) (1:200), respectively. For exact experimental procedure see 2.2.5.4. 
Nuclear staining was performed with DAPI. The immunofluorescence was visualized by confocal 
microscopy with 63-fold magnification. All sections were stained under the same conditions and pictures 
were taken with the same calibrations of the microscope. Shown is one representative 
immunofluorescence staining out of four. Abbreviations: PDX-1 = pancreatic duodenal homeobox-1, 
Hnf3β = hepatocyte nuclear factor 3β, GLUT2 = glucose transporter 2, DAPI = 4′,6-diamidino-2-
phenylindole dihydrochloride. 

 

3.9.2 Influence of pharmacological blockade of Mas on the mRNA 

amounts of genes essential for islet function 

mRNA amounts of insulin 1 and 2 were reduced in both Mas-deficient and WT islets 
treated with Ang-(1-7) antagonists. Furthermore, the expression of genes encoding for 
transcription factors of insulin and others belonging to the glucose sensor system in 
mice (glucokinase and GLUT2) were reduced in Mas k.o. islets. To examine, whether 
Ang-(1-7) antagonists also influence transcription of genes upstream of insulin and 
other genes essential for islet function, the influence of D-Ala7-Ang-(1-7) and D-Pro7-
Ang-(1-7) on the mRNA amounts of selected candidates involved in insulin and/or 
PDX-1 transcription and glucose metabolism was analysed by the use of RT-qPCR. For 
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this experiment isolated islets were cultured and treated in cell culture medium contain-
containing 5.5 mM glucose for 24 h, before the RNA was isolated. 
The mRNA amount of PDX-1, a transactivator of the insulin promoter, was reduced in 
isolated islets treated with the Ang-(1-7) antagonist D-Ala7-Ang-(1-7) or D-Pro7-
Ang-(1-7) for 24 h (Tab. 3.9.2). The mRNA amounts of Hnf1α and Hnf3β, both at least 
transactivators of the PDX-1 gene, were decreased in islets cultured with D-Ala7- or 
D-Pro7-Ang-(1-7) (Tab. 3.9.2). Insulin 1 and 2 (already mentioned in 3.8.3), glucokinase 
and GLUT2 are typical target genes of PDX-1. Their mRNA amounts were diminished in 
isolated islets treated with D-Ala7- or D-Pro7-Ang-(1-7) (Tab. 3.9.2). There was no 
statistically significant difference in the amounts of these mRNAs between D-Ala7- and 
D-Pro7-Ang-(1-7)-treated islets, except for insulin 1 (already mentioned in 3.8.3; 
comparison not shown in Tab. 3.9.2). 

 
Table 3.9.2: mRNA amounts of insulin 1 and 2 as well as of selected candidates involved in insulin 

and/or PDX-1 transcription and glucose metabolism are decreased in isolated wild type islets 

cultured with 1 µM D-Ala7-Ang-(1-7) or D-Pro7-Ang-(1-7) for 24 h compared to untreated wild type 

islets. 
 

 
 

Table 3.9.2: Islets from two mice were isolated for one sample, islets were cultivated and treated for 24 h 
in cell culture medium containing 5.5 mM glucose, total RNA of the islets was prepared and 150 ng were 
reverse transcribed. mRNA amounts were determined via quantitative PCR. Data were evaluated and 
normalized to ribosomal protein, large, P0 (P0) mRNA amount using ∆∆Cq method. Shown are medians 
(Mdn) with 25. and 75. quartile (Q1; Q3)%, the corresponding p-values (* = p < 0.05; ** = p < 0.01) and a 
graphical symbol of (up- or) down-regulated mRNA amounts of isolated wild type (WT) islets incubated 
with 1 µM D-alanine7-angiotensin-(1-7) (D-Ala) or D-proline7-angiotensin-(1-7) (D-Pro) for 24 h 
compared to untreated wild type islets. n = 4 – 6. Abbreviations: vs. = versus, untr. = untreated, 
PDX-1 = pancreatic duodenal homeobox-1, Hnf = hepatocyte nuclear factor, GLUT2 = glucose 
transporter 2, GK = glucokinase. 
 
 
 
The pharmacological blockade of Mas reduced mRNA amounts of selected candidates 
involved in insulin and PDX-1 transcription as well as GLUT2 and GK, which together 
represent the glucose sensor of β-cells. 

 

3.9.3 Influence of pharmacological activators of Mas signalling on 

the mRNA amounts of genes essential for islet function 

mRNA amounts of insulin 1 and 2 and of other genes essential for islet function were 
reduced in both Mas k.o. and WT islets treated with Ang-(1-7) antagonists. In order to 
analyse, whether the activation of Mas signalling influences the transcription of these 
genes as well, WT islets were incubated with Ang-(1-7) or its non-peptidic agonist 
AVE 0991. The resultant mRNA amounts were determined by the use of RT-qPCR. For 

untr. WT           
Mdn (Q1 ; Q3 )%

WT + D-Ala 
Mdn (Q1 ; Q3 )%

p -value            
untr. vs. D-Ala

Symbol             
untr. vs. D-Ala

WT + D-Pro 
Mdn (Q1 ; Q3 )%

p -value                            
untr. vs. D-Pro

Symbol      
untr. vs. D-Pro

Insulin 1 111.9 (77.3; 156.8) 20.4 (16.5; 28.2) 0.0043 (**) ⬇ 12.7 (6.8; 17.3) 0.0159 (*) ⬇

Insulin 2 89.0 (81.1; 128.2) 34.5 (17.9; 40.8) 0.0101 (*) ⬇ 22.6 (18.8; 54.4) 0.0079 (**) ⬇

PDX-1 100.0 (72.0; 132.3) 48.8 (39.1; 75.2) 0.014 (*) ⬇ 57.3 (37.8; 83.8) 0.014 (*) ⬇

Hnf1α 100.0 (92.6; 106.8) 50.0 (45.4; 88.8) 0.0222 (*) ⬇ 78.1 (71.5; 85.8) 0.0195 (*) ⬇

Hnf3β 109.2 (96.9; 124.7) 68.6 (61.3; 98.4) 0.0082 (**) ⬇ 69.3 (46.6; 78.5) 0.0043 (**) ⬇

GLUT2 100.0 (93.2; 116.8) 44.6 (17.3; 54.0) 0.0023 (**) ⬇ 15.8 (7.8; 34.4) 0.0131 (*) ⬇

GK 115.3 (66.4.2; 148.0) 36.9 (24.3; 47.0) 0.004 (**) ⬇ 40.3 (26.6; 47.9) 0.019 (*) ⬇



Results 

95 

this experiment isolated islets were cultured and treated in cell culture medium contain-
containing 5.5 mM glucose for 24 h, before the RNA was isolated. 
 
The mRNA amount of PDX-1 was up-regulated in isolated WT islets treated with 
Ang-(1-7) or AVE 0991 for 24 h (Tab. 3.9.3). mRNA amounts of insulin 1 and 2 (already 
mentioned in 3.8.4), glucokinase and GLUT2 were increased in isolated islets cultured 
with Ang-(1-7). The amount of GK mRNA was only tendentially increased by Ang-(1-7) 
with a p-value of 0.0667 (Tab. 3.9.3). The Ang-(1-7) agonist AVE 0991 similarly 
enhanced the mRNA amounts of insulin 1 and 2 (already mentioned in 3.8.4), PDX-1 and 
GK, whereas that of GLUT2 remained unaffected (Tab 3.9.3). There was a significant 
difference in mRNA amounts of GLUT2 in islets treated with Ang-(1-7) or AVE 0991 with 
a p-value of 0.0190 (*; comparison not shown). The mRNA amounts of Hnf1α and Hnf3β 
were not influenced by Ang-(1-7) or AVE 0991 in isolated WT islets (Tab. 3.9.3).  

 
Table 3.9.3: mRNA amounts of insulin 1 and 2 and PDX-1 are increased in isolated wild type islets 

cultured with 200 nM Ang-(1-7) or 100 nM AVE 0991 for 24 h compared to untreated wild type 

islets. mRNA amounts of Hnf1α and Hnf3β are not affected under the same conditions. 

Additionally, the mRNA amounts of GLUT2 and GK are increased by Ang-(1-7), whereas AVE 0991 

only up-regulates that of GK. 
 

 
 

Table 3.9.3: Islets from two mice were isolated for one sample, islets were cultivated and treated for 24 h 
in cell culture medium containing 5.5 mM glucose, total RNA of the islets was prepared and 150 ng were 
reverse transcribed. mRNA amounts were determined via quantitative PCR. Data were evaluated and 
normalized to ribosomal protein, large, P0 (P0) mRNA amount using ∆∆Cq method. Shown are medians 
(Mdn) with 25. and 75. quartile (Q1; Q3)%, the corresponding p-values (* = p < 0.05; ** = p < 0.01) and a 
graphical symbol of up- (or down)-regulated mRNA amounts of isolated wild type (WT) islets incubated 
with 200 nM Ang-(1-7) or 100 nM AVE 0991 for 24 h compared to untreated WT islets. n = 4 – 6. 
Abbreviations: vs. = versus, untr. = untreated, Ang-(1-7) = angiotensin-(1-7), PDX-1 = pancreatic duodenal 
homeobox-1, Hnf = hepatocyte nuclear factor, GLUT2 = glucose transporter 2, GK = glucokinase. 
 
 
 
The administration of the natural ligand of Mas or its agonist increased mRNA amounts 
of an important transactivator of the insulin promoter, PDX-1, as well as that of GK and 
GLUT2, at least in the case of Ang-(1-7). mRNA amounts of Hnf1α and Hnf3β were 
neither affected by Ang-(1-7) nor by AVE 0991. 

 

 

 

 

 

untr. WT               

Mdn (Q1 ; Q3 )%

WT + Ang-(1-7)     

Mdn (Q1 ; Q3 )%

p -value untr. 

vs. Ang-(1-7)

Symbol untr. 

vs. Ang-(1-7)

WT + AVE 0991 

Mdn (Q1 ; Q3 )%

p -value untr. 

vs. AVE 0991

Symbol untr. 

vs. AVE 0991

Insulin 1 95.7 (88.0; 109.9) 197.6 (162.4; 275.9) 0.0043 (**) ⬆ 162.0 (147.8; 170.6) 0.0043 (**) ⬆

Insulin 2 92.6 (78.4; 108.2) 139.6 (108.5; 244.1) 0.0317 (*) ⬆ 174.5 (132.0; 241.6) 0.0317 (*) ⬆

PDX-1 102.7 (94.6; 109.0) 164.2 (150.6; 194.1) 0.0095 (**) ⬆ 130 (122.0; 138.0) 0.0022 (**) ⬆

Hnf1α 102.6 (92.9; 106.5) 83.0 (80.0; 84.1) 0.329 = 85.8 (54.9; 108.7) 0.5887 =

Hnf3β 104.1 (101.0; 105.4) 106.7 (98.0; 110.8) 0.6623 = 109.0 (105.0; 113.0) 0.3095 =

GLUT2 98.7 (74.7; 124.7) 181.8 (141.6; 230.0) 0.0381 (*) ⬆ 81.3 (65.8; 97.8) 0.3095 =

GK 107.0 (101.0; 110.3) 130.0 (122.1; 135.3) 0.0667 (ns) (⬆) 124.5 (119.3; 141.0) 0.0303 (*) ⬆
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3.10 Is the PI3K/AKT or ERK pathway involved in the regulation of 

Mas and/or are these pathways downstream targets of Mas in 

β-cells? 

As shown in the present study, expressions of many genes of different signalling 
pathways were affected in Mas-deficient islets. The involvement of PI3K/AKT and ERK 
pathways downstream of Mas have already been revealed e.g. in rat heart and human 
endothelial cells, respectively (Giani et al., 2007; Sampaio et al., 2007a; Zhou et al., 
2012). In order to analyse, if PI3K/AKT and ERK pathways are downstream targets of 
Mas in islets as well, short-term stimulation experiments with Ang-(1-7) and/or its 
antagonist D-Ala7-Ang-(1-7) in β-cells were investigated. The phosphorylation of 
ERK1/2 and AKT served as read-outs and were analysed by the use of western blot. 
Protein concentrations obtained from isolated islets are in general very low and quite a 
large amount has to be used for immunostaining of phospho-AKT (pAKT) and phospho-
ERK1/2 (pERK1/2) in western blots. Hence, in this case the cell line BRIN-BD11 was 
preferred as a β-cell model instead. AKT and ERK western blots were kindly provided by 
Anika Sahr from the Department of Medical Biochemistry and Molecular Biology of the 
Ernst-Moritz-Arndt University of Greifswald and shown in Fig. 3.10.1. 
 
Untreated controls of pAKT and pERK1/2 at 5.5 as well as at 25 mM glucose were set at 
100%.  

Ang-(1-7) activated AKT at low and high glucose concentrations in BRIN-BD11 
cells after 15 min, at which the medians reached 156 (151; 196)% or 140 (113; 260)% 
respectively (Fig. 3.10.1 A and B). In the samples coincubated with Ang-(1-7) and its 
antagonist D-Ala7-Ang-(1-7) the Ang-(1-7)-effects were abolished by D-Ala7-Ang-(1-7) 
under low as well as high glucose conditions (Fig. 3.10.1 A and B). However, at 5.5 mM 
glucose D-Ala7-Ang-(1-7) alone seemed to increase AKT phosphorylation, but this effect 
was not statistically confirmed (Fig. 3.10.1 A). D-Ala7-Ang-(1-7) abolished the AKT 
activation by Ang-(1-7) at high glucose concentrations to a larger extent than under low 
glucose conditions, at which pAKT-levels reached a minimum of 60 (46; 72)%. 

In contrast, Ang-(1-7) diminished ERK1 and 2 phosphorylation at low and high 
glucose concentrations in BRIN-BD11 cells after 15 min, at which the medians obtained 
69 (58; 77)% and 53 (42; 67)% respectively (Fig. 3.10.1 C and D). These effects were 
abolished by the coadministration of Ang-(1-7) and its antagonist D-Ala7-Ang-(1-7), 
whereas D-Ala7-Ang-(1-7) alone did not affect ERK1 and 2 phosphorylation (Fig. 3.10.1 C 
and D). 
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A                                                      B 

 
 

C                                                      D 

 
 
Fig. 3.10.1 A – D: AKT is activated by 100 nM Ang-(1-7) at low (A) and high glucose concentrations 

(B) in BRIN-BD11 cells after 15 min. Ang-(1-7)-effects are abolished by 1 µM D-Ala7-Ang-(1-7) at 

5.5 (A) as well as at 25 mM glucose (B). In contrast, ERK1/2-phosphorylation is diminished by 

100 nM Ang-(1-7) under low (C) and high glucose conditions (D). These effects are abrogated by 

1 µM D-Ala7-Ang-(1-7) at 5.5 (C) as well as at 25 mM glucose (D). For detailed experimental 
procedures see 2.2.1.2, 2.2.1.3 and 2.2.5. D-Ala7-Ang-(1-7) was preincubated for 15 min, before the 
treatment with glucose and/or Ang-(1-7) was carried out for additional 15 min. 40 µg of total protein 
were separated by SDS PAGE and visualized by western blot. Protein amounts were quantified using 
ImageJ and were normalized to total AKT or ERK1/2 response. Shown is one representative western blot 
out of five and the related boxplots with medians, interquartile ranges and whiskers. * = p < 0.05; 
** = p < 0.01 compared to each untreated control (Co.). Abbreviations: Ang-(1-7) = angiotensin-(1-7), 
D-Ala = D-alanine7-angiotensin-(1-7), (p)AKT = (phospho)-AKT = synonym for protein kinase B, 
(p)ERK1/2 = (phospho)-extracellular-signal-regulated kinases 1 and 2. Blots kindly provided by Anika 
Sahr. 
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As it had been shown that Ang-(1-7) induced phosphorylation of AKT and 
dephosphorylation of ERK1/2, and these effects were abrogated by the Ang-(1-7) 
antagonist D-Ala7-Ang-(1-7), the PI3K/AKT and the ERK1/2 pathway were identified as 
downstream targets of Mas in β-cells.  

In order to analyse, whether there exists a regulatory (feedback) loop from the 
PI3K/AKT or ERK1/2 pathway to Mas, BRIN-BD11 cells were incubated with a broad-
specificity PI3K inhibitor LY294002 and/or with a specific MEK inhibitor PD98059. The 
resulting Mas mRNA amounts were determined by the use of RT-qPCR. 
 
The 3 h-controls of Mas mRNA amounts at 5.5 and 25 mM glucose were set at 100%. The 
PI3K inhibitor LY294002 decreased the amount of Mas mRNA in BRIN-BD11 cells at low 
and high glucose concentrations after 3 h, 6 h and 12 h of incubation by at least 60% 
(Fig. 3.10.2 A and B). The MEK inhibitor PD98059 did not significantly alter the mRNA 
amounts of Mas in BRIN-BD11 cells, either under low- or high glucose conditions, to no 
indicated point of time. Instead, there seemed to be a slight tendency of up-regulation of 
Mas mRNA amounts by PD98059 (Fig. 3.10.2 A and B). In the samples coincubated with 
both inhibitors the significant reduction of Mas mRNA amounts by LY294002 was 
slightly attenuated by PD98059 in BRIN-BD11 cells after 3 h at 5.5 as well as at 25 mM 
glucose (Fig. 3.10.2 A and B). At all other points of time, the coadministration of 
LY294002 and PD98059 also decreased the amount of Mas mRNA, but to a lesser extent 
than LY294002 achieved alone (Fig. 3.10.2 A and B). 
 

A                                                             B 

 
Fig. 3.10.2 A and B: Mas mRNA amounts are decreased by the PI3K inhibitor LY294002 alone and 

in combination with the MEK inhibitor PD98059 in BRIN-BD11 cells at low (A) and high glucose 

concentrations (B) after at least 6 and 12 h, whereas PD98059 alone does not alter the amount of 

Mas mRNA. For detailed experimental procedures see 2.2.1.2, 2.2.1.3 and 2.2.4. 100 µM LY294002 and/or 
50 µM PD98059 were preincubated for 1 h, before the treatment with glucose was carried out as 
indicated. All samples were cultured with the same solvent concentrations (0.2% DMSO). mRNA amounts 
were determined via quantitative PCR. Data were evaluated and normalized to ribosomal protein L13A 
(Rpl13a) mRNA amount using ∆∆Cq method. Shown are bars with means + SEM instead of boxplots of four 
independent experiments to maintain the abridgement. * = p < 0.05 compared to each corresponding 
control (Co.) at 5.5 or 25 mM glucose. Abbreviations: LY = PI3K inhibitor LY294002, PD = MEK inhibitor 
PD98059, PI3K = phosphatidylinositol 3-kinase, MEK = mitogen-activated protein kinase kinase. 
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After it had been shown that the PI3K inhibitor LY294002, but not the MEK inhibitor 
PD98059, reduced Mas mRNA amounts in BRIN-BD11 cells, analysis of whether these 
inhibitors influence the mRNA amounts of insulin and selected TFs of insulin and of 
PDX-1 in the same cells was also undertaken. 
 
In every graph of the following Fig. 3.10.3 the 3 h-solvent controls at 5.5 and 25 mM 
glucose were set at 100%. Insulin 1 and 2 mRNA amounts were not affected by the 
specific MEK inhibitor PD98059 in BRIN-BD11 cells, either at low, or at high glucose 
concentrations at any indicated point of time (Fig. 3.10.3 A + B and C + D). In contrast, 
the PI3K inhibitor LY294002 very slightly increased the amounts of insulin 1 and 2 
mRNA in BRIN-BD11 cells at some points of time by at least 20%. This effect was 
stronger under low than under high glucose conditions (Fig. 3.10.3 A + B and C + D). 
Both inhibitors in combination seemed to slightly reverse the effect of LY294002 alone 
in most cases (Fig. 3.10.3 A + B and C + D). PDX-1 mRNA amount was neither affected by 
the PI3K inhibitor LY294002 nor by the MEK inhibitor PD98059 at any indicated points 
of time in BRIN-BD11 cells at 5.5 mM glucose (Fig. 3.10.3 E). There seemed to be a slight 
tendency of reduced PDX-1 mRNA amounts by LY294002 alone and by both inhibitors in 
combination at low glucose concentrations. However, this effect only became significant 
under high glucose conditions after 3 and 6 h of incubation. PDX-1 mRNA amount was 
reduced in these samples by 30 and 60% respectively (Fig. 3.10.3 F). Hnf1α has been 
shown to activate both insulin and PDX-1 transcription. Hnf1α mRNA amounts were 
substantially decreased by at least 80% by the PI3K inhibitor LY294002 alone and in 
combination with the specific MEK inhibitor PD98059 in BRIN-BD11 cells after all 
indicated points of time at low and high glucose concentrations. PD98059 alone did not 
influence the amount of Hnf1α mRNA under the conditions used (Fig. 3.10.3 G + H). 
Mxd1 is a known transactivator of the PDX-1 promoter. Mxd1 mRNA amounts were 
substantially increased by at least 150% by LY294002 alone and in combination with 
PD98059 in BRIN-BD11 cells at all indicated points of time at low as well as at high 
glucose concentrations (Fig. 3.10.3 I + J). The mRNA amount of Mxd1 remained 
unaffected by PD98059 under the conditions used (Fig. 3.10.3 I + J). NeuroD1 is a 
common transcription factor of insulin and PDX-1. NeuroD1 mRNA amount was neither 
affected by LY294002 nor by PD98059 in BRIN-BD11 cells under any conditions used in 
this assay (Fig. 3.10.3 K + L). ATF3 is a familiar repressor of the PDX-1 gene. ATF3 
mRNA amounts were substantially increased by at least 300% by LY294002 alone and 
in combination with PD98059 in BRIN-BD11 cells (Fig. 3.10.3 M + N). This effect was 
statistically significant at almost all indicated points of time at low as well as at high 
glucose concentrations (Fig. 3.10.3 M + N). ATF3 mRNA amount remained unaffected by 
PD98059 under the conditions used. However, in the samples coincubated with both 
inhibitors PD98059 seemed to slightly reduce the effects of LY294002 on the amount of 
ATF3 mRNA at 5.5 and 25 mM glucose in BRIN-BD11 cells, but this effect was not 
statistically confirmed (Fig. 3.10.3 M + N). 
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I                                                         J 
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M                                                        N 

 
 

Fig. 3.10.3 A – N: Influences of the PI3K inhibitor LY294002 and/or the MEK inhibitor PD98059 on 

mRNA amounts of insulin 1 and 2 (A + B/C + D), PDX-1 (E + F), Hnf1α (G + H), Mxd1 (I + J), NeuroD1 

(K + L) and ATF3 (M + N) in BRIN-BD11 cells after 3 h, 6 h and 12 h at low and high glucose 

concentrations. For detailed experimental procedures see 2.2.1.2, 2.2.1.3 and 2.2.4. 100 µM LY294002 
and/or 50 µM PD98059 were preincubated for 1 h, before the treatment with glucose was carried out as 
indicated. All samples were cultured with the same solvent concentrations (0.2% DMSO). mRNA amounts 
were determined via quantitative PCR. Data were evaluated and normalized to ribosomal protein L13A 
(Rpl13a) mRNA amount using ∆∆Cq method. Shown are bars with means + SEM instead of boxplots of four 
independent experiments to maintain the abridgement. * = p < 0.05 compared to each corresponding 
solvent control (Co.) at 5.5 or 25 mM glucose. Abbreviations: LY = PI3K inhibitor LY294002; PD = MEK 
inhibitor PD98059, PDX-1 = pancreatic duodenal homeobox-1, Hnf1α = hepatocyte nuclear factor 1α, 
Mxd1 = MAX dimerization protein 1, NeuroD1 = neurogenic differentiation 1, ATF3 = activating 
transcription factor 3, PI3K = phosphatidylinositol 3-kinase, MEK = mitogen-activated protein kinase 
kinase. 

 
 
 
After a mutual regulation of the PI3K/AKT pathway and Mas had been identified in 
BRIN-BD11 cells, the influence of Mas on the mRNA amounts of different PI3K isoforms 
in islets was analysed. In order to do this, mRNA amounts of the catalytic subunits (SU) 
as well as selected regulatory ones of different PI3K classes were determined in isolated 
islets of Mas WT, heterozygous and k.o. mice by the use of RT-qPCR. For this experiment 
isolated islets were cultured in cell culture medium containing 5.5 mM glucose for 24 h, 
before the RNA was isolated. 
 
The mRNA amount of each analysed PI3K SU of WT islets was set to 100% (Tab. 3.10). 
The catalytic subunits p110α and β of Class IA PI3K isoforms were more highly 
expressed than all other PI3K catalytic subunits analysed in isolated islets of Mas WT, 
heterozygous and k.o. mice (data of comparison not shown). The mRNA amounts of all 
catalytic subunits of the different PI3Kinases were increased in Mas heterozygous or k.o. 
islets (Tab. 3.10). In Mas heterozygous islets the mRNA amounts of four catalytic 
subunits, p110β and p110δ of Class IA, p110γ of Class IB and C2γ of Class II PI3K were 
significantly increased. In contrast, in Mas k.o. islets the mRNA amounts of those PI3K 
catalytic subunits, which were not significantly enhanced in heterozygous islets, p110α 
of Class IA, C2α of Class II and C3 of Class III were increased (Tab. 3.10). mRNA amounts 
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of all analysed regulatory subunits, p85α and β of Class IA as well as p101 of Class IB, 
were not altered either in Mas heterozygous or in k.o. islets (Tab. 3.10). 
 
Table 3.10: Catalytic subunits of different PI3K isoforms are up-regulated in isolated islets of Mas 

heterozygous and knock-out mice.  
 

 
 

Tab. 3.10: Islets from two mice were isolated for one sample, islets were cultivated and treated for 24 h in 
cell culture medium containing 5.5 mM glucose, total RNA of the islets was prepared and 150 ng were 
reverse transcribed. mRNA amounts were determined via quantitative PCR. Data were evaluated and 
normalized to ribosomal protein, large, P0 (P0) mRNA amount using ∆∆Cq method. Shown are medians 
(Mdn) with 25. and 75. quartile (Q1; Q3)%, the corresponding p-values (* = p < 0.05; ** = p < 0.01; 
*** = p < 0.001) and a graphical symbol of up- or down-regulated mRNA amounts of isolated islets of Mas 

heterozygous (+/-) and knock-out (-/-) mice compared to wild type [(WT), (+/+)] mice. n = 5 – 11 (+/+); 

n = 4 – 5 (+/-); n = 5 – 12 (-/-). Abbreviations: vs. = versus, PI3K = phosphatidylinositol 3-kinase. 

 
 
 
After it had been shown that in islets of Mas heterozygous and k.o. mice, the mRNA 
expressions of catalytic subunits of different PI3K isoforms were increased, an analysis 
of whether these alterations were reflected in the phosphorylation of AKT was 
undertaken. AKT phosphorylation was analysed in Mas WT and k.o. islets by 
immunofluorescence of paraffin sections of mouse pancreas. 
 
Islets of WT mice exhibited a clear phospho-AKT-specific immunofluorescence, whereas 
those of Mas k.o. mice were very pale under the same staining conditions and 
calibrations of the microscope (Fig. 3.10.4 A and B). During optimization, the pAKT 
antibody was titrated in the immunohistochemistry until differences in the intensity of 
the staining in between the two phenotypes, WT and Mas k.o., were strongest. Therefore, 
at higher antibody concentrations the pAKT staining in the islets of Mas k.o. mice also 
became visible. The control stainings with secondary antibody coupled with Cy2 (green) 
lacking the first antibody were very pale, indicating that the unspecific staining was 
marginal (Fig. 3.10.4 C and D).  
 
 
 
 
 
 
 
 
 
 
 

WT                            

Mdn (Q1 ; Q3 )%

Mas +/-                     

Mdn (Q1 ; Q3 )%

p -value                        

+/+ vs. +/-

Symbol          

+/+ vs. +/-

Mas -/-                    

Mdn (Q1 ; Q3 )%

p -value                      

+/+ vs. -/-

Symbol       

+/+ vs. -/-

PI3K p110α 89.8 (61.7; 119.8) 170.5 (90.3; 292.3) 0.1119 = 151.9 (112.2; 239.2) 0.0076 (**) ⬆

PI3K p110β 100.0 (68.6; 131.8) 204.2 (173.4; 268.2) 0.0112 (*) ⬆ 139.0 (116.7; 181.2) 0.0947 =
PI3K p110δ 99.8 (67.2; 122.0) 192.4 (181.7; 207.1) 0.0162 (*) ⬆ 145.6 (106.5; 189.8) 0.2031 =
PI3K p85α 96.6 (67.2; 121.6) 163.5 (128.7; 184.6) 0.0829 = 94.4 (61.4; 114.7) 0.5457 =
PI3K p85β 102.2 (65.3; 127.3) 98.4 (97.7; 143.7) 1.0 = 65.7 (38.7; 113.7) 0.393 =

PI3K p110γ 103.3 (91.7; 130.7) 195.7 (155.5; 242.4) 0.0061 (**) ⬆ 123.0 (104.0; 178.4) 0.281 =
PI3K p101 84.9 (29.4; 151.6) 184.6 (82.1; 211.7) 0.1645 = 65.8 (49.1; 117.8) 0.9719 =
PI3K C2α 87.6 (53.5; 155.9) 371.7 (124.3; 625.4) 0.1091 = 366.5 (246.5; 539.3) 0.0001 (***) ⬆

PI3K C2γ 100.0 (31.7; 159.0) 238.6 (198.0; 374.8) 0.0028 (**) ⬆ 84.2 (68.5; 121.3) 0.9682 =
PI3K C3 100.0 (77.4; 129.5) 141.6 (77.5; 257.9) 0.2573 = 150.8 (123.2; 213.8) 0.0054 (**) ⬆

PI3Kinases
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D 

 
 

Fig. 3.10.4 A – D: Phosphorylation of AKT (Serine 473) is decreased in islets of Mas knock-out mice. 

Shown are pAKT and control (Co.) stainings of wild type (+/+) (A and C) and Mas knock-out (-/-) (B and 
D) islets, respectively. Paraffin sections of mouse pancreas were immunohistochemically stained against 
phosho-AKT (Serine 473) (1:50) and the secondary antibody coupled with cyanine (Cy)2 (green) (1:200). 
For exact experimental procedure see 2.2.5.5. Nuclear staining was performed with DAPI. The 
immunofluorescence was visualized by a confocal microscopy with 63-fold magnification. All sections 
were stained under the same conditions and pictures were taken with the same calibrations of the 
microscope. Shown is one representative immunofluorescence staining out of four. Abbreviations: 
DAPI = 4′,6-diamidino-2-phenylindole dihydrochloride, pAKT = phospho-AKT = synonym for phospho-
protein kinase B. 

 
 
 
In summary, AKT and ERK1/2 were identified as downstream targets of Mas in 
BRIN-BD11 cells. Additionally, there was a regulatory (feedback) loop from PI3K to Mas 
in the same cells. In contrast to PI3K inhibition, the inhibition of the MEK/ERK pathway 
did not influence the amount of Mas mRNA in BRIN-BD11 cells. Furthermore, PI3K-, but 
not MEK-inhibition, led to alterations in mRNA amounts of insulin, PDX-1 and almost all 
of their transcription factors that were analysed in the same cell line. On the one hand, 
studies on primary islet cells revealed that mRNA amounts of catalytic subunits of 
different PI3K isoforms were increased in Mas k.o. islets. On the other hand, the 
phosphorylation of AKT was reduced in the same islets. 
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4 Discussion  

The present study aimed at analysing a possible functional relevance of the expression 
of specific, local RAS components or the activity of a certain RAS axis for β-cell function. 
Using the rat insulinoma cell line BRIN-BD11, it was determined whether glucose and 
different fatty acids (PA and DHA-ME) affect the local pancreatic β-cell RAS. By means of 
the Mas ligand Ang-(1-7), Ang-(1-7) agonists and antagonists and a murine k.o. model of 
Mas, the particular contribution of the ACE2/Ang-(1-7)/Mas axis to β-cell function could 
be established. 

 

4.1 Glucose and fatty acids in β-cell function and regulation of the 

local renin-angiotensin system 

4.1.1 The influence of glucose on β-cell function 

4.1.1.1 The β-cell line BRIN-BD11 shows preserved glucose 

responsiveness 

β-cell lines often have lost their ability to respond to glucose adequately. In BRIN-BD11 
cells glucose increased short-term insulin secretion (20 min) in a dose-dependent 
manner that confirms the results of McClenaghan and co-workers, who established this 
cell line (McClenaghan et al., 1996).  

Hence, the rat insulinoma cell line BRIN-BD11 is a suitable β-cell model. 
 

4.1.1.2 Slight signs of glucotoxicity in BRIN-BD11 cells after long-

term exposure to high glucose 

Results of this study show that glucose dose-dependently increased the mRNA and 
protein amounts of insulin in BRIN-BD11 cells after 24 h of incubation. Maximum 
endogenous insulin concentrations were reached at 25 mM glucose, but declined after 
exposure to 50 mM glucose. This phenomenon could be explained in different ways.  

First, glucose at 50 mM may compromise cell viability and function due to 
osmotic effects. In support of this view 50 mM mannitol was shown to decrease the 
endogenous insulin content of BRIN-BD11 cells (data not shown). The amount of 
detected dead cells, measured by Live/Dead assay, and the number of living cells, 
analysed by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (MTS), were unchanged after 24 h (MTS, data not shown). 
In contrast, a greater increase of the cell count may be expected by high glucose, because 
of its proliferation activating property (Xu et al., 2013).  

Secondly, high glucose concentrations and the proportionally enhanced glucose 
metabolism may increase electron leakage from the respiratory chain. This would lead 
to the production of ROS and possibly contributes to mitochondrial and cellular 
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dysfunction and damage. This view is supported by the finding of our group and cooper-
cooperation partners; exposure of BRIN-BD11 cells to relatively high glucose 
concentrations (25 mM) resulted in: (I) increased amounts of oxidized cardiolipin (CL), 
(II) decreased fluidity of the mitochondrial membrane, and (III) slightly increased 
cytosolic cytochrome c levels (Hermes et al., 2011).  

Endogenous insulin amounts were reduced at 50 mM glucose despite functional 
GSIS and increased mRNA levels. Therefore, this phenomenon could be due to 
posttranslational mechanisms. 

From these findings an impairment of β-cell viability and function by high glucose 
due to prolonged exposure time could be deduced. In support of this view, short-term 
exposure (20 min – 2 h) of BRIN-BD11 cells to high glucose resulted in an adequate GSIS 
and no significantly enhanced ROS-production. In contrast, long-term exposure (24 h) 
caused an increase of ROS amounts, as indicated by augmented DCFH oxidation (data 
not shown). This confirms previous findings of other groups (Lamers et al., 2011; 
Robertson, 2004). 

Initiated apoptosis is a reversible process until the so called point of no return 
(Geske et al., 2001). This point is defined in terms of the activation of executioner-phase 
caspases, which correlates with fully activated caspase 3 (Geske et al., 2000). At the 
same time cell viability is reduced and apoptosis can no longer be circumvented to its 
full extent (Geske et al., 2000; Geske et al., 2001). In the present work, long-term 
exposure to high glucose neither resulted in a reduction in cell viability nor of insulin 
production, which both represent symptoms of late-phase glucotoxicity (Federici et al., 
2001; Laybutt et al., 2003). However, proapoptotic effects outweigh the antiapoptotic 
ones, which is consistent with the presence of weak signs of glucotoxicity only. 

 

4.1.2 Influence of fatty acids on β-cell function  

4.1.2.1 Lipotoxic effects of long-term exposure of BRIN-BD11 cells 

to PA 

In the present study, long-term exposure (24 h) of BRIN-BD11 cells to PA at 5.5 mM 
glucose dose-dependently decreased the mRNA amounts of insulin and the insulin 
secretion. These findings could be explained in different ways.  

First, long-term exposure of PA could increase ROS-production due to (I) 
enhanced peroxisomal β-oxidation, and (II) increased mitochondrial FA metabolism, 
which may increase the electron leakage from the respiratory chain and harm 
mitochondrial function. (III) Activation of NADPH oxidase can also be a possible source 
of ROS-generation by PA.  

Increasing amounts of ROS may contribute to cellular dysfunction and damage 
and therefore lead to impaired insulin secretion and production. In support of the ROS-
formation in the peroxisomal β-oxidation, acyl-CoA oxidases are the sites of H2O2-
production (Dansen and Wirtz, 2001). All FAs that are pure substrates for mitochondrial 
β-oxidation, such as long-chain (> C14), branched-chain, and polyunsaturated FAs are 
first broken down in the peroxisomal β-oxidation, before they are further oxidized in the 
mitochondrium (Elsner et al., 2011; Dansen and Wirtz, 2001). In insulin-secreting cells 
long-term exposure (24 h) of PA increased the peroxisomal H2O2-production (Elsner et 
al., 2011). Membrane permeable H2O2 could diffuse to other subcellular compartments 
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and could, in this way, impair insulin secretion and production (Zhou and Grill, 1994; 
Akesson and Lundquist, 1999; Maechler et al., 1999).  

The mechanism of how NEFAs increase ROS-generation in mitochondria remains 
to be established fully. However, NEFAs and their derivatives, ceramides, can inhibit 
complex I and III of the respiratory chain thereby promoting mitochondrial ROS-
generation (Loskovich et al., 2005; Cocco et al., 1999; Di Paola et al., 2000; Schönfeld and 
Wojtczak, 2007). FAs can also promote ROS-production in mitochondria due to their 
incorporation into the mitochondrial membrane, again enhancing the electron leakage 
of the respiratory chain (Schönfeld et al., 2011).  

Another source of ROS is the NADPH oxidase. NEFAs activated the NADPH 
oxidase through a protein kinase C (PKC)-dependent pathway in cultured vascular cells 
(Inoguchi et al., 2000). In β-cells, PA increased the expression of the NADPH oxidase 
subunit p47phox, which subsequently led to superoxide radical formation (Morgan et al., 
2007).  

However, peroxisomal β-oxidation is probably the main source of ROS-
production by PA in β-cells, because only the over-expression of the H2O2-inactivating 
enzyme, catalase (Cat), in the peroxisome could protect the cells against PA-induced 
toxicity (Elsner et al., 2011).  

Secondly, FA-incorporation into cell and organelle membranes, could affect 
membrane fluidity and, in the case of mitochondria, impair the respiratory chain, which 
leads to a diminished ATP/ADP-ratio and therefore reduces insulin secretion. In support 
of this view, exogenously applied FAs were incorporated into the plasma membrane as 
well as in non-mitochondrial organelles and in mitochondria of O2-sensing rat 
pheochromocytoma (PC12) cells (Schönfeld et al., 2011). The enrichment of FAs in the 
inner mitochondrial membrane may facilitate the liberation of electrons from the 
respiratory chain thereby enhancing ROS-production (Schönfeld et al., 2011). PA 
embedded in the lipid bilayer diminished membrane fluidity in HepG2 cells 
(Leekumjorn et al., 2008). Decreased membrane fluidity leads to inhibition of GSIS by 
stabilizing and expanding the F-actin network in the cell periphery (Hao and Bogan, 
2009). Furthermore, reduced membrane fluidity can diminish GK activity, which leads to 
impaired glucose oxidation followed by a decreased ATP/ADP-ratio, which lowers GSIS 
by itself (Hao et al., 2007). In addition, the diminished ATP/ADP-ratio also activates 
AMPK, which phosphorylates and inactivates the key enzymes of lipid synthesis, acetyl 
coenzyme A carboxylase (ACC) and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA). The mammalian target of rapamycin (mTOR), an enzyme essential for survival, 
growth, proliferation and transcriptional activity is among the enzymes inactivated by 
AMPK, too. This leads to decreased FA-synthesis and increased FA-oxidation 
(Newsholme et al., 2007). Enhanced FA-oxidation entails elevated nicotinamide adenine 
dinucleotide (NADH)-levels, which inhibit the pyruvate dehydrogenase. This, via 
diminished glucose oxidation, declined GSIS (Zhou and Grill, 1995). Furthermore, 
persistent AMPK-activation inhibits expression of Hnf4α, a master regulating TF 
indispensable for normal islet function (Newsholme et al., 2007). 

Thirdly, long-term exposure of NEFAs could harm β-cells due to direct control of 
transcriptional levels of TFs involved in insulin production and secretion, but also in 
insulin signalling. In support of this view, mRNA and nuclear protein amounts of the 
sterol regulatory element-binding protein (SREBP)-1c were increased by PA in isolated 
mouse islets (Kato et al., 2008). SREBP-1C activates the transcription of uncoupling 
protein 2 (UCP-2), a decoupler of the respiratory chain, attenuating GSIS through 
reduced ATP synthesis (Rousset et al., 2004; Joseph et al., 2004; Yamashita et al., 2004; 
Medvedev et al., 2002). Additionally, SREBP-1C directly represses transcription of 
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insulin receptor substrate 2 (IRS-2). This leads to impaired IRS-2/PI3K/AKT-signalling, 
which is important for insulin gene expression and glucose metabolism leading to ATP 
production (Leibiger et al., 1998b; Ide et al., 2004; Landis and Shaw, 2014). SREBP-1C 
can also activate granuphilin, an inhibitor of exocytosis of insulin granules, thereby 
leading to impaired GSIS (Kato et al., 2006). Furthermore, reduced mRNA levels of 
Hnf1α, an important TFs of insulin, PDX-1, and GLUT2, were found in islets after 
prolonged exposure to FAs (Emens et al., 1992; Gerrish et al., 2001a; Ohtsubo et al., 
2011).  

Fourthly, FAs may affect the subcellular localization of proteins involved in 
insulin secretion and production. In support of this, PA promoted nuclear exclusion of 
FoxA2 (Hnf3β) and Hnf1α, both TFs of PDX-1 and master regulatory TFs in the islet, 
which could lead to impaired insulin production and GSIS (Wu et al., 1997; Gerrish et al., 
2001a; Ohtsubo et al., 2011). These effects were reversible and mediated by ROS, 
because they were abolished by the addition of the reducing agent N-acetylcysteine 
(NAC) (Ohtsubo et al., 2011). 

Fifthly, FAs may activate stress-signalling pathways, which negatively influence 
insulin signalling, production and secretion. In support of this view, PA may impair 
insulin signalling and secretion through the activation of p38 mitogen-activated protein 
kinase (p38 MAPK), which leads to ATF2 activation followed by increased transcription 
of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (Wang et al., 
2006; Kato et al., 2008). PA may also activate c-Jun NH2-terminal kinase (JNK), which 
leads (I) to insulin resistance and (II) to reduced glucose or insulin-induced insulin gene 
expression through impaired phosphorylation of IRS 1 and 2 (Solinas et al., 2006). (III) 
AKT activation is inhibited, which results in nuclear retention of Foxo1 followed by 
enhanced nucleocytoplasmic shuttling, reduced mRNA and protein amounts as well as 
decreased binding activity of PDX-1 (Solinas et al., 2006; Kawamori et al., 2006; Hagman 
et al., 2005; Gremlich et al., 1997). 

Most mechanisms by which FAs could compromise β-cell viability and function 
may only become important after prolonged exposure time. This view is supported by 
the findings of the present study that PA slightly decreased the number of living cells 
after 24 h, (analysed by MTS), and did not enhance ROS-production after 30 min – 2 h 
(MTS, data not shown). This confirms findings of other groups. Acute exposure of β-cells 
(islets) to FAs (1 – 3 h) amplifies GSIS, but prolonged exposure leads to impaired β-cell 
viability and function, resulting in decreased insulin secretion and production through 
several mechanisms indicated above (Carpentier et al., 1999; Poitout, 2008; Newsholme 
et al., 2007). The inhibitory effects of FAs on GSIS was reversibly induced between 6 and 
24 h (Zhou and Grill, 1994). 

The results of the present study clearly indicate lipotoxic long-term effects of PA 
in BRIN-BD11 cells. Proapoptotic effects seem to predominate over the antiapoptotic 
ones, but there is no evidence for an increase in the amount of dead cells under the 
conditions mentioned (Live/Dead assay). According to the findings of Zhou and co-
workers 1994, lipotoxicity in a reversible stage may apply to the action of PA in the 
present system. 

4.1.2.2 Lipotoxic effects of long- and short-term exposure of 

BRIN-BD11 cells to DHA-ME 

Several advantageous mechanisms of β-cells supporting function and survival have been 
reported over the years. ω-3 PUFAs have been shown to protect β-cells against NEFA-
induced dysfunction and cell death through different actions (Dhayal and Morgan, 
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2011): (I) Activation of the PI3K/AKT pathway and the peroxisome proliferator activat-
activated receptors (PPARs) (Beeharry et al., 2004; Newsholme et al., 2007); (II) 
reactivation of the oxidative glucose metabolism (Rizkalla et al., 1993; Lombardo and 
Chicco, 2006) and (III) inactivation of SREBP-1C as well as reduction of the amounts of 
UCP-2 (Shimano et al., 1997; Lin et al., 2005; Kato et al., 2008). In contrast, COX- and 
LOX-pathways, as well as the ability of FA to enter the β-oxidation or to be incorporated 
into neutral- and phospholipids were not part of the cytoprotective mechanisms of 
PUFAs. Beneficial effects of PUFAs may not be mediated through metabolic actions, but 
rather via the interaction of PUFAs with a critical binding site, such as e.g. a FA-receptor 
with loose substrate specificity (Dhayal and Morgan, 2011). This was assumed (I), 
because both parental PUFAs and their methyl esters were shown to be potent 
cytoprotectors against PA-induced lipotoxicity (Dhayal and Morgan, 2011). (II) Based on 
their structure, esterified PUFAs cannot be activated to thioesters with coenzyme A 
(CoA), and are therefore not available for β-oxidation or synthesis of neutral- and 
phospholipids (Dhayal and Morgan, 2011; Diakogiannaki et al., 2007). (III) Neither 
esterified PUFAs, which are poor substrates for eicosanoid synthesis, nor inhibitors of 
these pathways could abolish the cytoprotective effects of PUFAs (Dhayal and Morgan, 
2011). Based on the findings of Dhayal and Morgan 2011, the methyl ester of DHA was 
used in the present study, because it was focused on the effects of DHA separately from 
its metabolism. 

In the present study, 100 µM DHA-ME did not influence the amounts of insulin 1 
and 2 mRNA within 24 h in BRIN-BD11 cells, either at 5.5 mM or at 25 mM glucose 
concentrations. However, insulin secretion was decreased at 5.5 mM glucose and, under 
high glucose conditions (25 mM), it was increased instead by DHA-ME. This 
phenomenon could be explained in three ways. 

First, as with PA, DHA-ME could reduce the insulin secretion at low glucose due 
to the increased ROS-production, transcriptional control or control of subcellular 
localisation of TFs involved in insulin production, signalling and secretion. Activation of 
stress-signalling pathways could also be a relevant mechanism.  

Secondly, DHA-ME could stabilize plasma (or medium) concentrations of insulin 
at high glucose concentrations by decreasing its binding to its receptor thus diminishing 
internalization of insulin-insulin receptor-complexes (Svedberg et al., 1990).  

Thirdly, FA-dependent inhibition of the insulin-degrading enzyme (IDE) may 
contribute to elevated insulin levels (Hamel et al., 2003).  

These mechanisms are conducive to insulin resistance and have been observed in 
vitro and in vivo after application of PUFAs. In obese, but non-diabetic patients 
continuous oral administration of PUFAs at regular intervals for 24 h impaired GSIS and 
diminished insulin clearance from circulation (Xiao et al., 2006). Similar results were 
presented by the group of W. J. Malaisse: Long-term exposure (24 h) of eicosapentaenoic 
acid (EPA) and DHA minimized glucose utilization and oxidation as well as the absolute 
values of insulin secretion in BRIN-BD11 cells and isolated islets of ω-3-depleted rats. 
The authors attached the observed results to the appearance of lipotoxicity (Zhang et al., 
2009). 

In contrast to the effects of high glucose and PA observed in the present work, 
DHA-ME significantly increased the cytosolic, mitochondrial and the peroxisomal H2O2-
production in BRIN-BD11 cells after 30 min of incubation. In contrast to the findings of 
Dhayal and Morgan, that esterified FAs are not readily incorporated into neutral and 
phospholipids, DHA-ME was incorporated into cardiolipin in BRIN-BD11 cells (Dhayal 
and Morgan, 2011). This was demonstrated by unpublished data of our group in 
cooperation with Prof. L. Schild from the Otto-von-Guericke-University of Magdeburg 
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(Schild, personal communication). The incorporation into the membranes of other orga-
organelles has not yet been examined. This may suggest that DHA-incorporation into CL 
compromises mitochondrial function and facilitates the liberation of electrons from the 
respiratory chain. In contrast to the findings of Diakogiannaki and co-workers, DHA-ME 
increased peroxisomal H2O2 amounts. This might suggest DHA-ME being metabolized to 
some extent, at least in the peroxisomal β-oxidation (Diakogiannaki et al., 2007). 

It should be noted that the influence of PUFAs on ROS-generation is controversial. 
In lipopolysaccharide (LPS)-stimulated macrophages DHA, but not EPA, decreased the 
amounts of ROS possibly through negative regulation of enzymes responsible for ROS-
production. In contrast, EPA instead activated the NADPH oxidase (Ambrozova et al., 
2010). A new clinical trial studying PUFA-consumption revealed that genes of ROS-
reducing enzymes e.g. catalase and heme oxigenase 2 were up-regulated in normo- and 
dyslipidemic men after 12 weeks of DHA- and EPA-supplementation. Genes of several 
pro-oxidative cytochrome P450 enzymes were down-regulated instead (Schmidt et al., 
2012). In PC12 cells, 50 µM DHA increased the production of H2O2 under both normoxia 
and hypoxia, and this was associated with augmented mitochondrial superoxide 
formation (Schönfeld et al., 2011).  

It is worth mentioning that β-cells exhibit an extraordinary sensitivity to ROS, 
because they are undersupplied with ROS-detoxification enzymes (Lenzen, 2008). A 
comparison of the expressions of superoxide dismutases (SODs) (cytosolic Cu/Zn-SOD 
and mitochondrial Mn-SOD), glutathione peroxidase (GPx) and catalase in the liver and 
in isolated islets showed that the expression of SOD isoforms in islets only account for 
30 – 40%, and that of GPx for 15% of the expression of the liver. Cat was not expressed 
at all in mouse islets (Lenzen et al., 1996). A similar examination has been done in rats, 
in which SOD-levels account for 30% and those of the H2O2-reducing enzymes Cat and 
GPx only for 5% of their expressions in the liver, respectively (Tiedge et al., 1997). Thus, 
generated superoxide in β-cells is barely reduced to hydrogen peroxide by the action of 
SOD. But the continuative reduction to water and molecular oxygen is nearly impossible, 
which is what makes the islets exceedingly sensitive to ROS, and especially to H2O2. 
Other organs feature normal ROS-detoxification systems. Whether PUFAs attenuate 
harmful effects of other substances or whether they are injurious may depend on the 
type of tissue they act on.  

In conclusion, the results of the present study indicate lipotoxic long- and short-
term effects of DHA-ME in BRIN-BD11 cells. This again supports the balance towards 
proapoptotic effects, but there is evidence neither for compromised insulin production 
nor for an increase in the amount of dead cells under the mentioned conditions 
(Live/Dead assay) after 24 h. As with PA, lipotoxicity in a reversible stage might be 
assumed by DHA-ME in the present study. 

 

4.1.3 The expressions of particular components of the RAS correlate 

with parameters of β-cell function 

4.1.3.1 Basic expressions of components of the RAS in β-cells 

Several components of the RAS have been identified already in the pancreas of humans, 
rats, mice and dogs (Tahmasebi et al., 1999; Leung et al., 1997; Chappell et al., 1991; 
Paul et al., 2006). However, this study was the first to give comprehensive information 
about the expression of components of all three RAS axes and points to functional 
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relevance in β-cells. These findings are in accordance with the current literature. A 
bright variety of RAS components have been identified by other groups in β-cells, but 
also in other cell types of the islets and in the exocrine pancreas as indicated below. 
 

Precursor peptide and the enzyme renin  

 

Angiotensinogen, the precursor peptide of all angiotensin molecules, was found to be 
expressed in mouse β-cells on mRNA as well as protein levels (Lau et al., 2004; Chu et al., 
2006). However, in rat pancreas angiotensinogen was only found in α-cells (Regoli et al., 
2003).  

(Pro)renin mRNA was expressed in the connective tissue surrounding the blood 
vessels and in reticular fibres within the human islet. However, the protein of (pro)renin 
was found predominantly in β-cells and endothelial cells of the pancreatic vasculature 
(Tahmasebi et al., 1999). The release of (pro)renin from synthesizing cells and the 
subsequent uptake by different target cells has been shown in different tissues (Sealey 
et al., 1996). 

 
ACE/Ang II/AT1R axis and AT2R 

 

ACE, the main enzyme producing Ang II, was found to be expressed predominantly in 
the microvasculature and in the periphery of rat islets (Tikellis et al., 2004).  

AT1R and AT2R were detected on the mRNA and protein levels in mouse β-cells, 
whereas in rats AT2R was expressed in somatostatin-secreting δ-cells (Lau et al., 2004; 
Chu et al., 2010; Wong et al., 2004). In humans, AT1R protein was expressed in β-cells 
(Tahmasebi et al., 1999). 

 
APN/Ang IV/IRAP axis 

 
IRAP protein has been detected in human β-cells as well as in the periphery of islets of 
non-pregnant mice, probably in α-cells. During pregnancy the cell types expressing IRAP 
in the islet changed, and in the late gestation phase the cells positive for IRAP were 
located only in the inner cells of the islets, probably in β-cells (Kobayashi et al., 2004a; 
Kobayashi et al., 2004b).  

 
ACE2/Ang-(1-7)/Mas axis 

 
ACE2 mRNA and protein have been found mainly in β-cells of rat islets (Tikellis et al., 
2004). 

Expression of Mas has been revealed on the protein level in the exocrine, as well 
as in the centre of mouse islets, probably in β-cells (Bindom and Lazartigues, 2009).  

 
ACE2 was only found in rat pancreatic β-cells and IRAP in the periphery of islets of non-
pregnant mice, probably α-cells (Tikellis et al., 2004; Kobayashi et al., 2004a). Therefore, 
the expressions of IRAP and ACE2 have been determined for the first time in β-cells of 
mouse islets in the present study. Furthermore, NEP, APN and APA expressions were 
indeed detected for the first time in pancreatic β-cells as shown in BRIN-BD11 cells 
(Härdtner et al., 2013). 

The entirety of these results prove the presence of a local pancreatic β-cell RAS 
both in BRIN-BD11 and in primary islet cells. 
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4.1.3.2 High glucose activates the alternative ACE2/Ang-(1-7)/Mas 

and APN/Ang IV/IRAP RAS axes in β-cells 

After the existence of a local RAS in β-cells had been established, the influence of 
glucose, PA and DHA-ME on the expression patterns of the main components of the 
pancreatic β-cell RAS was analysed.  

High glucose increased mRNA and protein amounts and the enzymatic activities 
of components of the ACE2/Ang-(1-7)/Mas axis and NEP, as well as those of the 
APN/Ang IV/IRAP axis after 24 h in BRIN-BD11 cells (Härdtner et al., 2013). In contrast, 
mRNA amounts of components of the main classical ACE/Ang II/AT1R RAS axis and 
AT2R remained unchanged under the same conditions. Maximum protein amounts of 
Mas were reached at 25 mM glucose, but already declined after exposure to 50 mM 
glucose, whereas ACE mRNA was significantly increased only at 50 mM glucose. These 
findings are in accordance with reduced endogenous insulin concentrations at 50 mM 
glucose in these cells and could be attributed to possible glucotoxic effects, as discussed 
above. 

The mechanism underlying glucose-dependent activation of the alternative 
APN/Ang IV/IRAP and ACE2/Ang-(1-7)/Mas RAS axes remains to be elucidated. 
However, as a consequence of the activation of the alternative APN/Ang IV/IRAP and 
ACE2/Ang-(1-7)/Mas RAS axes by glucose, Ang IV and Ang-(1-7) supposedly become the 
locally predominant RAS peptides. These peptides, via their receptors IRAP and Mas, 
could well enhance insulin production and GSIS. Supporting this view, Ang IV or rather 
its more stable analogue Nle-Ang IV increased GSIS in INS-1 cells (Siebelmann et al., 
2010). Ang-(1-7) upon binding to Mas is supposed to have similar effects due to its 
general Ang II-counterbalancing effects (Oudit and Penninger, 2011; Santos et al., 2013). 
Ang II, via AT1R, leads to impaired insulin signalling and production as well as GSIS, of 
which the latter is proposed to be due to diminished islet blood flow (Folli et al., 1999; 
Nakashima et al., 2006; Carlsson et al., 1998). Although not providing any mechanistic 
data here, they still emphasize the correlation of activated alternative RAS and insulin 
production and secretion. 

The influence of glucose on the expression of components of the RAS has been 
analysed in β-cells and other cell types or tissues previously by other means: 

Chronic hyperglycemia (48 h) increased mRNA and protein amounts of AT1R as 
well as ROS-formation in insulin-secreting INS-1E cells, which was accompanied by 
impaired GSIS (Leung and Leung, 2008). In human isolated islets, ACE, but also AT1R 
mRNA was already up-regulated by 22.2 mM glucose after 24 h. At the same time, 
enhanced ROS-generation and impaired GSIS were observed (Lupi et al., 2006). The 
approximately 2 – 4 mM lower threshold for GSIS in humans compared to that of 
rodents could be one possible explanation for the different glucose concentrations 
stimulating ACE expression in human isolated islets and the rat insulinoma cell line 
BRIN-BD11. Comparing the data of the present study to those of Leung (2008) and Lupi 
(2006), it is obvious that in contrast to acute glucose stimulation, chronic hyperglycemia 
could contribute to glucotoxicity through the activation of the main 
ACE/Ang II/AT1R axis in the islet.  

In rat pancreatic stellate cells (PSCs), which are localized in the exocrine part and 
are involved in pancreatic inflammation and fibrosis, the extracellular matrix (ECM) 
production was increased by hyperglycemia via the activation of the main RAS axis. The 
increased proliferation and ECM production of PSCs went along with up-regulated ACE 
and AT1aR mRNA amounts, whereas that of AT1bR and AT2R were not affected by 
27.7 mM glucose and 72 h of incubation (Ko et al., 2006). In human microvascular 



Discussion 

114 

endothelial cells (HMECs), 40 mM glucose increased NEP mRNA amounts and enzyme 
activity after 48 h. ROS seem to be responsible for that, because the vitamins C and E 
reduced these effects (Muangman et al., 2005). In the human epithelial colorectal 
adenocarcinoma cell line Caco-2, Ang-(1-7)-levels and the mRNA amounts of 
components of the main classical RAS axis ACE and AT1R as well as that of AT2R were 
diminished by high glucose, whereas those of ACE2 and Mas were enhanced instead 
(Wong et al., 2012). The regulation of RAS components by glucose may be tissue-
dependent: In experiments with rats fed with a high sucrose diet for 30 days, Ang-(1-7)-
levels and ACE2 protein amounts were increased in adipose tissue, whereas the 
amounts of ACE2 were not altered in the kidneys of these animals. Additionally, AT1R 
and AT2R expressions were elevated in the adipose tissue, while the amounts of AT2R 
were not affected in the kidneys. ACE activity was decreased in adipose tissue, but 
increased in the kidneys (Coelho et al., 2010).  

An influence of acutely elevated glucose concentrations on AT1R, AT2R, ACE, 
ACE2, NEP and Mas expressions have already been shown in other tissues. However, this 
study was the very first to present results of a comprehensive analysis of alterations in 
the expressions and/or activities of components of all three RAS axes in correlation with 
insulin production by glucose in β-cells (BRIN-BD11) (Härdtner et al., 2013). To the best 
of my knowledge, the influence of glucose on APN and IRAP expressions and/or activity 
has not been investigated before either in tissue- or in cell culture models or in animals.  

In summary, these data suggest that an acute glucose stimulus could contribute, 
through the activation of the ACE2/Ang-(1-7)/Mas and the APN/Ang IV/IRAP RAS axes, 
to increased insulin production as well as enhanced islet blood flow and GSIS. To further 
reinforce this hypothesis, the influence of high glucose in combination with Ang-(1-7) 
antagonists and/or Ang IV antagonists on insulin expression and secretion should be 
analysed. Additionally, concentrations of Ang-(1-7), Ang II and Ang IV should be 
determined in the supernatants and in cell lysates after incubation with glucose. 

 

4.1.3.3 PA and DHA-ME alter the RAS expression pattern in β-cells 

in different ways 

 
The present work shows that in contrast to the influence of glucose on the expression of 
components of the RAS, PA dose-dependently increased the mRNA amounts of different 
members of the ACE/Ang II/AT1R axis in BRIN-BD11 cells after 24 h. Amounts of Mas, 
mRNA and protein were dose-dependently down-regulated, whereas mRNA amounts of 
members of the alternative APN/Ang IV/IRAP RAS axis were not affected by PA. The 
apparent induction of the ACE/Ang II/AT1R axis as well as the observed down-
regulation of alternative ACE2/Ang-(1-7)/Mas axis again correlate well with decreased 
insulin production an secretion. 

Long-term exposure of PA could enhance the amount of components of the main 
ACE/Ang II/AT1R axis and decrease that of Mas due to increased ROS-production. In 
support of this view, PA can induce ROS-formation through different pathways, 
including the activation of NADPH oxidase (Inoguchi et al., 2000). Inhibition of the 
NADPH oxidase reversed RAS activation in cultured renal mesangial cells as determined 
by decreased mRNA amounts of AGT, ACE and AT1R (Xue et al., 2013). It is worth 
mentioning that ACE expression correlates well with β-cell destruction (Chipitsyna et al., 
2007). 

The data of the present work suggest an activation of the main ACE/Ang II/AT1R 
and an inhibition of the alternative ACE2/Ang-(1-7)/Mas RAS axis by PA, which could 
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lead to impaired insulin secretion and production. This is in full accordance with the 
sparse literature concerning RAS activation by FAs. In isolated islets of rats fed with 
high-fat diets for 16 weeks, AT1R mRNA was up-regulated. At the same time insulin 
amounts were decreased, whereas those of the inflammatory mediators NFκB and 
interleukin-1 β (IL-1β), as well as caspase 3, UCP-2, a marker for ER-stress C/EBP-
homologous protein (CHOP) and a marker of tissue oxygen-supply hypoxia-inducible 
factor 1 α (HIF-1α), were increased. In rabbit vascular smooth muscle cells (VSMCs) an 
enhancement of the amount of AT1R mRNA was associated with hypercholesterolemia 
(Nickenig et al., 1997). However, in HMECs, NEP mRNA amounts and enzymatic activity 
were increased by glucose and different fatty acids alone as well as in a more intensive 
manner by a combination of both factors after at least 48 h. These effects were 
diminished or even abolished by the addition of the vitamins C and E, indicating NEP to 
be up-regulated in response to increased ROS-production (Muangman et al., 2003; 
Muangman et al., 2005).  

Enhanced expression of components of the main ACE/Ang II/AT1R axis by PA 
after 24 h, as described here, suggests that prolonged exposure to β-cells contributes to 
lipotoxicity. This is supported by the non-existent enhancement of ROS-formation by PA 
after short-term incubation (30 min – 2 h) in the present study. Consequently, an 
activation of the ACE/Ang II/AT1R axis would not be expected by acute, short-term 
exposure of β-cells to PA, which enhances GSIS (Carpentier et al., 1999; Poitout, 2008).  

Most of the lipotoxic effects of PA on β-cells mentioned above, including reduced 
insulin secretion and production, increased levels of NFκB, IL-1β, caspase 3, UCP-2, 
CHOP and HIF-1α could be prevented by the administration of ACEis or ARBs. Therefore, 
on the one hand, blockade of Ang II-driven effects could protect the islets from 
lipotoxicity-induced inflammation, oxidative stress, endoplasmic reticulum stress as 
well as from apoptosis. On the other hand, a tight relationship between the lipotoxicity 
and the actions of Ang II via AT1R could be assumed (Yuan et al., 2013).  

The ω-3 PUFA DHA-ME up-regulated mRNA amounts of components of the 
ACE2/Ang-(1-7)/Mas axis after 24 h in BRIN-BD11 cells in the present study. However, 
the protein amount of Mas was decreased at low glucose concentrations, whereas it was 
not altered under high glucose conditions. These findings again correlate with insulin 
secretion under the influence of DHA-ME. In contrast, mRNA amounts of members of the 
main ACE/Ang II/AT1R and the APN/Ang IV/IRAP RAS axis were not altered by 
DHA-ME under the same conditions, except for IRAP. The amount of IRAP mRNA was 
increased by DHA-ME at low glucose concentrations. Additionally, DHA-ME substantially 
increased ROS in BRIN-BD11 cells after 30 min – 2 h.  

Available literature does not provide an explanation of how expression/activity 
of RAS components could be affected by DHA-ME. mRNA amounts of some components 
of the alternative ACE2/Ang-(1-7)/Mas axis could be increased to counter-regulate 
Ang II-effects via AT1R. Especially ROS-formation and other lipotoxic effects that lead to 
impaired GSIS, insulin production and secretion could be compensated. This point is 
supported by the fact that Ang II activates the NADPH oxidase via AT1R (Nakayama et 
al., 2005; Pendergrass et al., 2009). In general, Ang-(1-7) via Mas, is able to counter-
regulate and, therefore, to partially compensate for all lipotoxicity-enhancing, Ang II-
driven effects (Pagano et al., 1998; Sampaio et al., 2007b; Velloso et al., 1996; Passos-
Silva et al., 2013).  

Available literature also lacks information on the influence of fatty acids on the 
expression of RAS components other than AT1R and NEP. Therefore, the present work is 
the first to provide comprehensive data of the influence of PA and DHA-ME on the 



Discussion 

116 

expression of components of all three RAS axes in correlation with insulin secretion and 
production.  

In summary, the findings of the present work imply an activation of the main 
ACE/Ang II/AT1R axis and an inhibition of the alternative ACE2/Ang-(1-7)/Mas axis by 
PA as well as by DHA-ME. Consequently, the very likely elevated tissue levels of Ang II 
could contribute to lipotoxicity in β-cells and enhance insulin resistance in insulin-
sensitive tissues (Cooper et al., 2006; Oliveira-Junior et al., 2014). To clarify the 
question, to what extent the observed effects on insulin production and secretion by PA 
or DHA-ME are driven by Ang II, cells should be coincubated with fatty acids and ACEis 
or better ARBs. 

 

4.2 The role of the pancreatic islet RAS in β-cell function 

As part of this study the involvement of the ACE2/Ang-(1-7)/Mas RAS axis in β-cell 
function was conjectured because in BRIN-BD11 cells ACE2 and Mas expressions 
strongly correlated with insulin production and secretion. To get further insights into 
the role of the ACE2/Ang-(1-7)/Mas axis in islet function, experiments on Mas k.o. mice 
were performed.  

 

4.2.1 The expression of components of the RAS is altered in isolated 

islets of Mas-deficient mice 

The present study revealed that Mas deficiency influenced the expression of 
components of the RAS in isolated mouse islets. The data provided here demonstrate a 
decrease in the mRNA amounts of components of the alternative ACE2/Ang-(1-7)/Mas 
RAS axis and NEP in pancreatic islets of Mas-deficient mice. These findings are 
reminders that in ACE2 k.o. mice, the expression of Mas is decreased in the exocrine as 
well as in the endocrine pancreas (Bindom and Lazartigues, 2009). Together, these 
findings imply that components of this axis are not independent with respect to the 
regulation of their expression and/or activity. The concomitant increase of the amount 
of AT1aR mRNA suggests that in islets of Mas k.o. mice there is a shift from the 
ACE2/Ang-(1-7)/Mas to the classical ACE/Ang II/AT1aR RAS axis. A similar 
interconnection of individual RAS axes has been recently demonstrated: ACE2 
expression and activity were decreased in mice upon infusion of Ang II. In these mice, 
Ang II provoked hyperglycemia, hyperinsulinemia and impaired GSIS, increased AT1R 
expression, and elevated pancreatic oxidative stress. Adenoviral over-expression of 
ACE2 recovered islet function compromised by Ang II infusion (Chhabra et al., 2013). 
These findings also suggest the presence of elevated tissue levels of Ang II in islets from 
Mas k.o. mice. However, this needs to be verified in future experiments. To verify the 
hypotheses that Mas deficiency provokes a shift from alternative to the classical RAS 
axis, angiotensin peptides could be determined by mass spectrometry in further studies. 
In addition, enzymatic activities of ACE, ACE2 and NEP should be measured in these 
islets, as described recently for BRIN-BD11 cells (Härdtner et al., 2013).  

 



Discussion 

117 

4.2.2 The alternative ACE2/Ang-(1-7)/Mas RAS axis influences β-cell 

function 

Results of the present study demonstrate that Mas deficiency or the pharmacological 
modulation of Mas, have profound effects on β-cell function. Long- and short-term 
insulin secretion as well as insulin production (mRNA and protein) were affected. 
Surprisingly, insulin secretion and production were reduced not only in islets of Mas 
receptor k.o. mice, but even in those of heterozygous ones, although to a lesser extent. 
By using pharmacological antagonists of the Mas ligand, Ang-(1-7), similar results were 
obtained in islets of WT mice. In contrast, Ang-(1-7) and its non-peptidic agonist 
AVE 0991 were capable of enhancing both the secretion and production of insulin.  

In Mas k.o. islets or in WT islets treated with Ang-(1-7) antagonists, the observed 
reduction of insulin secretion and production could be due to elevated Ang II levels and 
a more active ACE/Ang II/AT1R axis (see above). Ang II, via AT1R, could compromise 
insulin secretion and production by several mechanisms, which include (I) a decrease of 
islet blood flow, (II) enhanced ROS-formation, and (III) impaired PI3K-signalling 
(Carlsson et al., 1998; Hirata et al., 2009; Folli et al., 1999; Nakashima et al., 2006).  

The present study revealed that the Ang-(1-7) antagonists, D-Ala7-Ang-(1-7) and 
D-Pro7-Ang-(1-7), differ in their efficacy to affect β-cell function. In particular, this is true 
for the effects on long-term insulin secretion, 20 mM glucose-stimulated insulin 
secretion (2 h), and the amount of insulin 1 mRNA, which were more potently reduced 
by D-Pro7-Ang-(1-7) than by D-Ala7-Ang-(1-7). On the contrary, both Ang-(1-7) and its 
non-peptidic agonist, AVE 0991, in the majority of experimental settings, increased 
insulin secretion and production to an equal extent despite the short half-life of 
Ang-(1-7). These findings can be explained as follows.  

Ang-(1-7) and D-Pro7-Ang-(1-7) could exert their intracellular signal 
transduction through another pathway in addition to Mas. This view is supported by the 
findings of two other groups. Lautner and co-workers identified the MrgD as a second 
target receptor for D-Pro7-Ang-(1-7). In contrast, D-Ala7-Ang-(1-7) appears to 
antagonize only the effects of Ang-(1-7) on Mas (Lautner et al., 2013). Furthermore, 
Ang-(1-7), but not AVE 0991, has been reported to be a weak agonist of MrgD 
(Gembardt et al., 2008; Vahl, 2010). Ang-(1-7) can additionally be converted by 
decarboxylation of the N-terminal aspartate to Ala1-Ang-(1-7) (also known as 
alamandine), a recently discovered peptide of the RAS (Lautner et al., 2013). Ala1-
Ang-(1-7) showed effects similar to those of Ang-(1-7), especially with respect to 
vasodilation, which is mediated through MrgD (Lautner et al., 2013). MrgD signal 
transduction might contribute to the regulation of insulin production. Preliminary 
results of our group demonstrate the expression of MrgD in BRIN-BD11 cells as well as 
in isolated mouse islets (data not shown).  

Different effects of D-Ala7-Ang-(1-7) and D-Pro7-Ang-(1-7) have been reported 
before, but the authors could not explain this phenomenon at that time (Santos et al., 
1994; Santos et al., 2003b). Ang-(1-7) caused vasodilation in the aorta of Sprague-
Dawley (SD) rats through the activation of eNOS, an effect which could be reversed by 
D-Pro7-Ang-(1-7) only, but not by D-Ala7-Ang-(1-7) (Silva et al., 2007). In another study, 
D-Ala7-Ang-(1-7) did not abolish the vasodilatory effects of Ang-(1-7) and only partially 
eradicated those of cyclic Ang-(1-7) in precontracted aorta rings of SD rats, whereas 
D-Pro7-Ang-(1-7) entirely reversed vasodilation caused by both peptides (Kluskens et 
al., 2009). The additional binding affinity of D-Pro7-Ang-(1-7) to MrgD could provide a 
reasonable explanation for the findings of other groups. 
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Because of its short half-life one would not expect that Ang-(1-7) has the equally 
potent effects on insulin secretion and production that its non-peptidic agonist 
AVE 0991 has. This could be explained in three ways.  

First, Ang-(1-7) could compensate for possible abating effects due to its 
degradation over time by its additional actions via MrgD, either as Ang-(1-7) or as 
Ala1-Ang-(1-7), in an additive manner (see above).  

Secondly, the concentration of Ang-(1-7) in the cell culture supernatants of 
isolated islets might still be high enough to cause the observed positive effects on insulin 
secretion and production after 2 – 24 h of incubation. It is worth mentioning that the 
peptides of the RAS, in general, have a short half-life. In vivo half-life periods of 
~15 seconds for Ang II and Ang III, and only 10 seconds for Ang-(1-7) have been 
reported (Al-Merani et al., 1978; Yamada et al., 1998a). In another study there was 
~30% or < 10% of active Ang-(1-7) remaining in the plasma of rats or in a buffer 
containing ACE, respectively, after 120 min (Kluskens et al., 2009). Ang IV is also rapidly 
degraded in human plasma in vitro at 37 °C. After 2.5  or 10 min the concentration of the 
applied Ang IV (10 ng/ml) was reduced to 1.3% or 0% respectively (Nikolaou, 2013). To 
my knowledge, there is no data available regarding half-life periods of RAS peptides in 
cell cultures. Unpublished data from our department indicate that non-degraded 
Ang-(1-7) is still detectable by mass spectrometry in cell culture supernatants of 
isolated mouse islets after 2 h of incubation. However, this gives only a qualitative and 
not a quantitative measure of Ang-(1-7). 

Thirdly, the half-life of Ang-(1-7) could be irrelevant and an initial, short-lasting 
activation of the signalling cascade via Mas could be sufficient to increase insulin 
secretion and production even over a considerable period of time (24 h). 

 
In summary, alterations in the activity of the ACE2/Ang-(1-7)/Mas axis, either 
pharmacologically or genetically, modulate insulin secretion and production. Activation 
of the ACE2/Ang-(1-7)/Mas axis enhances insulin secretion and production, whereas its 
pharmacological blockade or the genetic k.o. of Mas yield opposite effects. These 
outcomes could be due to the predominating actions of either Ang-(1-7) or Ang II. The 
possibility that the MrgD, in addition to Mas, is involved in the regulation of insulin 
secretion and production in an additive manner could be assumed, too. To verify this 
hypothesis, the exclusive influence of MrgD on insulin secretion and production should 
be analysed using e.g. the MrgD ligand β-alanine (Lautner et al., 2013). The data of the 
present study are the very first in the literature that describe a direct or indirect 
influence of Mas on insulin production and secretion.  

 
Although in the present study clinical parameters were not the primary focus, a slight 
decrease in plasma insulin concentrations and a slight increase of the corresponding 
blood glucose levels have been detected in ad libitum fed Mas k.o. mice. These findings 
confirm the data obtained from isolated islets in vitro in the present study and 
emphasize their possible relevance in vivo. 

Nevertheless, further experiments concerning blood glucose and plasma insulin 
concentrations as well as glucose tolerance on fasted mice have to be executed in future 
studies. 
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4.2.3 How does Mas regulate the insulin production?  

Results of the present study imply that the reduced secretion and diminished 
endogenous levels of insulin in Mas k.o. islets are due to decrease of mRNA amount of 
insulin and impaired secretion of insulin. mRNA amount appears to be more severely 
affected than insulin secretion. 

 

4.2.3.1 The expressions of insulin-regulating transcription factors 

are reduced in Mas k.o. islets 

To identify the mechanism(s) underlying Mas-dependent decrease of the insulin 
production, transcription factors of insulin were screened for altered mRNA amounts in 
Mas heterozygous and k.o. mice (Fig. 4.2.3.1).  

 
 

 

 

 

 

 

Fig. 4.2.3.1: Transcription factors of insulin. Symbols: ← = transactivator, ⊢ = repressor. Abbreviations: 
PDX-1 = pancreatic duodenal homeobox-1, NeuroD1 = neurogenic differentiation 1, MafA = V-maf 
musculoaponeurotic fibrosarcoma oncogene homolog A, ATF2 = activating TF2, Pax6 = paired box 6, 
Hnf1α = hepatocyte nuclear factor 1α. 

 
 
 
PDX-1, MafA, NeuroD1 (Beta2), ATF2 and Hnf1α are transactivators and Pax6 is a 
repressor of the insulin gene (Ohlsson et al., 1993; Kataoka et al., 2004; Naya et al., 1995; 
Han et al., 2011; Bartoov-Shifman et al., 2002; Wolf et al., 2010). Results of the present 
study show that the mRNA amounts of all these TFs were substantially reduced, at least 
in homozygous Mas k.o. islets. Down-regulation of Pax6 could be due to its ability to 
transactivate the glucagon promoter (Ritz-Laser et al., 2003). The demand of glucagon 
secreted from α-cells could be attenuated because of reduced insulin amounts secreted 
from β-cells in Mas k.o. islets. 

The amount of all analysed mRNAs of isolated islets of Mas heterozygous mice 
were similarly influenced as in k.o. islets in most cases, though to a lesser extent. In only 
very few instances, were analysed mRNAs not equally affected in their amount in islets 
of Mas heterozygous compared to k.o. islets. Therefore, data on heterozygous mice are 
not considered in the following (Tab. 3.9.1).  

 

4.2.3.2 Identification of mechanisms or master regulators that link 

the receptor Mas to the regulation of insulin gene 

expression 

After it was established that the reduced insulin secretion and production observed in 
Mas k.o. islets likely is due to diminished expression of the transcription factors of 
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insulin, the signalling pathway was followed further upstream to identify a superordi-
superordinated kinase or pathway.  

To realize that, TFs of one of the main TF of insulin, PDX-1, and further upstream TFs of 
genes essential for islet function, or involved in energy metabolism were analysed for 
changes in expression in islets of Mas k.o. mice (Tab. 3.9.1 and Fig. 4.2.3.2). 

 

 
 

Fig. 4.2.3.2: Simplified illustration of the hierarchy of the regulation of insulin gene expression in 

β-cells. Symbols: ← = transactivator, ↔ = reciprocal transactivators, ⊢ = repressor. Abbreviations: 
PDX-1 = pancreatic duodenal homeobox-1, NeuroD1 = neurogenic differentiation 1, MafA = V-maf 
musculoaponeurotic fibrosarcoma oncogene homolog A, ATF = activating TF, Pax6 = paired box 6, 
Mxd1 = MAX dimerization protein 1, Hnf = hepatocyte nuclear factor, Foxo1 = forkhead box 1. 

 
 
 
Besides the transactivators that are common to the promoters of insulin and PDX-1, 
MafA, Hnf1α and NeuroD1, further TFs of PDX-1, Mxd1, Hnf3β, ATF3 and Foxo1 were 
analysed for altered expression in Mas k.o. islets. Mxd1 is a strong transactivator, 
whereas ATF3 is a repressor of the PDX-1 gene (Patané et al., 2003; Jang et al., 2011). 
Their mRNA amounts were not affected by Mas deficiency in the present study. Foxo1 is 
a repressor and antagonist of PDX-1 (Kitamura et al., 2002). Hnf3β is a TF of PDX-1 the 
activities of which are controversial. Hnf3β has been reported to mediate both 
transactivation and suppression of the PDX-1 gene, but reports on the transactivating 
properties of Hnf3β predominate in the literature (Wu et al., 1997; Sharma et al., 1997; 
Marshak et al., 2000; Chen et al., 2011). The expression of Foxo1 as well as that of Hnf3β 
was strongly decreased in Mas k.o. islets.  

Mechanistically, down-regulation of TFs of insulin and PDX-1 could be due to 
chronic hyperglycemia in Mas k.o. mice. Proinsulin, PDX-1, MafA, NeuroD1 and Hnf1α 
were down-regulated in other models of hyperglycemia (Gleason et al., 2000; Harmon et 
al., 1998; Marshak et al., 1999; Kaneto et al., 2001; Seo et al., 2008; Jonas et al., 1999; 
Bensellam et al., 2012). However, blood glucose concentrations of ad libitum fed mice as 
well as fasting blood glucose concentrations were found only slightly increased in the 
present study as well as in FVB/N Mas-deficient mice studied by others (Santos et al., 
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2008). Therefore, other mechanisms rather than chronic hyperglycemia are likely to 
affect β-cell function.  

Besides insulin, other target genes of PDX-1, GLUT2 and GK, were analysed for 
altered mRNA amounts in Mas k.o. islets as a positive plausibility check (Waeber et al., 
1996; Watada et al., 1996). Expression of GLUT2 and GK was also reduced in Mas k.o. 
islets in the present study. In contrast, mRNA amounts of other glucose transporters that 
are not regulated by PDX-1, GLUT1 and SLC5A1, were increased or unaffected in the 
same islets, respectively.  

Hnf6, Hnf4α and Hnf1α build a master regulatory network of TFs regulating 
development and metabolic function in the liver and in the pancreas, in which Hnf3β 
(=FoxA2) is also integrated (Odom et al., 2004; Hayashi et al., 1999; Wang and 
Holterman, 2012). Hnf6 directly regulates Hnf3β and Hnf4α gene expression (Samadani 
and Costa, 1996; Hatzis and Talianidis, 2001; Hayashi et al., 1999; Wang and Holterman, 
2012). Hnf6 additionally regulates Hnf1α transcription indirectly via Hnf3β and Hnf4α, 
of which the signalling pathway via Hnf4α exists also in the opposite direction as it is 
known that the promoters of Hnf4α and Hnf1α have binding sites of the other respective 
TF (Boj et al., 2001; Thomas et al., 2001; Hayashi et al., 1999; Ferrer, 2002; Odom et al., 
2004). Disorders in that regulatory network could lead to β-cell dysfunction and 
diabetes, a view which is supported by at least the fact that mutations in the Hnf1α or 
Hnf4α gene are associated with the diabetic subtypes MODY 3 and 1, respectively 
(Thomas et al., 2001; Odom et al., 2004; Wang and Holterman, 2012). The amount of 
Hnf1α mRNA was substantially down-regulated in Mas k.o. islets, whereas that of Hnf6 
mRNA was significantly increased. The amount of Hnf4α mRNA was enhanced, although 
not significantly. Hnf6 and Hnf4α could be increased on the transcriptional level to 
compensate for the substantially reduced Hnf1α expression in the islets of Mas k.o. mice. 

 
It proved to be very difficult to pursue the mechanistic pathway from insulin back to 
Mas by the method described above, because the regulation of the TFs of the TFs of 
insulin is, in very few cases, uni- or bidirectional, but instead much more complex. 
Figure 4.2.3.2 only gives a simplified overview of the regulation of TFs in the islet. 
However, one possible master regulatory kinase could be AMPK. Activated AMPK is 
capable of phosphorylating and thereby inactivating Hnf4α (Hong et al., 2003). The 
function of AMPK as a possible master regulator is discussed in detail below and 
illustrated in Figs. 4.2.3.2. and 4.2.3. 
 
A second method to identify a master regulator that links Mas with insulin expression 
was applied.  

A cis-element common to the promoters of all transactivators of PDX-1 that were 
down-regulated in Mas k.o. islets, Hnf1α, MafA, NeuroD1 (and Hnf3β) was sought. 
Comparative analyses of the promoters of these genes in vertebrates were performed 
with the aid of CBRC-TFSEARCH (version 1.3). The promoter sequences as well as the 
predicted TF binding sites of these genes are listed in Appendix 6.3. 

Besides a TATA-Box, the promoters of Hnf1α, MafA, NeuroD1 and Hnf3β shared 
the consensus sequences for caudal type homeobox (CDXA), GATA binding protein 
(GATA)-1, -2 and -3, E2 transcription factor (E2F), Nk2 homeobox TF (Nkx2), activator 
protein-1 (AP-1), member of POU domain TF Oct-1, myeloid zinc finger 1 (MZF1) and 
sex determining region of Y (SRY).  

Chicken CDXA (CDX1) is an orthologous gene for mouse CDX1, which both play a 
role in tissue development, but do not share many overlapping expression patterns 
(Marom et al., 1997; Gaunt et al., 2003; Meyer and Gruss, 1993). CDX1 is a TF involved in 
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the modulation of intestinal proliferation and differentiation. It has also been shown to 
transactivate the insulin gene in β-cells in a glucose-independent manner and its 
expression was up-regulated in different models of diabetes, including streptozotocin-
induced diabetic rats, OLETF type 2 diabetic rats and Goto-Kakizaki (GK) type 2 diabetic 
rats (Adachi et al., 2003; Rosanas-Urgell et al., 2008).  

The TF Nkx2.2 is essential for the final differentiation of the pancreas, as has been 
shown in Nkx2.2 k.o. mice. These animals were diabetic and essential islet-derived genes 
such as GLUT2 appeared not to be expressed in them (Sussel et al., 1998). Nkx2.2 
cooperatively activates NeuroD1 gene expression together with neurogenin 3 (Ngn3) in 
developing and mature pancreatic β-cells to maintain NeuroD1 gene expression and, 
consequently, to preserve β-cell function (Anderson et al., 2009). Furthermore, a 
computational analysis of a protein binding array identified Nkx2.2 binding sites in the 
β-cell-derived insulin 2 and NeuroD1 promoters (Hill et al., 2011). Additionally, Nkx2.2 
and Pax4 act in parallel to increase PDX-1 transcription through a mechanism, which is 
still unknown, and which does probably not involve a direct transactivation of the PDX-1 
promoter by Nkx2 or Pax4 (Wang et al., 2004; Gerrish et al., 2001b). Pax4 is a TF 
necessary for β- and δ-cell genesis, the function of which in adult β-cells has not been 
investigated intensively (Sosa-Pineda et al., 1997; Bernardo et al., 2008). Furthermore, 
the Pax4 promoter contains binding sites for CDXA/Nkx2.2 and GATA-1/-2 both of 
which are necessary for β-cell specific enhancer activity in mouse β-TC3 insulinoma cells 
(Xu and Murphy, 2000). Transactivation of Pax4 might represent an indirect mechanism 
by which CDXA (CDX1) and GATA-1 and -2 could also activate PDX-1 transcription.  

E2F-TFs build a family of TFs which are involved in cell cycle regulation and 
DNA-synthesis (Gaubatz et al., 2000; Tsai et al., 2008; Helin, 1998). E2F-TFs, in 
particular E2F1, have been shown to regulate PDX-1 transcription as well as its 
subcellular localization in β-cells (Fajas et al., 2004). 

The TF Oct-1 is ubiquitously expressed, and serves as a stress sensor in response 
to irradiation and in pancreatic endocrine cells as a cAMP-sensor. High cAMP-levels lead 
to nuclear exclusion of Oct-1, which increased, for its part, CDX2 expression and 
subsequently enhanced the expression of the CDX2 target gene, insulin, in β-cells (Wang 
and Jin, 2010). 

AP-1 has not directly been shown to influence insulin or PDX-1 gene expression. 
However, AP-1 binding sites in IRS-1 have been shown to be required for an adequate 
tyrosine phosphorylation of IRS-1 and, therefore, are essential for appropriate insulin 
signalling in L6 myoblasts and HEK 293T cells (Yoneyama et al., 2013).  
 
Taken together, the consensus elements of the promoters of Hnf1α, MafA, NeuroD1 and 
Hnf3β, CDXA (CDX1), Nkx2, E2F, Oct-1, GATA-1 and -2, contribute directly or indirectly 
to either insulin- and/or PDX-1-transcription. Data of the literature show PI3K/AKT or 
cAMP-dependent pathways to be upstream of CDX1, Nkx2, GATA-1 and -2 and E2F or 
Oct-1, respectively (Lickert et al., 2000; Prinos et al., 2001; Ikeya and Takada, 2001; Heo 
and Lee, 2011; Sharma et al., 2002; Kadri et al., 2005; Menghini et al., 2005; Jin et al., 
2012; Wang and Jin, 2010). Therefore, these TFs represent plausible candidates for Mas-
dependent regulation of the insulin gene expression in a PI3K/AKT or cAMP/PKA-
dependent manner. In contrast, GATA-3, MZF1 and SRY have no known function in the 
islet or pancreas. Therefore, they are not likely involved in the mechanism underlying 
Mas-dependent regulation of insulin transcription.  
 
Potential superordinate kinases or pathways mediating the Mas-dependent modulation 
of insulin transcription are summarized in Fig. 4.2.3.2. Methods used were mRNA 
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amount-analyses of TFs in Mas k.o. islets, analysis of TF binding sites shared by the pro-
promoters of Hnf1α, MafA, NeuroD1 and Hnf3β and intensive literature research. 
Figure 4.2.3.2 focalizes in detail on the potential regulation of insulin and PDX-1 gene 
expression in the islet. The potential regulations of the pathways by Mas and their 
specific link to both insulin secretion and production are discussed in detail below, and 
abstracted in Fig. 4.2.3 at the end of the discussion. 
 

 
 

Fig. 4.2.3.2: Proposed model of Mas-dependent regulation of insulin gene expression. These 
pathways have been identified via analysis of TF binding sites shared by the promoters of Hnf1α, MafA, 
NeuroD1 and Hnf3β (� and �), mRNA amount-analyses of TFs in Mas knock-out islets (�) and intensive 
literature research. Nkx2, E2F, CDX1, Oct-1, GATA-1 and -2 are TFs that are predicted to bind to promoters 
of Hnf1α, MafA, NeuroD1 and Hnf3β. Except for Nkx2 their function on the specific promoters mentioned 
in the text above is unknown. With Ngn3, Nkx2 is capable of cooperatively activating the NeuroD1 
promoter. TFs illustrated in orange are possible transactivators of the specific genes indicated. Oct-1 
(blue) inhibits insulin transcription indirectly through the repression of CDX2 gene expression. 
Hypothetical signalling pathway �: Activation of the PI3K/AKT pathway by Mas could lead to increased 
insulin gene expression via activation of Nkx2, E2F, CDX1, GATA-1 and -2. These transcription factors 
(TFs) could either directly activate insulin transcription or lead to increased insulin gene expression 
through a secondary mechanism via transactivation of the PDX-1 or NeuroD1 promoter. �: Mas could 
inhibit AMPK and thereby reduces the phosphorylation of Hnf4α at serine (Ser) 304. This enhances its 
capability to transactivate target genes, which could lead to increased insulin gene expression. �: 
Increased cAMP-levels by Mas might lead to nuclear exclusion of Oct-1 thereby enhancing insulin 
transcription. Symbols: ← = (trans)activation, ⇠ = activation through an unknown mechanism, 
↔ = reciprocal transactivation, ⊢ = repression or inhibition of activity, ℗ = phosphorylation. 
Abbreviations: PDX-1 = pancreatic duodenal homeobox-1, NeuroD1 = neurogenic differentiation 1, 
MafA = V-maf musculoaponeurotic fibrosarcoma oncogene homolog A, ATF = activating TF, Pax = paired 
box, Mxd1 = MAX dimerization protein 1, Hnf = hepatocyte nuclear factor, Foxo = forkhead box, 
PI3K = phosphatidylinositol 3-kinase, AKT =  synonym of protein kinase B, (c)AMP = (cyclic) adenosine 
monophosphate, AMPK = AMP-activated protein kinase, Nkx2 = Nk2 homeobox TF, E2F = E2 transcription 
factor, CDX = caudal type homeobox, GATA-1, -2= GATA binding protein 1, 2, Oct-1 = member of POU 
domain TF Oct-1, Ngn3 = neurogenin 3, TF = transcription factor. 
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Hypothetical pathway 1: The PI3K/AKT pathway is likely not a master regu-

lator in Mas-dependent regulation of insulin gene expression 

Many findings of the present study support the PI3K/AKT pathway as master regulator 
in Mas-dependent regulation of insulin gene expression.  

First, AKT phosphorylation was reduced in Mas k.o. islets, as shown by 
immunofluorescence. AKT phosphorylation was reduced, whereas mRNA amounts of 
catalytic subunits of different PI3K isoforms, Class IA p110α, Class II C2α and Class III C3 
were increased in Mas k.o. islets. Class IA PI3K isoforms (p110α, β and δ), but also 
Class II C2α, have been identified as upstream kinases of AKT (Chaussade et al., 2007; 
Leibiger et al., 2010). This phenomenon could be due to compensation of reduced AKT 
activation. Similar findings have been observed in cardiomyocytes of FVB/N Mas-
deficient mice. Total AKT protein was increased, whereas phosphorylated AKT was 
substantially reduced in these cells (Dias-Peixoto et al., 2008). 

Secondly, the Mas ligand Ang-(1-7), the Ang-(1-7) agonist AVE 0991 as well as the 
Ang-(1-7) antagonists D-Ala7- and D-Pro7-Ang-(1-7) modulated AKT phosphorylation in 
BRIN-BD11 cells, and insulin secretion and production in isolated islets. The 
involvement of the PI3K/AKT pathway downstream of Mas have already been revealed 
in the heart, adipose tissue, liver and skeletal muscle, but neither in the pancreas nor, in 
particular, in the islet of Langerhans (Sampaio et al., 2007a; Giani et al., 2007; Muñoz et 
al., 2010). 

Thirdly, CDX1, Nkx2.2, E2F, GATA-1 and -2, TFs that are predicted to bind to 
collective cis-elements of the promoters of the transactivators of PDX-1, which were 
down-regulated in Mas-deficient islets, are downstream targets of the PI3K/AKT 
pathway.  

Fourthly, inhibition of the PI3K by LY294002 reduced the mRNA amounts of 
transactivators of insulin, PDX-1 and Hnf1α, whereas that of a repressor of PDX-1, ATF3, 
was increased instead. These data emphasize the above-mentioned mechanism and are 
in full accordance with the literature. PDX-1, Hnf1α and ATF3 have been previously 
identified as direct or indirect downstream targets of the PI3K/AKT pathway (Biggs et 
al., 1999; Kitamura et al., 2002; Cerrada-Gimenez et al., 2012; Yamaguchi et al., 2006).  

The data imply that Mas contributes to the regulation of insulin transcription 
through a PI3K/AKT-dependent pathway. However, only different substeps of this 
putative mechanism Mas/PI3K/insulin have been analysed. The functional relevance of 
the proposed signalling axis as a whole needs to be verified in future experiments. This 
could be realized by simultaneous application of the Mas ligand Ang-(1-7) or its agonist 
AVE 0991 and the PI3K/AKT inhibitor LY294002 in β-cells, which should abolish the 
increase of the insulin production in response to Ang-(1-7) or AVE 0991 alone. 

 
However, mRNA amounts of insulin 1 and 2 were marginally increased by the PI3K 
inhibitor LY294002 in BRIN-BD11 cells. According to the predicted mechanism where 
Mas regulates insulin transcription through a PI3K/AKT-dependent pathway, a 
reduction in insulin mRNA amounts would have been expected in response to the 
administration of LY294002. This discrepancy cannot be adequately explained.  

The insulin gene expression could be regulated by many distinct factors and 
pathways, so its expression is still ensured if one of these factors or pathways is 
inhibited. Supporting this view, other kinases or mediators beside PI3K have been 
identified to stimulate, or at least to potentiate, insulin gene transcription: PKC zeta, 
cAMP, p38 MAPK, p70 s6- and CaM kinase. However, all the kinases or pathways that 
stimulate insulin transcription are again downstream targets of PI3K (Furukawa et al., 
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1999; Nielsen et al., 1985; Zhao et al., 2002; Macfarlane et al., 1997; Leibiger et al., 
1998b; Buteau et al., 1999). It is worth mentioning that although LY294002 is a broad-
specificity PI3K inhibitor with a half maximal inhibitory concentration (IC50) in the 
range of 1 – 50 µM, the PI3K isoform C2α cannot be fully inhibited by the concentration 
used in the present study (100 µM). At least a concentration of 1 mM was required for 
maximal attenuation of the activity of the PI3K isoform C2α, which is refractory to 
inhibition by LY294002 (Foster et al., 2003; Chaussade et al., 2007; Leibiger et al., 2010; 
Domin et al., 1997). Hence, there could be still some remaining activity of AKT in the 
cells after application of LY294002, but this very likely would not be enough to maintain, 
or even to increase, the amount of insulin mRNA.  

The finding that insulin transcription is not affected by LY294002, but is rather 
marginally increased instead, is partly in accordance with the literature. The role of PI3K 
in insulin transcription is controversial. On the one hand, a positive feedforward 
regulation of insulin gene expression by insulin itself via PI3K, p70 s6 kinase and CaM 
kinase activation has been proposed and is generally accepted (Leibiger et al., 1998b). 
On the other hand, PI3K/AKT inhibition by LY294002 and wortmannin enhanced insulin 
secretion in isolated islets of rats and mice or in MIN6 cells (Zawalich and Zawalich, 
2000; Zawalich et al., 2002; Hagiwara et al., 1995). In another study, wortmannin had no 
effect either on insulin secretion or on its synthesis in the β-cell lines INS-1 and β-TC3 
(Turner and Arvan, 2000). Based on these results the authors suggested a negative 
feedback regulation of PI3K/AKT on insulin production or secretion.  
 
In summary, the findings of the present study suggest that Mas is capable of modulating 
AKT activity in the islet. However, PI3K is not very likely a master regulator in Mas-
dependent regulation of insulin transcription, but instead plays a subordinate role in 
this mechanism (Fig. 4.2.3). 
 

Regulatory (feedback) loop between PI3K/AKT and Mas 

 
Although PI3K/AKT is a well-known downstream pathway of Mas, which has also been 
confirmed by our group in β-cells, no data are available supporting the converse 
mechanism. This study is the first that implicates the PI3K/AKT pathway in the 
regulation of Mas transcription. Based on these findings a regulatory (feedback) loop 
between PI3K/AKT and Mas is proposed.  

However, three questions remain to be elucidated in future work:  
1. Does the expression of Mas underlie a regulatory auto loop through PI3K/AKT? 
2. To what extent does Mas activate the PI3K/AKT pathway independent of other known 
factors that have been described in the literature so far? 
3. Is a certain isoform of PI3K responsible for regulation of Mas transcription? 
 
These findings are illustrated in Fig. 4.2.3. 

 

The MEK/ERK1 and 2 pathway is neither involved in Mas-dependent 

regulation of insulin expression nor in the regulation of Mas transcription 

 

As mentioned before, the MEK/ERK1 and 2 pathway is downstream of Mas (Zhou et al., 
2012; Passos-Silva et al., 2013). However, the data of the present study suggest that this 
pathway is not involved in the regulation of the expression of insulin and PDX-1 as well 
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as of any of their transcription factors analysed. These results confirm the general view 
that the MAPK MEK/ERK pathway is not required to mediate the metabolic actions of 
insulin, but rather its growth-promoting effects (Lazar et al., 1995; DeFronzo, 2010). 
Nevertheless there are few data available regarding a possible involvement of MEK/ERK 
in the regulation of the subcellular localization rather than the mRNA amount of TFs 
regulating insulin or PDX-1 transcription. ERK-inhibition led to a reduction of both 
glucose-induced nuclear localization of NeuroD1 and its activity in MIN6 cells (Petersen 
et al., 2002). Furthermore, the cooperation between ERK and p38 MAPK is essential for 
ATF2 activation, whereas MEK/ERK alone only results in phosphorylation of ATF2 on 
threonine 71, which then requires p38 MAPK for subsequent and full activation of ATF2 
by phosphorylation of threonine 69 (Ouwens et al., 2002).  

To the best of my knowledge, there is no data available regarding the ERK-
dependent regulation of Mas gene expression. Therefore, this study is the first to exclude 
the MEK/ERK1 and 2 pathway in the regulation of Mas transcription. These findings are 
abstracted in Fig. 4.2.3.  

 

Hypothetical pathway 2: AMPK as master regulator of Mas-dependent 

regulation of insulin amount and secretion 

 
AMPK is a critical regulator of glucose and lipid metabolism (Kahn et al., 2005). AMPK is 
generally activated by a low energy status and inactivated by glucose (Cerrada-Gimenez 
et al., 2012; Shaked et al., 2011). Activated AMPK has been shown to prevent GSIS by an 
unknown mechanism and the repression of this kinase by glucose is necessary for the 
initiation of insulin transcription (da Silva Xavier et al., 2003).  

Mas might contribute to increased insulin production and secretion through the 
inhibition of AMPK activity. Inhibition of AMPK could be achieved either directly by an 
unknown mechanism or indirectly via decreased intracellular AMP concentrations in 
response to enhanced glucose uptake. Mas-dependent modulation of the energy status 
in the islet by regulation of glucose import is supported by different findings. Ang-(1-7) 
was shown to enhance glucose uptake in both adipocytes and muscle cells (Liu et al., 
2012a; Echeverría-Rodríguez et al., 2014). Furthermore, findings of the present study 
reveal that mRNA amounts of the AMPKα1 and α2 catalytic subunits as well as of SIRT1 
were increased in Mas k.o. islets. AMPK and SIRT1 are both fuel-sensing molecules 
which are activated by either increasing AMP- or NAD-levels, respectively. AMPK and 
SIRT1 can, additionally, activate each other (Ruderman et al., 2010). Therefore, 
increased mRNA amounts of AMPK and SIRT1 could reflect an increased demand of 
their proteins due to a low energy status in Mas k.o. islets. This view is supported by 
decreased AMPK activity after administration of Ang-(1-7) in BRIN-BD11 cells 
(preliminary data of our group). 

Reduced AMPK activity could lead further downstream to an attenuated 
inhibition of Hnf4α and AKT, thereby enhancing both insulin transcription and secretion 
(Hong et al., 2003; Cerrada-Gimenez et al., 2012; da Silva Xavier et al., 2000).  

Although Hnf4α mRNA amounts were not reduced in Mas k.o. islets in the present 
study, its transcriptional activity could still be reduced because of phosphorylation of a 
specific serine residue by AMPK (Hong et al., 2003). This could evoke a disorder in the 
transcriptional network in Mas k.o. islets, which eventually leads to diminished 
transactivation of the insulin gene. Therefore, Mas-dependent regulation of Hnf4α trans-
activity represents a plausible mechanism through which Mas could regulate insulin 
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transcription via the modulation of AMPK activity. These findings are illustrated in 
Fig. 4.2.3. 

Hypothetical pathway 3: PKA as master regulator of Mas-dependent 

regulation of insulin expression and secretion 

 
The G protein-coupled receptor Mas could contribute to insulin secretion and 
transcription through an increase in cAMP-levels. This view is supported by lower 
intracellular cAMP concentrations in islets of Mas k.o. mice (preliminary result, data not 
shown). 

cAMP, via activation of PKA and EPAC2, is proposed to play a pivotal role in the 
amplifying pathway of insulin secretion in response to incretins as outlined in the 
introduction (1.2.3) (Meloni et al., 2013; Lemaire and Schuit, 2012). Accordingly, the 
modulation of Mas signalling by Ang-(1-7), Ang-(1-7) agonists and antagonists or even a 
systemic k.o. could cause changes in the insulin secretion-rate by altering the cAMP 
concentrations in β-cells (Liu et al., 2012b; Li et al., 2013). Mas signalling could not only 
modulate insulin secretion, but also insulin transcription through the alteration of 
cAMP-levels: cAMP activates PKA, which in turn inhibits carbohydrate response 
element-binding protein (ChREBP) by phosphorylation (Uyeda et al., 2002). This could 
lead to expression of glucose-responsive genes because activated ChREBP represses 
transcription of PDX-1, MafA, insulin 1 and 2 and GK in β-cells (da Silva Xavier et al., 
2010). 
 To confirm this hypothesized mechanism, further measurements of cAMP-levels 
in cell lysates of Mas k.o. and WT islets should be performed. In additional, it should be 
analysed in Mas k.o. islets whether the activation of PKA and/or EPAC2 could recover 
the Mas k.o.-dependent reduction of insulin secretion and production. Furthermore, the 
influence of PKA and/or EPAC2 inhibitors on the insulin secretion and gene expression 
of Ang-(1-7)- or AVE 0991-treated WT islets should be analysed; this should abolish the 
Ang-(1-7)- or AVE 0991-dependent increase in insulin secretion and production. These 
findings are summarized in Fig. 4.2.3. 

 

eNOS as an important downstream effector in Mas-dependent regulation of 

insulin secretion 

 
The endothelial nitric oxide synthase is an established downstream target of the 
Mas/PI3K/AKT pathway (Sampaio et al., 2007a). Although the influence of NO on insulin 
secretion is controversial in the literature, it is essential for the maintenance of islet 
blood flow, which has been shown to be important for at least first-phase insulin 
secretion (Smukler et al., 2002; Huang, 2009a; Carlsson et al., 1998). After food intake, 
insulin increases the production and release of NO through the activation of eNOS in the 
local vasculature of the islets and of target tissues of insulin and glucose in two steps: At 
first, small capillaries, and in a later phase, larger blood vessels become dilated, which 
increases the delivery of glucose and insulin with the blood circulation to peripheral 
tissues (Baron et al., 1996; Huang, 2009a).  

eNOS was shown to be activated by several kinases including AKT, PKA, AMPK, 
protein kinase G (PKG) and CaMK2 (Dimmeler et al., 1999; Butt et al., 2000; Cai et al., 
2008; Chen et al., 1999; Huang, 2009b). Although eNOS mRNA amount is increased and 
AMPK is probably activated in Mas k.o. islets, eNOS activity and NO-levels could still be 
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reduced in these islets due to diminished AKT and PKA activities. This view is supported 
by reduced nNOS mRNA amounts, as observed in Mas k.o. islets in this study, and the 
increased sympathetic tone detected in Mas k.o. mice (Walther et al., 2000). In 
additional, the preliminary data of our group indicate that Ang-(1-7) increases eNOS 
activity in BRIN-BD11 cells. Consequently, in Mas k.o. islets, eNOS mRNA amounts might 
be increased to compensate for the reduction in eNOS activity. Still, diminished NO-
levels could impair insulin secretion in Mas k.o. islets.  

To my knowledge, data referring to the influence of NO on insulin transcription 
are not available. However, the positive feedback mechanism of insulin on its own 
expression via PI3K, as proposed by Leibiger and co-workers, very likely does not work 
in islets of Mas k.o. mice because phospho-AKT is diminished (Leibiger et al., 1998b). 
Both mechanisms, the reduced insulin secretion through impaired vasodilation and 
diminished insulin transcription through impaired PI3K/AKT-signalling could therefore 
represent a vicious circle through which reduced NO-formation and insulin 
secretion/production could further attenuate each other. This view is supported by the 
phenotype of triple NOS k.o. mice that suffer from metabolic syndrome, including 
glucose intolerance (Tsutsui et al., 2006). 

To verify the hypothesis that eNOS or NO are involved in the Mas-dependent 
regulation of insulin secretion and production, the phosphorylation status of eNOS or 
the NO-level should be analysed in Mas k.o. islets and compared to that of WT islets. If 
the amount of NO would be actually reduced in Mas k.o. islets, these islets should be 
treated with a NO donor, which should abolish the Mas-dependent reduction of insulin 
secretion and production. Additionally, the NO-formation should be pharmacologically 
blocked in WT islets and the residual insulin secretion and production examined; this 
should mimic the Mas k.o. phenotype. These findings are summarized in Fig. 4.2.3. 
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Fig. 4.2.3: Hypothetical model of Mas-dependent regulation of insulin gene expression (left) and 

secretion (right) in the β-cell. Left scheme: Hypothetical signalling pathway �: Activation of the 
PI3K/AKT pathway by Mas could lead to increased insulin gene expression via activation of Nkx2, E2F, 
CDX1, GATA-1 and -2. These transcription factors (TFs) could either directly activate insulin transcription 
or lead to increased insulin gene expression through a secondary mechanism via transactivation of the 
PDX-1 or NeuroD1 promoter (see also Fig. 4.2.3.2). There is a regulatory (feedback) loop between Mas and 
PI3K/AKT. Whether the gene expression of Mas underlies a regulatory auto loop through PI3K/AKT 
remains to be established. �: Mas could inhibit AMPK directly by an unknown mechanism or indirectly 
via enhanced glucose uptake thereby reducing the phosphorylation of Hnf4α at serine 304. This enhances 
its capability to transactivate target genes, which could lead to increased insulin gene expression. 
Inhibition of AMPK could additionally enhance AKT activity. �: Increased cAMP-levels by Mas might 
either lead to nuclear exclusion of Oct-1 or via PKA activation to inhibition of ChREBP. Both pathways 
might enhance insulin transcription. eNOS can be activated by AKT, PKA, AMPK, PKG and CaMK2. ERK1/2 
activity is inhibited by Mas, but it has no influence either on Mas expression or on insulin transcription or 
secretion. Right scheme: Mas could regulate insulin secretion basically via the same pathways as discussed 

for insulin gene expression (� – �), but with partially different downstream mechanisms. �: Inhibition 
of AMPK could be part of a primary mechanism for insulin release or a secondary effect due to reduced 
inhibition of AKT. �: cAMP activates PKA and EPAC2. Both are known to be involved in the amplifier 
pathway of insulin secretion (see 1.2.3). Symbols: ← = (trans)activation, ↔ = reciprocal (trans)activation, 
⊢ = repression or inhibition of activity. Abbreviations: PDX-1 = pancreatic duodenal homeobox-1, 
NeuroD1 = neurogenic differentiation 1, Hnf4α = hepatocyte nuclear factor 4α, 
PI3K = phosphatidylinositol 3-kinase, AKT =  synonym of protein kinase B, AC = adenylate cyclase, 
(c)AMP = (cyclic) adenosine monophosphate, EPAC2 = exchange protein directly activated by cAMP 2, 
ChREBP = carbohydrate response element-binding protein, ATP = adenosine triphosphate, AMPK = AMP-
activated protein kinase, Oct-1 = member of POU domain transcription factor Oct-1, NO = nitric oxide, 
eNOS = endothelial NO synthase, PKA/G = protein kinase A or G, CaMK2 = calcium/calmodulin-dependent 
protein kinase 2. 

 
 
 
 
 
 



Discussion 

130 

4.3 Concluding remarks 

The presented data contribute to the general understanding of cellular mechanisms 
regarding the regulation of insulin gene expression and secretion. In particular, results 
of the present study demonstrate that the pharmacological or genetic manipulation of 
Mas expression/signalling provokes profound alterations in insulin production and 
secretion. This, together with the fact that plasma insulin levels were slightly reduced in 
Mas-deficient mice, suggests that an insulin-regulating function of Mas could be 
proposed. Accordingly, Mas or the entire ACE2/Ang-(1-7)/Mas RAS axis, might 
represent potential targets for the pharmacological therapy of β-cell pathology, 
including diabetes and hyperinsulinism, in the future.  
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6 Appendix 

6.1 Rat and mouse primers for qPCR  

Table 6.1: Rat (A) and mouse (B) qPCR primers used in the present study 

 

A 
 

 
 
  

Primer Sequence (5' → 3') Size (bp) An.Temp (°C) [Primer] c (nM)

r-ACE2-AS GAC AGG AGG CTC GTA AGG TG 
r-ACE2-S GTG GAG CAC TGA CTG GAG C 403 59 250
r-ACE-AS ATG GGA CAC TCC TCT GTT GG
r-ACE-S AGT GGG TGC TGC TCT TCC TA 188 57-65 250
r-APN-AS AGC GGA CAG TAC TGG AAC C
r-APN-S CAT CAT AGC TCT GTC GGT GG 238 > 61 500
r-ATF3-AS GAG AAT CCT TGG CTC TTC CTG C
r-ATF3-S TAC TCT GTG CTG ACC GAG GAC T 186 ≥ 64.5 500
r-ATIIR1a-AS CAG CCA GAT GAT GAT GCA GGT G
r-ATIIR1a-S CAG CGT GAG CTT CAA CCT CTA C 145 > 61 1000
r-ATIIR1b-AS GAC ATT GTG GAC ACC GCT ATG C
r-ATIIR1b-S TGT TGA CAA GCC TGC GTG TGA C 165 > 61 1000
r-ATIIR2-AS TTG GAT GCT CTG ACC TGG ATG G
r-ATIIR2-S CAC ACT ACG GAG CTT CTG TTG G 165 > 61 1000
r-Hnf1α-AS TGC TTG CGG ACG TAC CAG GTG T
r-Hnf1α-S GCC GTG GTG GAG TCA CTT CTT C 206 ≥ 64.5 500
r-Insulin1-AS GCA GAT GCT GGT GCA GCA CTG
r-Insulin1-S GCC CAG GCT TTT GTC AAA CAG 237 57 250
r-Insulin2-AS CAG TGC CAA GGT CTG AAG GTC
r-Insulin2-S CAG CAC CTT TGT GGT TCT CAC 165 57 250
r-IRAP-AS GCA GAT CTT GCT GCC AAA GG
r-IRAP-S GCC TAC ATC CAA ACC TAA CCT C 367 57-65 250
r-Mas-AS GTG TTG CCA TTG CCC TCC TGA 
r-Mas-S CAG ATG TCA CCG CCC CAA GCA 534 61.4 250
r-Mxd1-AS CAT CCA CAT CCA CGT CCA CGT C
r-Mxd1-S CGC CTG TGC CTA GAG AAG CTG A 304 ≥ 64.5 250
r-NEP-AS CGG CTG AGG CTG CTT ACA AG
r-NEP-S CCA GAC TGA TTC GTC AGG AAC 397 57-65 250
r-NeuroD1-AS CGGCTTGACGTGGAAGACATGG
r-NeuroD1-S CTTGCCTGAGCAGAATCCGGAC 148 ≥ 64.5 500
r-PDX-1-AS ACA ATC CTG CTC CGG CTC TTC G
r-PDX-1-S CGC AGC AGA ACC GGA GGA GAA T 265 57-65 1000
r-Rpl13a-AS GGA TCC CTC CAC CCT ATG ACA
r-Rpl13a-S CTG GTA CTT CCA CCC GAC CTC 131 57-65 250
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B 
 

 

Primer Sequence (5' → 3') Size (bp) An.Temp (°C) [Primer] c (nM)

m-ACE2-AS TCC AGT ACT GTA GAT GGT GC
m-ACE2-S CTC CTT CTC AGC CTT GTT GC 372 57-61,4 250
m-ACE-AS CAAACTCCTGGCTGACCAGG
m-ACE-S GCTCTTGATGCTGTCGCTGC 248 57-65 250
m-AMPKα1-AS CAT CAA GCA GGA CGT TCT CAG
m-AMPKα1-S GTG AAG ATA CTC AAC CGG CAG 316 ≥ 60 250
m-AMPKα2-AS GTGTTGAGTGCATCCAGTGGAC
m-AMPKα2-S GACGATGAGGCTGTGAAGGAAG 302 ≥ 59 250
m-APN-AS CATCATAGCTCTGTCGGTGGTC
m-APN-S CGATACTGGTTCCAAGGCTTGC 150 62 1000 (10 sec. elong.)
m-ATF2-AS CCT GCT TGA ACG CCA GAA GTT G
m-ATF2-S GAT GCC TTC AGT GTG ATG CTG G 335 57-65 250
m-ATF3-AS GCA GAG ACC TGG CCT GGA TGT T
m-ATF3-S CAG CCA CAG TCT CAC TCA GCG A 201 63.3 250
m-ATIIR1a-AS TAGATGACGATCACCACCAAGC
m-ATIIR1a-S GTCTGGATAACTCACAGCAACC 256 61.4 1000
m-ATIIR1b-AS GCCAGATGATGATGCAGGTGAC
m-ATIIR1b-S CAACCTCTACGCCAGTGTGTTC 131 > 61 1000
m-ATIIR2-AS CTTGGATGCTCTGACCTGGATG
m-ATIIR2-S ACACACTGCGGAGCTTCTGTTG 167 > 62 1000
m-CamK2δ2-AS GGC TTC AGG TGT CAC TGT ATC C 
m-CamK2δ2-S GCA GAC TTC GGC TTA GCC ATA G 270 > 60 500
m-CK2α1-AS GCT CAG GCA TCA GAA GGT AG
m-CK2α1-S GCT GCT TCG ATA TGA CCA CC 298 ≥ 60 250
m-CK2α2-AS CAA GCT GGT CAT AGT TGT CC
m-CK2α2-S CTG GCA GAG TTC TAT CAT CC 196 57-64 500
m-CK2β-AS GGA AGC ATT GGC TGG TTC TC
m-CK2β-S GCC TCA CTA TCG ACA AGC TC 234 57-65 250
m-Creb1-AS GTG GAG ACT GGA TAA CTG ATG G
m-Creb1-S CAT GGA ATC TGG AGC AGA CAA C 239 57-65 250
m-eNOS-AS CCT TCA CAC GCT TCG CCA TCA C
m-eNOS-S CCA TCT CAG GCA GCC TAA CTC C 207 57-65 250 (10 sec. elong.)
m-FoxA2-AS GTC TTC TTG CCT CCG CTA CTG G
m-FoxA2-S CAT CCG CCA CTC TCT CTC CTT C 213 57-65 250
m-Foxo1-AS GGT GTC TAA GGA GCC TCC GAG T
m-Foxo1-S AGT CTG CGG AGT CGC TTC AGT C 218 ≥ 63.3 250
m-Foxo3a-AS AGG TGG CTG GTC TCT GTT CTC CTG
m-Foxo3a-S GAG CAA GCC GTG TAC TGT GGA G 302 57-65 250
m-Gck-AS CAC CAT TGC CAC CAC ATC CAT C
m-Gck-S GTG CAT CTC TGA CTT CCT GGA C 226 > 60 500
m-GLUT1-AS GAT GAA GAT GAC ACT GAG CAG C
m-GLUT1-S CTC CAT GCT GAT GAA CCT G 304 57-65 250
m-GLUT2-AS GAG CAG ATC CTT CAG TCT CCT C
m-GLUT2-S CCA CAT TCA GTA CAG GAC CTG G 318 ≥ 61.4 250
m-Hipk2-AS TAG GTT ATG TGG TCC ACC
m-Hipk2-S AGT TTT CTC CCC TCA CAC 304 59 250
m-Hnf1α-AS CGC CCT ATT ACA CTC CTC CA
m-Hnf1α-S GAG AGG TGG CTC AGC AAT TC 206 > 60 1000
m-Hnf4α-AS CTG TCC ATT GCT GAG GTG AGA G
m-Hnf4α-S GCA AGT GAG CCT GGA GGA TTA C 304 61.4-64.5 500
m-iNOS-AS GAT GTG GCC TTG TGG TGA AGA G
m-iNOS-S CAC GGA GTA GCC TAG TCA ACT G 371 59 250
m-Insulin1-AS GCA GTT CCC TGA GGT TCC TG
m-Insulin1-S CCA CTG AAG CTA CTA GTC 185 57-59 250
m-Insulin2-AS AGTTGCAGTAGTTCTCCAGC
m-Insulin2-S CAACATGGCCCTGTGGATGC 335 57-59 250
m-IRAP-AS TCTTGAAGAGCCTGAAGTGA
m-IRAP-S CAGGCTACAGGCAGAGTCCA 331 57-65 250
m-MafA-AS GTG GTG ATG GTG GTG ATG GTG A
m-MafA-S GGA GGA TCT GTA CTG GAT GAG C 283 > 60 250
m-Mas-AS GAC CAG TAC TCG TAG TAC AGC
m-Mas-S CAC CAG TCA GCA TTC GTC TG 329 ≥ 61 250
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Table 6.1 A (rat) and B (mouse) comprise names, sequences, annealing temperatures, size of amplificates 
and the optimal concentration of primers used for quantitative PCR in this study. Abbreviations: r = rat, 
m = mouse, AS = antisense, S = sense, bp = base pairs, An. Temp. = annealing temperature, 
[Primer]c =  primer concentration, PCR = polymerase chain reactions, ACE = angiotensin-converting 
enzyme, AT1a/bR = angiotensin ІІ type 1a/b receptor, AT2R = angiotensin ІІ type 2 receptor, 
NEP = neutral endopeptidase 24.11, APN = aminopeptidase N, IRAP = insulin-regulated aminopeptidase, 
P0 = ribosomal protein, large, P0, Rpl13a = ribosomal protein L13A, PDX-1 = pancreatic duodenal 
homeobox-1, NeuroD1 = neurogenic differentiation 1, MafA = V-maf musculoaponeurotic fibrosarcoma 
oncogene homolog A, ATF = activating TF, Pax6 = paired box 6, Mxd1 = MAX dimerization protein 1, 
Hnf = hepatocyte nuclear factor, FoxA2 = forkhead box A2, Foxo = forkhead box, GLUT = glucose 
transporter, SLC5A1 = solute carrier family 5 sodium/glucose cotransporter member 1, GK = glucokinase, 
CaMK = calcium/calmodulin-dependent protein kinase, CK2 = casein kinase 2, Hipk2 = homeodomain 
interacting protein kinase 2, (c)AMP = (cyclic) adenosine monophosphate, AMPK = AMP-activated protein 
kinase, CREB1 = cAMP responsive element-binding protein 1, SIRT1 = sirtuin 1, Onecut1 = one cut 
homeobox 1, PI3K = phosphatidylinositol 3-kinase, e/i/nNOS = endothelial/inducible/neuronal nitric 
oxide synthase, Txn1 = thioredoxin 1, Txnip = thioredoxin-interacting protein. 

  

Primer Sequence (5' → 3') Size (bp) An.Temp (°C) [Primer] c (nM)

m-Mxd1-AS CTG TCC ATC CGA GTC CTC TC
m-Mxd1-S CTT CAA ACG GAG GAA CAA GC 306 61.4-63.3 250
m-NEP-AS GGACAAGGAAGGCATATGAGTG
m-NEP-S GCCTATGTCTGAATCGAGATGG 109 63 1000
m-NeuroD1-AS CTG TAC GCA CAG TGG ATT CGT T
m-NeuroD1-S GAT CAA TCT TCT CTT CCG GTG C 181 ≥ 59 500
m-nNOS-AS CAG GAG AGG CAG CAC ATC GAA C
m-nNOS-S CCA CGT CAA GTA CGC CAC CAA C 238 > 60 250
m-Onecut1-AS GGT TAA GGT AGT GTA GGT GGT G
m-Onecut1-S GAT GTG AAG ACT GGA CTC CTT G 402 59-63 250
m-P0-AS TGA CTT GGT TGC TTT GGC GGG ATT
m-P0-S GCA CTT TCG CTT TCT GGA GGG TGT 344 57-65 250
m-Pax6-AS ACT TGG ACG GGA ACT GAC AC
m-Pax6-S AAC AAC CTG CCT ATG CAA CC 206 > 61.4 1000
m-PDX-1-AS CAA CAT CAC TGC CAG CTC CAC C
m-PDX-1-S TCA CCT CCA CCA CCA CCT TCC A 310 57-65 1000
m-PI3K_p101-AS GAGTAGTCCAGGAGAAGCTGTG
m-PI3K_p101-S CAGAGTGTGGTCAGGTGTGAAG 211 ≥ 59 250
m-PI3K_p110α-AS GAACCAGTAGGCAACCGTGAAG
m-PI3K_p110α-S CTCTGCTATGAGGCGAGTTGAG 181 ≥ 61.4 250
m-PI3K_p110β-AS GTAGGCTGCCTTCGACAGATGA
m-PI3K_p110β-S GCTTCCTCGACAGTATGCTTCC 237 ≥ 61.4 250
m-PI3K_p110γ-AS GGCGAGTGAACTCTAGCTCATC
m-PI3K_p110γ-S GACCAATTCCTCCTGCTCTACC 253 ≥ 59 250
m-PI3K_p110δ-AS GAGCTTCACCTTCCAGGTATCC
m-PI3K_p110δ-S CATAGCAAGGATGGAGGAGGAG 253 ≥ 61.4 250
m-PI3K_p85α-AS GCCGGTGGCAGTGTTGTTAATG
m-PI3K_p85α-S GGCAGAAGAAGCTGAACGAGTG 266 ≥ 59 250
m-PI3K_p85β-AS CAGATCCTGCTCCAACTTCGTG
m-PI3K_p85β-S GTGGTGAAGGAGGACAGCATAG 342 ≥ 59 250
m-PI3KC2α-AS CCACCTCGTCATTCTGTACTTC
m-PI3KC2α-S GAAGAGAGATCGCCAAGTTGTC 214 ≥ 59 250
m-PI3KC2γ-AS CAGGCACCATCTCTATGAATCC
m-PI3KC2γ-S ACTTGCCATCTTCCTCTGAACC 298 ≥ 59 250
m-PI3KC3-AS GCCATACTCCTTGTCATCGCAC
m-PI3KC3-S CTAACGTGGAGGCAGATGGTTC 257 ≥ 61.4 250
m-SIRT1-AS TAC CTC AGC ACC GTG GAA TAT G
m-SIRT1-S GTT GCC ACC AAC ACC TCT TCA T 388 64 250
m-SLC5A1-AS CTC GCA GTC CAT TAG GCA TGA G
m-SLC5A1-S CCG CCA AGG AAG AAT GCT ACA C 390 ≥ 61 500
m-Txn1-AS GAA CAG GTA GCT GCC GTA TG
m-Txn1-S GTT CTC CGG TGC TAA CAA CAA GG 375 57-63 250
m-Txnip-AS GTC TTC ATA GCG CAA GTA GTC C
m-Txnip-S CGG CTC AAT CAT GGT GAT GTT C 232 ≥ 60 250
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6.2 Gel images of PCR amplificates 

 A  

Amplificates obtained by RT-qPCR from rat samples 
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B 

Amplificates obtained by RT-qPCR from mouse samples 
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Fig. 6.2 A and B: Gel images of RT-qPCR products (A rat and B mouse). Sizes of PCR products are 
visualized by 1.5% agarose gels. For a detailed procedure description see also chapter 2.2.4.1. 
Abbreviations: RT-qPCR = reverse transcription-quantitative polymerase chain reaction, r = rat, 
m = mouse, ACE = angiotensin-converting enzyme, AT1a/bR = angiotensin ІІ type 1a/b receptor, 
AT2R = angiotensin ІІ type 2 receptor, NEP = neutral endopeptidase 24.11, APN = aminopeptidase N, 
IRAP = insulin-regulated aminopeptidase, P0 = ribosomal protein, large, P0, Rpl13a = ribosomal protein 
L13A, WT = wild type, k.o. = knock-out, Ins = insulin, PDX-1 = pancreatic duodenal homeobox-1, 
NeuroD1 = neurogenic differentiation 1, MafA = V-maf musculoaponeurotic fibrosarcoma oncogene 
homolog A, ATF = activating TF, Pax6 = paired box 6, Mxd1 = MAX dimerization protein 1, 
Hnf = hepatocyte nuclear factor, FoxA2 = forkhead box A2, Foxo = forkhead box, GLUT = glucose 
transporter, SLC5A1 = solute carrier family 5 sodium/glucose cotransporter member 1, GK = glucokinase, 
CaMK = calcium/calmodulin-dependent protein kinase, CK2 = casein kinase 2, Hipk2 = homeodomain 
interacting protein kinase 2, (c)AMP = (cyclic) adenosine monophosphate, AMPK = AMP-activated protein 
kinase, CREB1 = cAMP responsive element-binding protein 1, SIRT1 = sirtuin 1, Onecut1 = one cut 
homeobox 1, PI3K = phosphatidylinositol 3-kinase, e/i/nNOS = endothelial/inducible/neuronal nitric 
oxide synthase, Txn1 = thioredoxin 1, Txnip = thioredoxin-interacting protein, SU = subunit, 
Cat. = catalytic, Reg./Regul. = regulatory. 
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6.3 Results promoter analyses 

HNF1alpha mus musculus from -1000 to -1 

 

ctgacaaaagtaatacttgagaaaaattaaaatggtgtattggggctggggttctggctctggtagagcccttgccttgagt

atacaaggccctgggtttgaccccagcaaactaaaaactggctgtggtacgggtctgtaattccagcacttgggagctagag

gtaggaaaatcaggagttcaaggtcagcctgaactacatcgtaagactgtctcaaacaaacaaacaaacaaacaaacaaaaa

accccaatacatatgtgtgcgtgcacagacacagagagatacacacacatacacacacacatagattagatatacacacaca

taaaattagatacacagacacatacaagacacagagacatacacaaacatagattagttatacacacacatatagattagat

acacagatacacacagacacacacacacacacagacacacacacacaggacacacacacacacacacgttctggttcggatc

acacaatgataggatgcaatacattataacccagtatcctcaacacagaagtctgaagtgctaagacaacaggggtttttcc

ccccctgggaagtctgatgttgggctaggactgagggtgcagtgacccactccaggaaatgtgacctgattctgccctggag

aaccggcccagtggcccagagcttcctgctgtcccagcggcccaaagaaacaggcttttaaagttctcctgtgccaggctga

aagcatcctggagagtgggacccagcgccgcacccagaggcctcctggctcctgctgcctctagccctgcgcccctggcccc

tctccacctcccccaccctcccttctgctcactcccaattgcaggccatgactcccggtcccggtccctctcacccgccatg

aggcctgcacttgcaaggctgaagtccaaagttcagtcccttcgctaagcgcacggataaatatgaaccttggagaatttcc

ccagctccaatgt 
 

 

TFSEARCH Search Result 

 

** TFSEARCH  ver.1.3 **   (c)1995 Yutaka Akiyama (Kyoto Univ.) 

 

 This simple routine searches highly correlated sequence fragments 

 versus TFMATRIX transcription factor binding site profile database 

 by E.Wingender, R.Knueppel, P.Dietze, H.Karas (GBF-Braunschweig). 

 

   < Warning> Scoring scheme is so straightforward in this version. 

            score  =  100.0 * ('weighted sum' - min) / (max - min) 

            The score does not properly reflect statistical significance! 

 

 Database:  TRANSFAC MATRIX TABLE, Rel.3.3 06-01-1998 

 Query:     Hnf1alpha (1000 bases) 

 Taxonomy:  Vertebrate 

 Threshold: 85.0 point 

 

 

 TFMATRIX entries with High-scoring: 

 

   1 CTGACAAAAG TAATACTTGA GAAAAATTAA AATGGTGTAT TTGGGGCTGG entry        score 

             ------->                                       M00101 CdxA   88.6 

                    < ------                                  M00240 Nkx-2. 88.4 

                           --------------->                 M00133 Tst-1  87.5 

                                                        --- M00271 AML-1a 87.4 

                                                   -------- M00008 Sp1    86.3 

                                               -------->    M00050 E2F    86.2 

 

  51 GGTTCTGGCT CTTGGTAGAG CCCTTGCCTT GAGTATACAA GGCCCTGGGT entry        score 

                                        --------------->    M00252 TATA   88.4 

     -->                                                    M00271 AML-1a 87.4 

     ->                                                     M00008 Sp1    86.3 

 

 101 TTGACCCCAG CAAGACTAAA AACTGGCTGT GGTACGGGTC TGTAATTCCA entry        score 

                                  ------>                   M00271 AML-1a 100.0 

         < -----                                              M00271 AML-1a 87.4 

                                                  < ------    M00101 CdxA   86.4 

 

 151 GCACTTGGGA GCTAGAGGTA GGAAAATCAG GAGTTCAAGG TCAGCCTGAA entry        score 

                                       ------------->       M00156 RORalp 89.4 
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       < ------                                               M00240 Nkx-2. 88.4 

 

 201 CTACATCGTA AGACTGTCTC AAACAAACAA ACAAACAAAC AAACAAAAAA entry        score 

                           ------>                          M00148 SRY    100.0 

                               ------->                     M00148 SRY    100.0 

                                   ------->                 M00148 SRY    100.0 

                                        ------>             M00148 SRY    100.0 

                                            ------->        M00148 SRY    100.0 

                                                 ------>    M00148 SRY    100.0 

                            < ------------                    M00130 HFH-2  95.4 

                                < ------------                M00130 HFH-2  95.4 

                                    < ------------            M00130 HFH-2  95.4 

                                         < ------------       M00130 HFH-2  95.4 

                                             < ------------   M00130 HFH-2  92.4 

                            < ------------                    M00131 HNF-3b 91.3 

                                < ------------                M00131 HNF-3b 91.3 

                                    < ------------            M00131 HNF-3b 91.3 

                                         < ------------       M00131 HNF-3b 91.3 

                                             < ------------   M00131 HNF-3b 91.3 

                                              ------------> M00160 SRY    87.4 

                                                           <  M00271 AML-1a 87.4 

 

 251 CCCCAATACA TATGTGTGCG TGCACAGACA CAGAGAGATA CACACACATA entry        score 

         < ---------------                                    M00105 CDP CR 92.2 

              ----------------->                            M00235 AhR/Ar 87.7 

     -----                                                  M00271 AML-1a 87.4 

 

 301 CACACACACA TAGATTAGAT ATACACACAC ATAAAATTAG ATACACAGAC entry        score 

                                     < -------                M00101 CdxA   92.1 

                                     < -------                M00100 CdxA   91.0 

                 ----------->                               M00082 Evi-1  88.6 

                                       -------------->      M00162 Oct-1  87.8 

                 ----------->                               M00080 Evi-1  85.4 

                                   ---------------->        M00081 Evi-1  85.2 

 

 351 ACATACAAGA CACAGAGACA TACACAAACA TAGATTAGTT ATACACACAC entry        score 

                                ------->                    M00148 SRY    90.9 

                                            ------->        M00101 CdxA   88.6 

 

 401 ATATAGATTA GATACACAGA TACACACAGA CACACACACA CACACAGACA entry        score 

         ----------->                                       M00082 Evi-1  86.9 

 

 451 CACACACACA GGACACACAC ACACACACAC GTTCTGGTTC GGATCACACA entry        score 

                                                          - M00101 CdxA   87.9 

 

 501 ATGATAGGAT GCAATACATT ATAACCCAGT ATCCTCAACA CAGAAGTCTG entry        score 

                                  < ----------                M00076 GATA-2 92.1 

                       < -------                              M00101 CdxA   90.7 

                                                         -- M00240 Nkx-2. 90.7 

     -------->                                              M00077 GATA-3 88.1 

     ----->                                                 M00101 CdxA   87.9 

                                  < ----------                M00075 GATA-1 86.9 

                      ------->                              M00101 CdxA   86.4 

 

 551 AAGTGCTAAG ACAACAGGGG TTTTTCCCCC CCTGGGAAGT CTGATGTTGG entry        score 

                                < --------                    M00083 MZF1   94.8 

                       ---------->                          M00053 c-Rel  91.7 

     ---->                                                  M00240 Nkx-2. 90.7 

                       ---------->                          M00052 NF-kap 87.4 

                      ---------->                           M00053 c-Rel  86.8 

                       ---------->                          M00054 NF-kap 86.6 
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                                    ------------->          M00087 Ik-2   86.0 

 

 601 GCTAGGACTG AGGGTGCAGT GACCCACTCC AGGAAATGTG ACCTGATTCT entry        score 

                                                  --------- M00075 GATA-1 90.2 

                            < --------------                  M00033 p300   89.1 

                       ----------->                         M00173 AP-1   85.6 

 

 651 GCCCTGGAGA ACCGGCCCAG TGGCCCAGAG CTTCCTGCTG TCCCAGCGGC entry        score 

     >                                                      M00075 GATA-1 90.2 

                                    < ----------              M00032 c-Ets- 87.3 

 

 701 CCAAAGAAAC AGGCTTTTAA AGTTCTCCTG TGCCAGGCTG AAAGCATCCT entry        score 

                    < ----------                              M00216 TATA   93.0 

       ------>                                              M00148 SRY    90.0 

                                                   < -------- M00075 GATA-1 86.1 

 

 751 GGAGAGTGGG ACCCAGCGCC GCACCCAGAG GCCTCCTGGC TCCTGCTGCC entry        score 

     -                                                      M00075 GATA-1 86.1 

 

 801 TCTAGCCCTG CGCCCCTGGC CCCTCTCCAC CTCCCCCACC CTCCCTTCTG entry        score 

                                        < -------             M00083 MZF1   87.8 

                                                          < - M00033 p300   87.1 

 

 851 CTCACTCCCA ATTGCAGGCC ATGACTCCCG GTCCCGGTCC CTCTCACCCG entry        score 

     -------------                                          M00033 p300   87.1 

       < ------------                                         M00087 Ik-2   85.1 

 

 901 CCATGAGGCC TGCACTTGCA AGGCTGAAGT CCAAAGTTCA GTCCCTTCGC entry        score 

                                  < --------------            M00158 COUP-T 95.5 

                   < ------                                   M00240 Nkx-2. 90.7 

                               -------------------->        M00134 HNF-4  86.7 

 

 951 TAAGCGCACG GATAAATATG AACCTTGGAG AATTTCCCCA GCTCCAATGT entry        score 

                 < ------                                     M00100 CdxA   92.3 

                                           < --------         M00083 MZF1   90.4 

                                  ---------->               M00052 NF-kap 88.1 

                 < ------                                     M00101 CdxA   87.9 

                                  ---------->               M00054 NF-kap 87.5 

                 ------>                                    M00101 CdxA   87.1 

                   ------>                                  M00101 CdxA   85.0 

 

 

 Total 74 high-scoring sites found. 

 Max score: 100.0 point, Min score: 85.0 point 
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MafA mus musculus from -1000 to -1 

 

ctgtcccactccacctaccacaacgctcagaggcctgcggttccaccgtgcatcccgccgcccgaggtgccagcaactttgt

tgactgaattcctgaacccatcccaaccacaggataaaaatagctggcgctcccgggcagctcgggagtcaccggtgtcagg

atagttagaggtccccattctggagactccaggccacttgggcctggtgcgggacacagccagctagaccacctaatggatc

tgagacaccgaaggagtaccctggacgagggcctcctcagcttccctgcactctctggctttacgatcctggaacctcagaa

tctgccacttggtctcgcgccctctgctgtgcagtcccatgcggcggccaccagggggccctgcccactcctcttgccgacg

gcccttccccaccccttcccacagctgtttcccgcaggagattgacagctgggctccgggttgccatggggataggcaaatg

agggcggcaggtctggggctccgattggcccgggggcgtcggcccccacctggggaggcgggcccagaagcgcgtctctata

aaggcttgtgcggctctgcgccgggccgagggaggcggggccggccggcagcgcgggtggggcgcggggcggggccgggcgg

gagagcccggagcgcggctgagcccggggcgcggcctctgcaccctccaggccaggaccgcggaggaacagaaggaggagga

gggcaggattgggggccctgcgcccgctcgtagcgggccggggggccacccgagaggcctggccggcggcgtcccctgagca

cagcccagagttgacagcaggaaacttttgctgctgcgcccttcggcggcgcgaccagagcctgagcccaccgcggcccggg

ggggagctagggggagagaggcccgcggctccccccacgctcccccgccgcccgtcggggcgcggccgggcgcggcggcggg

gctggggccccgggcg 
 

 

TFSEARCH Search Result 

 

** TFSEARCH  ver.1.3 **   (c)1995 Yutaka Akiyama (Kyoto Univ.) 

 

 This simple routine searches highly correlated sequence fragments 

 versus TFMATRIX transcription factor binding site profile database 

 by E.Wingender, R.Knueppel, P.Dietze, H.Karas (GBF-Braunschweig). 

 

   < Warning> Scoring scheme is so straightforward in this version. 

            score  =  100.0 * ('weighted sum' - min) / (max - min) 

            The score does not properly reflect statistical significance! 

 

 Database:  TRANSFAC MATRIX TABLE, Rel.3.3 06-01-1998 

 Query:     MafA (1000 bases) 

 Taxonomy:  Vertebrate 

 Threshold: 85.0 point 

 

 

 TFMATRIX entries with High-scoring: 

 

   1 CTGTCCCACT CCACCTACCA CAACGCTCAG AGGCCTGCGG TTCCACCGTG entry        score 

                       < ------                               M00271 AML-1a 100.0 

                                           ------>          M00271 AML-1a 92.0 

        < --------------                                      M00033 p300   86.1 

 

  51 CATCCCGCCG CCCGAGGTGC CAGCAACTTT GTTGACTGAA TTCCTGAACC entry        score 

                                                         < -- M00075 GATA-1 89.0 

                                                         < -- M00076 GATA-2 88.9 

                                 < --------------             M00269 XFD-3  86.9 

 

 101 CATCCCAACC ACAGGATAAA AATAGCTGGC GCTCCCGGGC AGCTCGGGAG entry        score 

             < ------                                         M00271 AML-1a 100.0 

     -------                                                M00075 GATA-1 89.0 

     -------                                                M00076 GATA-2 88.9 

                -------->                                   M00011 Evi-1  88.4 

             -------------->                                M00074 c-Ets- 88.1 

                   ----------->                             M00203 GATA-X 86.5 

                       ------->                             M00101 CdxA   85.7 

                                                      < ----- M00173 AP-1   85.6 

 

 151 TCACCGGTGT CAGGATAGTT AGAGGTCCCC ATTCTGGAGA CTCCAGGCCA entry        score 

                                 < --------                   M00083 MZF1   93.9 

                --------->                                  M00076 GATA-2 93.3 
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                --------->                                  M00075 GATA-1 90.2 

                                                          < - M00240 Nkx-2. 88.4 

     -----                                                  M00173 AP-1   85.6 

 

 201 CTTGGGCCTG GTGCGGGACA CAGCCAGCTA GACCACCTAA TGGATCTGAG entry        score 

                                              ---------->   M00106 CDP CR 89.0 

     -----                                                  M00240 Nkx-2. 88.4 

                                                      < ----- M00173 AP-1   85.6 

 

 251 ACACCGAAGG AGTACCCTGG ACGAGGGCCT CCTCAGCTTC CCTGCACTCT entry        score 

     -----                                                  M00173 AP-1   85.6 

 

 301 CTGGCTTTAC GATCCTGGAA CCTCAGAATC TGCCACTTGG TCTCGCGCCC entry        score 

                          < ------                            M00271 AML-1a 88.7 

                                          < ------            M00240 Nkx-2. 88.4 

         ------->                                           M00100 CdxA   87.2 

                               < ----------                   M00075 GATA-1 86.9 

                                                 ------->   M00050 E2F    86.2 

 

 351 TCTGCTGTGC AGTCCCATGC GGCGGCCACC AGGGGGCCCT GCCCACTCCT entry        score 

                                                < ----------- M00033 p300   85.1 

 

 401 CTTGCCGACG GCCCTTCCCC ACCCCTTCCC ACAGCTGTTT CCCGCAGGAG entry        score 

                      < --------                              M00083 MZF1   98.3 

                                             -------->      M00050 E2F    90.8 

                                < -------------------         M00005 AP-4   86.7 

                                          < ------            M00148 SRY    86.4 

                      < ----------                            M00008 Sp1    86.3 

                                   ------------>            M00001 MyoD   86.0 

                                                       ---- M00075 GATA-1 85.7 

     ---                                                    M00033 p300   85.1 

 

 451 ATTGACAGCT GGGCTCCGGG TTGCCATGGG GATAGGCAAA TGAGGGCGGC entry        score 

                                  ---------->               M00076 GATA-2 95.7 

                                  ---------->               M00075 GATA-1 93.1 

                                        < -------------       M00210 OCT-x  89.6 

                               -------->                    M00083 MZF1   89.6 

                                       < --------------       M00161 Oct-1  86.5 

                                   --------->               M00077 GATA-3 86.2 

     ----->                                                 M00075 GATA-1 85.7 

 

 501 AGGTCTGGGG CTCCGATTGG CCCGGGGGCG TCGGCCCCCA CCTGGGGAGG entry        score 

                                           ----------->     M00073 deltaE 88.5 

                                                 ------->   M00083 MZF1   87.8 

                 ---------->                                M00075 GATA-1 85.3 

 

 551 CGGGCCCAGA AGCGCGTCTC TATAAAGGCT TGTGCGGCTC TGCGCCGGGC entry        score 

                            < ------                          M00100 CdxA   92.3 

                            < ------                          M00101 CdxA   87.9 

                        ---------->                         M00216 TATA   86.9 

 

 601 CGAGGGAGGC GGGGCCGGCC GGCAGCGCGG GTGGGGCGCG GGGCGGGGCC entry        score 

                                               ---------->  M00008 Sp1    94.5 

          ---------->                                       M00008 Sp1    90.4 

                                                     ------ M00008 Sp1    86.3 

 

 651 GGGCGGGAGA GCCCGGAGCG CGGCTGAGCC CGGGGCGCGG CCTCTGCACC entry        score 

     --->                                                   M00008 Sp1    86.3 

                                       ---------->          M00008 Sp1    86.3 

 

 701 CTCCAGGCCA GGACCGCGGA GGAACAGAAG GAGGAGGAGG GCAGGATTGG entry        score 
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                                                  --------- M00075 GATA-1 90.6 

                                                  --------- M00076 GATA-2 87.7 

                                                   -------- M00077 GATA-3 86.2 

 

 751 GGGCCCTGCG CCCGCTCGTA GCGGGCCGGG GGGCCACCCG AGAGGCCTGG entry        score 

     >                                                      M00075 GATA-1 90.6 

     >                                                      M00076 GATA-2 87.7 

     >                                                      M00077 GATA-3 86.2 

 

 801 CCGGCGGCGT CCCCTGAGCA CAGCCCAGAG TTGACAGCAG GAAACTTTTG entry        score 

 

 851 CTGCTGCGCC CTTCGGCGGC GCGACCAGAG CCTGAGCCCA CCGCGGCCCG entry        score 

                                                          - M00083 MZF1   94.8 

 

 901 GGGGGGAGCT AGGGGGAGAG AGGCCCGCGG CTCCCCCCAC GCTCCCCCGC entry        score 

     ------>                                                M00083 MZF1   94.8 

                                        < -------             M00083 MZF1   92.2 

                                                    < ------- M00083 MZF1   87.0 

              -------->                                     M00083 MZF1   86.1 

          ------------->                                    M00084 MZF1   85.5 

 

 951 CGCCCGTCGG GGCGCGGCCG GGCGCGGCGG CGGGGCTGGG GCCCCGGGCG entry        score 

                                 ---------->                M00008 Sp1    87.7 

             ---------->                                    M00008 Sp1    86.3 

                                       ---------->          M00008 Sp1    86.3 

 

 

 Total 58 high-scoring sites found. 

 Max score: 100.0 point, Min score: 85.1 point 

 

NeuroD1 mus musculus from -1000 to -1 

 

tgaggtcattcattactccaggagcatctgaaaaccaacggagccaaggtctgctggcaaaaactagctttagacacaaaat

tctagggtttagagttgaagactcttagtgaagtctctggggtaggagcaggtgaccgttaggtttacatttggagtgttca

agtgtagggtatggaagctgacttgcaaaggattctagaagatgctctagtcaggaaggttgagtcaaggctgtgtttccag

atgaggtcgtttttatatgaaataaatgtttgcctagagaggtgatggagattagaagccagccaccctttggtggcaataa

gcaaagcctctgctaagaggtagaagctaagagatgggcctctccagagagaacaaagtcaaactgcaccaccggagaccat

tgtcaagggaaggacccttcagtgcacctcagtatctgggattgtgagtggttcacctctgtctacctctctgcgctaaagc

agtcttcaggctaggacatagactcagtgatctttctttacctttccagctcgcctcccgcaaccccccccccccccacatg

tcctctgtcttctgctgccacaaagggttaatctctcctgcgggtaaaaacaggtccgcggagtctctaactggcgacagat

gggccactttcttctggccacaaaggggccggaatggagcgctccgcggcatacaaataggcaggtcacgtggttcccggct

cttggctggaccgggaagaccatatggcgcatgccggggaggaaggagcaggggcggaggtactgtgggggtgaggggagtg

gtggtggaagggggcgggaggaaagttctggggaggggtgaatgagggcgggagtcgttcagtctggacgcgtgcgcgattg

cggggcgcagggacctgctcgttgctcagctcacggccccgcccgcgctcagcatcagcaactcggctatataaccctagcg

cccgcgccaccgggac 
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TFSEARCH Search Result 

 

** TFSEARCH  ver.1.3 **   (c)1995 Yutaka Akiyama (Kyoto Univ.) 

 

 This simple routine searches highly correlated sequence fragments 

 versus TFMATRIX transcription factor binding site profile database 

 by E.Wingender, R.Knueppel, P.Dietze, H.Karas (GBF-Braunschweig). 

 

   < Warning> Scoring scheme is so straightforward in this version. 

            score  =  100.0 * ('weighted sum' - min) / (max - min) 

            The score does not properly reflect statistical significance! 

 

 Database:  TRANSFAC MATRIX TABLE, Rel.3.3 06-01-1998 

 Query:     NeuroD1 (1000 bases) 

 Taxonomy:  Vertebrate 

 Threshold: 85.0 point 

 

 

 TFMATRIX entries with High-scoring: 

 

   1 TGAGGTCATT CATTACTCCA GGAGCATCTG AAAACCAACG GAGCCAAGGT entry        score 

                                         --------->         M00227 v-Myb  93.0 

            < -------------                                   M00137 Oct-1  89.1 

     ----->                                                 M00271 AML-1a 88.7 

                 < ------                                     M00101 CdxA   87.9 

      < -------                                               M00041 CRE-BP 87.5 

                                       ------>              M00148 SRY    87.3 

      < -------                                               M00039 CREB   86.6 

     ------->                                               M00041 CRE-BP 86.2 

     ------->                                               M00039 CREB   85.6 

 

  51 CTGCTGGCAA AAACTAGCTT TAGACACAAA ATTCTAGGGT TTAGAGTTGA entry        score 

                                    ------->                M00101 CdxA   92.9 

                ------>                                     M00148 SRY    85.5 

 

 101 AGACTCTTAG TGAAGTCTCT GGGGTAGGAG CAGGTGACCG TTAGGTTTAC entry        score 

                                             < ---------      M00227 v-Myb  97.3 

                                 ---------------->          M00002 E47    89.4 

                         ------>                            M00271 AML-1a 87.4 

                                     < --------               M00217 USF    86.9 

 

 151 ATTTGGAGTG TTCAAGTGTA GGGTATGGAA GCTGACTTGC AAAGGATTCT entry        score 

                 ------>                                    M00240 Nkx-2. 100.0 

 

 201 AGAAGATGCT CTAGTCAGGA AGGTTGAGTC AAGGCTGTGT TTCCAGATGA entry        score 

                                            < -------         M00148 SRY    92.7 

                                                           <  M00252 TATA   90.4 

                              --------->                    M00199 AP-1   89.7 

                                                   -------- M00075 GATA-1 89.0 

                                                        --- M00271 AML-1a 88.7 

                               < ---------                    M00199 AP-1   88.0 

 

 251 GGTCGTTTTT ATATGAAATA AATGTTTGCC TAGAGAGGTG ATGGAGATTA entry        score 

                                            ---------->     M00075 GATA-1 94.3 

           ------->                                         M00101 CdxA   92.9 

     ---------------                                        M00252 TATA   90.4 

                       < -------                              M00101 CdxA   90.0 

                       < -------                              M00100 CdxA   89.7 

                         ------------->                     M00131 HNF-3b 89.6 

     ->                                                     M00075 GATA-1 89.0 

     -->                                                    M00271 AML-1a 88.7 
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           < ----------                                       M00216 TATA   87.7 

           ------->                                         M00100 CdxA   87.2 

                       ------->                             M00101 CdxA   86.4 

                                            ---------->     M00076 GATA-2 85.8 

 

 301 GAAGCCAGCC ACCCTTTGGT GGCAATAAGC AAAGCCTCTG CTAAGAGGTA entry        score 

                                 ------->                   M00148 SRY    86.4 

 

 351 GAAGCTAAGA GATGGGCCTC TCCAGAGAGA ACAAAGTCAA ACTGCACCAC entry        score 

            ---------->                                     M00075 GATA-1 87.3 

 

 401 CGGAGACCAT TGTCAAGGGA AGGACCCTTC AGTGCACCTC AGTATCTGGG entry        score 

                                                < ----------  M00075 GATA-1 90.6 

                                                < ----------  M00076 GATA-2 90.5 

                                            < ------          M00271 AML-1a 88.7 

                                                       ---- M00076 GATA-2 87.0 

                                                       ---- M00075 GATA-1 86.1 

                        < ----------                          M00053 c-Rel  86.0 

                                                        --- M00077 GATA-3 85.6 

                                                < ---------   M00077 GATA-3 85.0 

 

 451 ATTGTGAGTG GTTCACCTCT GTCTACCTCT CTGCGCTAAA GCAGTCTTCA entry        score 

                                         < -------            M00050 E2F    93.1 

     ----->                                                 M00076 GATA-2 87.0 

     ----->                                                 M00075 GATA-1 86.1 

     ----->                                                 M00077 GATA-3 85.6 

           ------>                                          M00271 AML-1a 85.4 

 

 501 GGCTAGGACA TAGACTCAGT GATCTTTCTT TACCTTTCCA GCTCGCCTCC entry        score 

                                < -------                     M00148 SRY    90.0 

                          < ----------                        M00147 HSF2   85.3 

                                                          - M00257 RREB-1 85.1 

 

 551 CGCAACCCCC CCCCCCCCCA CATGTCCTCT GTCTTCTGCT GCCACAAAGG entry        score 

          < ----------                                        M00008 Sp1    91.8 

                       -------->                            M00217 USF    88.8 

                                                    < ------  M00100 CdxA   87.2 

                      < ------------                          M00001 MyoD   86.0 

                     ------------>                          M00055 N-Myc  85.5 

     ------------->                                         M00257 RREB-1 85.1 

 

 601 GTTAATCTCT CCTGCGGGTA AAAACAGGTC CGCGGAGTCT CTAACTGGCG entry        score 

 

 651 ACAGATGGGC CACTTTCTTC TGGCCACAAA GGGGCCGGAA TGGAGCGCTC entry        score 

                                < -------                     M00100 CdxA   87.2 

     --------->                                             M00075 GATA-1 86.1 

 

 701 CGCGGCATAC AAATAGGCAG GTCACGTGGT TCCCGGCTCT TGGCTGGACC entry        score 

                             < -------                        M00217 USF    97.9 

                        --------------->                    M00121 USF    95.9 

                         < ---------------                    M00121 USF    95.9 

                        --------------->                    M00122 USF    95.6 

                         < ---------------                    M00122 USF    95.6 

                            ------->                        M00217 USF    93.2 

                        --------------->                    M00119 Max    92.8 

                         < ---------------                    M00119 Max    92.8 

                          < -------------                     M00055 N-Myc  91.9 

                          < -------------                     M00123 c-Myc/ 91.4 

                        < -----------------                   M00236 Arnt   90.0 

                                                       ---- M00087 Ik-2   87.3 

             < -------                                        M00100 CdxA   87.2 
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                            < -----------                     M00220 SREBP- 86.7 

                       ----------------->                   M00236 Arnt   86.2 

                                                       ---- M00088 Ik-3   85.1 

 

 751 GGGAAGACCA TATGGCGCAT GCCGGGGAGG AAGGAGCAGG GGCGGAGGTA entry        score 

     ------->                                               M00087 Ik-2   87.3 

                ------->                                    M00050 E2F    86.2 

                           ------->                         M00083 MZF1   85.2 

     -------->                                              M00088 Ik-3   85.1 

 

 801 CTGTGGGGGT GAGGGGAGTG GTGGTGGAAG GGGGCGGGAG GAAAGTTCTG entry        score 

                                               ---------->  M00147 HSF2   93.6 

              -------->                                     M00083 MZF1   90.4 

                                                < ----------  M00146 HSF1   89.9 

                                                < ----------  M00147 HSF2   89.7 

                                               ---------->  M00146 HSF1   89.1 

                                                          - M00008 Sp1    89.0 

                -------------->                             M00033 p300   88.1 

                                                       ---- M00083 MZF1   87.8 

                                                         -- M00084 MZF1   86.3 

                      ------>                               M00271 AML-1a 85.4 

 

 851 GGGAGGGGTG AATGAGGGCG GGAGTCGTTC AGTCTGGACG CGTGCGCGAT entry        score 

                                                     ------ M00075 GATA-1 94.7 

     -------->                                              M00008 Sp1    89.0 

                                                     ------ M00076 GATA-2 88.5 

     --->                                                   M00083 MZF1   87.8 

     ----------->                                           M00084 MZF1   86.3 

                                                      ----- M00077 GATA-3 85.3 

 

 901 TGCGGGGCGC AGGGACCTGC TCGTTGCTCA GCTCACGGCC CCGCCCGCGC entry        score 

     --->                                                   M00075 GATA-1 94.7 

     --->                                                   M00076 GATA-2 88.5 

                                              < ----------    M00008 Sp1    87.7 

     --->                                                   M00077 GATA-3 85.3 

 

 951 TCAGCATCAG CAACTCGGCT ATATAACCCT AGCGCCCGCG CCACCGGGAC entry        score 

       < ----------                                           M00075 GATA-1 92.2 

                        ---------------->                   M00252 TATA   85.0 

 

 

 Total 87 high-scoring sites found. 

 Max score: 100.0 point, Min score: 85.1 point 
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Hnf3beta mus musculus from -1000 to -1 

 

ATCTGATCTCTCTGGGTTCCCTGTGTTCACTAGGTGAACACGTCAGATTCACCTTCAGCGGGAAAACAGGCGTTGCCTTTGA

GGGACTCGTGCTCTGCATTGCTTCAGATGACACATTAATACCTTATCTGTCCATACTATGTGCGTTTCAGCAGCAAAGGGCA

CTGATGTTGCTGCGTCTTCAGTCCAAAAGGATGCTGACCTCTTTCTTTACCCTCCAATCTGGCTTCCATTCTCATTCAGGCT

TCCATGCTCAAAGCTCACCCCAGTACCTGCCACCTCTATGTACTCTTCTTCTACCACACGAAATTGTGGACACCTGGATTTG

GGCCAACTATTTCCTATTTTCTCCATCTCCTAGAGAGAAGAGTTTGGGACTGTATCCCTACATCCTAGTCACATTTTCAGAA

CCAAGAAAGACTGTCCACATAAAAACGCCGGCAAGACCCTCCACTCCAAAATCTAGGCTTACCTTAGTCTCGGTCTTGGTAG

CTAACAATATAAATGACATACTCTGTTGTTTTCATGTTTGTTTTGTTTGGGGAGACAAGGTTTCTCTCTGTAGCCCGGATGT

CTTGAAACTCACTCTATAGACTAGGTCAGCCTAGACTTCTCTGAGATCCTCCTGCCTCTGCCTCAAAGGCAGAAGACAACAC

TTCAAATGACACTTTTTAACACCTAGAAGCTAAAGAGAAAAGAAACTGAAATTTTCAATTTTTATAAGACAGTCCTGGTCTC

TGCAGGCAGAGAACACAGATCCTCCTGAAGTCATCCCACAAGGCCCATTATTGATTTTTTTTCTCCTGCCCTACCCCCACCT

ACTGCCCTGTTTGTTTTAGTTACGAAATGCTTTGGGCACCTTGGATTTAACTGAAAAGTAACCTTGAAACACCGAGGCCCTC

ATGCCAGAGGCAAATCGCTGCCTCCCGGGTATTGGCTGCAGCTAAACGGGTCTCTCCAGGCCGACTGAGGTGGGTAGCCAGA

AAGAGGACTGAGGTAA 

 

 

TFSEARCH Search Result 

 

** TFSEARCH  ver.1.3 **   (c)1995 Yutaka Akiyama (Kyoto Univ.) 

 

 This simple routine searches highly correlated sequence fragments 

 versus TFMATRIX transcription factor binding site profile database 

 by E.Wingender, R.Knueppel, P.Dietze, H.Karas (GBF-Braunschweig). 

 

   < Warning> Scoring scheme is so straightforward in this version. 

            score  =  100.0 * ('weighted sum' - min) / (max - min) 

            The score does not properly reflect statistical significance! 

 

 Database:  TRANSFAC MATRIX TABLE, Rel.3.3 06-01-1998 

 Query:     Hnf3 beta (1000 bases) 

 Taxonomy:  Vertebrate 

 Threshold: 85.0 point 

 

 

 TFMATRIX entries with High-scoring: 

 

   1 ATCTGATCTC TCTGGGTTCC CTGTGTTCAC TAGGTGAACA CGTCAGATTC entry        score 

                                                       ---- M00073 deltaE 91.8 

                  -------------------->                     M00192 GR     89.6 

                                              < --------      M00039 CREB   87.6 

                                    < -----------             M00073 deltaE 85.3 

 

  51 ACCTTCAGCG GGAAAACAGG CGTTGCCTTT GAGGGACTCG TGCTCTGCAT entry        score 

     ------>                                                M00073 deltaE 91.8 

             < --------                                       M00050 E2F    90.8 

          ------------>                                     M00087 Ik-2   88.2 

         --------------->                                   M00024 E2F    86.4 

                   ------------>                            M00001 MyoD   86.0 

 

 101 TGCTTCAGAT GACACATTAA TACCTTATCT GTCCATACTA TGTGCGTTTC entry        score 

                     ------->                               M00101 CdxA   100.0 

                     < -------                                M00101 CdxA   99.3 

                          < -----------                       M00203 GATA-X 92.7 

                              < ---------                     M00077 GATA-3 91.9 

                            < -------------                   M00128 GATA-1 91.8 

                            < --------------                  M00126 GATA-1 88.7 

                     < -------                                M00100 CdxA   88.5 

                          < -----------                       M00082 Evi-1  88.1 

            ----------->                                    M00173 AP-1   85.6 
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 151 AGCAGCAAAG GGCACTGATG TTGCTGCGTC TTCAGTCCAA AAGGATGCTG entry        score 

 

 201 ACCTCTTTCT TTACCCTCCA ATCTGGCTTC CATTCTCATT CAGGCTTCCA entry        score 

           < -------                                          M00148 SRY    90.0 

                                                           <  M00158 COUP-T 88.6 

                       < ----------                           M00075 GATA-1 88.6 

                       < ---------                            M00077 GATA-3 85.0 

 

 251 TGCTCAAAGC TCACCCCAGT ACCTGCCACC TCTATGTACT CTTCTTCTAC entry        score 

                                                          < - M00271 AML-1a 100.0 

     --------------                                         M00158 COUP-T 88.6 

                   < -----                                    M00271 AML-1a 87.4 

 

 301 CACACGAAAT TGTGGACACC TGGATTTGGG CCAACTATTT CCTATTTTCT entry        score 

     ----                                                   M00271 AML-1a 100.0 

                                                          < - M00075 GATA-1 91.8 

                                                          < - M00077 GATA-3 87.2 

                                                          < - M00076 GATA-2 87.0 

 

 351 CCATCTCCTA GAGAGAAGAG TTTGGGACTG TATCCCTACA TCCTAGTCAC entry        score 

     --------                                               M00075 GATA-1 91.8 

     -------                                                M00077 GATA-3 87.2 

     --------                                               M00076 GATA-2 87.0 

                         ------------->                     M00087 Ik-2   86.8 

                                   < ----------               M00076 GATA-2 85.4 

 

 401 ATTTTCAGAA CCAAGAAAGA CTGTCCACAT AAAAACGCCG GCAAGACCCT entry        score 

                                   < -------                  M00101 CdxA   92.1 

                                   < -------                  M00100 CdxA   91.0 

                         < --------------                     M00159 C/EBP  89.2 

                                 ---------------->          M00252 TATA   86.5 

 

 451 CCACTCCAAA ATCTAGGCTT ACCTTAGTCT CGGTCTTGGT AGCTAACAAT entry        score 

                                                           <  M00101 CdxA   100.0 

                                                   -------- M00042 Sox-5  96.7 

                                                           <  M00100 CdxA   96.2 

                                                  --------- M00160 SRY    89.3 

                                                      ----- M00011 Evi-1  88.4 

 

 501 ATAAATGACA TACTCTGTTG TTTTCATGTT TGTTTTGTTT GGGGAGACAA entry        score 

     ------                                                 M00101 CdxA   100.0 

                                    < -------                 M00148 SRY    100.0 

                                          < ------            M00148 SRY    100.0 

     ->                                                     M00042 Sox-5  96.7 

                       < -------                              M00148 SRY    96.4 

     ------                                                 M00100 CdxA   96.2 

                              ------------>                 M00131 HNF-3b 91.9 

                    < ------------                            M00160 SRY    90.3 

     -------------->                                        M00162 Oct-1  89.8 

     -->                                                    M00160 SRY    89.3 

                              ------------>                 M00130 HFH-2  89.3 

                                             -------->      M00083 MZF1   88.7 

     --->                                                   M00011 Evi-1  88.4 

                                              --------->    M00141 Lyf-1  87.0 

                                       < ------------         M00160 SRY    86.9 

     ------>                                                M00101 CdxA   86.4 

                                           ------------->   M00159 C/EBP  86.2 

                                          < -----------       M00072 CP2    85.4 

                                  ------------>             M00130 HFH-2  85.1 
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 551 GGTTTCTCTC TGTAGCCCGG ATGTCTTGAA ACTCACTCTA TAGACTAGGT entry        score 

                     ---------->                            M00032 c-Ets- 91.2 

                                   ------->                 M00148 SRY    87.3 

                      ---------->                           M00076 GATA-2 87.0 

                                                     < ------ M00173 AP-1   86.6 

                      ---------->                           M00075 GATA-1 86.5 

                                                 ---------- M00157 RORalp 85.9 

 

 601 CAGCCTAGAC TTCTCTGAGA TCCTCCTGCC TCTGCCTCAA AGGCAGAAGA entry        score 

     ----                                                   M00173 AP-1   86.6 

     -->                                                    M00157 RORalp 85.9 

 

 651 CAACACTTCA AATGACACTT TTTAACACCT AGAAGCTAAA GAGAAAAGAA entry        score 

         < ------                                             M00240 Nkx-2. 90.7 

                                                     ------ M00148 SRY    90.0 

                             ----------->                   M00073 deltaE 85.3 

 

 701 ACTGAAATTT TCAATTTTTA TAAGACAGTC CTGGTCTCTG CAGGCAGAGA entry        score 

                     ------->                               M00101 CdxA   92.9 

     >                                                      M00148 SRY    90.0 

                     < ----------                             M00216 TATA   88.2 

                     ------->                               M00100 CdxA   87.2 

 

 751 ACACAGATCC TCCTGAAGTC ATCCCACAAG GCCCATTATT GATTTTTTTT entry        score 

                                          < ------            M00101 CdxA   97.9 

                                           < ---------        M00096 Pbx-1  90.2 

                                               < ---------    M00096 Pbx-1  87.3 

                    < --------                                M00041 CRE-BP 87.2 

                        < ------------                        M00087 Ik-2   86.8 

                   -------->                                M00041 CRE-BP 86.2 

                    < --------                                M00039 CREB   86.1 

                   -------->                                M00039 CREB   85.6 

                                         ------------>      M00131 HNF-3b 85.5 

                    < ------------                            M00113 CREB   85.2 

 

 801 CTCCTGCCCT ACCCCCACCT ACTGCCCTGT TTGTTTTAGT TACGAAATGC entry        score 

                                     < -------                M00148 SRY    100.0 

                                              ---------->   M00260 HLF    93.4 

                               ------------>                M00131 HNF-3b 93.1 

                                              ---------->   M00228 VBP    90.7 

                                               -------->    M00040 CRE-BP 86.7 

                                                < --------    M00040 CRE-BP 86.7 

 

 851 TTTGGGCACC TTGGATTTAA CTGAAAAGTA ACCTTGAAAC ACCGAGGCCC entry        score 

                                            ------->        M00148 SRY    89.1 

 

 901 TCATGCCAGA GGCAAATCGC TGCCTCCCGG GTATTGGCTG CAGCTAAACG entry        score 

       < ----------------                                     M00222 Th1/E4 87.5 

 

 951 GGTCTCTCCA GGCCGACTGA GGTGGGTAGC CAGAAAGAGG ACTGAGGTAA entry        score 

                       < -----------                          M00073 deltaE 89.7 

                       ------>                              M00271 AML-1a 88.7 

                                                   ----->   M00271 AML-1a 88.7 

                                       < ------               M00100 CdxA   85.9 

 

 

 Total 85 high-scoring sites found. 

 Max score: 100.0 point, Min score: 85.1 point 
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