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Patients suffering from hypertension often develop non-Insulin dependent diabetes
mellitus (NIDDM), a condition caused by Insulin resistance. Though these patients have
normal Insulin receptor (IR) and high levels of Insulin in blood, they fail to have IRmediated signaling essential for glucose uptake and availability. NIDDM usually begins
as insulin resistance, a condition in which Insulin Receptor (IR)-mediated signaling that
leads to glucose uptake and glucose availability to cells is inhibited even in the presence
of high levels of Insulin in blood. Mechanisms for the development of this Insulin
resistance in patients suffering from hypertension are unclear. Angiotensin II (Ang II)
hormone has been implicated in the pathogenesis of insulin resistance and inhibitors of
Ang II receptor AT1 are shown to improve insulin sensitivity. Here we show that in the
skeletal muscle tissue of SHR rats, Insulin Receptor (IR) beta- subunit forms a complex
with the AT1 receptor and co-immunoprecipitates with IR-beta. Such strong AT1-IR

association was not observed in normo-tensive rat tissue. We further demonstrate that a
2-hour pre-incubation with Ang II (at concentrations 50pM to 1μM) significantly inhibits
125

I-insulin binding to IR in human cell line MCF-7. This effect was not seen when Ang

II exposure was performed for shorter periods. The two-hour exposure to Ang II also led
to the formation of a protein complex containing AT1 and IR-beta, similar to that seen in
skeletal muscle tissue of SHR rats. Both AT1-IR association and differential tyrosine
phosphorylation of IR-beta and associated proteins were inhibited when the cells were
pre-treated with the AT1 antagonist losartan. These observations suggest that continuous
presence of Ang II would result in sequestering IR in the AT1-IR complex and prevent
IR from binding insulin. It also coincided with differential tyrosine-phosphorylation of
IR beta-subunit and associated proteins, than that generated when IR was activated by
insulin. Therefore, we infer that conformational alterations in IR caused by AT1-IR-beta
association underlie the development of Ang II-induced insulin resistance. Based on
these data we propose a model for AT1-mediated insulin resistance that involves receptor
level interaction between the AT1 and the IR.
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CHAPTER I
INTRODUCTION

1.1. The Renin-Angiotensin System

1.1.1 The Renin-Angiotensin System: History
The renin-angiotensin system (RAS) or the renin-angiotensin-aldosterone system
(RAAS) is a hormone system, which modulates a diverse set of physiological processes
including blood pressure, hydro mineral balance and inflammation. The clinical
observation that correlated the ongoing left ventricle hypertrophy to the existing renal
disease was reported by Richard Bright way back in 1836 (Basso N. et.al. 2001). Since
then many researchers suggested the presence of a circulating vasopressor substance in
the system. The very early proof of the existence of the RAS and its role in the regulation
of blood pressure came in 1898 when Tigerstedt and Bergmann injected rabbits with
other rabbit kidney extracts reporting the pressor effect of renal extracts and coined the
term renin. But it was in 1934 that Goldblat and his co-workers and their technique led to
the discovery of the active polypeptide, which linked the ischemic characteristic of the
renal disease with hypertension. In the following years, scientists over the globe
described the presence of a new compound in the renal vein blood of ischemic kidneys.
This agent was extracted from blood with 70% acetone and had a short pressor effect.
1

2
The final conclusion was that renin acted enzymatically on a plasma protein to produce
the new substance.
In Buenos Aires, it was called hypertensin; in the United States, angiotonin. Page et
al., in his very famous science publication in 1943 suggested the change in the name of
"renin-activator" (hypertensinogen) to "renin-substrate ( 2 globulin)" angiotensinogen, as
a plasma protein and interpreted the RAS as a functional unit. In 1958, at University of
Michigan conference in a combine science publication, Dr Braun Menéndez (for the
Argentine team) and Dr Irvine H. Page (for the American group) arrived at a single
nomenclature for the components of the enzymatic system. At that time, angiotensin I
(Ang I) was considered as the principle hormone causing a direct increase in blood
pressure. In 1956, Skeggs et al., discovered ACE in the lung, which converts Ang I into
angiotensin II (AngII). Ang II was later identified, synthesized isolated and shown to be
an octapeptide. The angiotensin receptors were identified as a functional entity in 1970
(Lin & Goodfriend, 1970). It was not reported until the end of the 1980s that there are at
least two Ang II receptor subtypes: angiotensin receptor type I (AT1) and II and
angiotensin receptor type II (AT2) receptors. During the last decade, the studies of the
RAS have focused on the wide spectrum of Ang II actions in target tissues, the biological
activities of angiotensin derived peptides and the expression, regulation and function of
angiotensin receptors.The RAS system is generally activated when there is a
hypovolemia or heamorrage leading to hypoperfusion of the juxtaglomerular apparatus
(JGA) in the kidneys, then the juxtaglomerular cells release the enzyme renin. Renin
cleaves an inactive peptide called angiotensinogen (Ang) which produced in liver and

secreted constantly, converting it into angiotensin I (AngI ). Angiotensin I is then

3

converted to angiotensin II (AngII) by angiotensin-converting enzyme (ACE), which is
found mainly in lung capillaries. The final effects of RAS are mediated by AngII on Ang
receptors AT1 and AT2.

1.1.2 Angiotensinogen
Angiotensinogen is a glycosylated α-2 globulin of molecular weight between 54 to
60 kDa consisting of 453 amino acid residues dependent on species. It is member of the
serpin family and mainly produced in liver and secreted constantly, however
angiotensinogen mRNA can be detected in several tissues; e.g., the brain, the heart, the
kidney, the adrenals, the ovaries and the testes (Campbell & Habener, 1986; Cassis et al.,
1988; Gomez et al., 1988). The release of angiotensinogen from the liver is stimulated by
bilateral nephrectomy, glucocorticoids, estrogen, thyroid hormone and Ang II (Campbell
& Habener, 1986). The level of circulating angiotensinogen can decrease under certain
pathological conditions; e.g., liver disease effecting the protein production or enyme
activity (Ayers, 1967), and high sodium intake (Pratt et al., 1989).

1.1.3 Renin
Renin, also known as angiotensinogenase, is a circulating very specific protease
that catalyzes the release of the decapeptide angiotensin I from angiotensinogen. It is
synthesized as a preprohormone that is processed to prorenin, which is inactive, and then
to active renin. The primary structure of renin precursor consists of 406 amino acids with
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a pre and a pro segment carrying 20 and 46 amino acids respectively. Mature renin
contains 340 amino acids and has a mass of 37 kDa (Imai T. et al., 1983). The afferent
arteriole and, to a lesser extent, the efferent arteriole contain specialized granular cells
called juxtaglomerular cells, which are the site of synthesis, storage, and release of renin.
Enzymes with renin like activity are present in some extra renal tissues, but no
physiological role for these enzymes has been established. The gene for renin, REN,
spans 12 kb of DNA and contains 8 introns. (Hobart P.M. et al., 1984) It produces several
mRNA that encode different REN isoforms. The normal concentration in human plasma
is 1.0-2.5 mg/ml.

1.1.4 Function of RAS
Renin activates the renin-angiotensin system by cleaving angiotensinogen,
produced in the liver, to yield angiotensin I, which is further converted into angiotensin II
by ACE, the Angiotensin Converting Enzyme. This is a membrane bound enzyme present
on the surface of the vascular endothelium of blood vessels throughout the body. The
lung is the primary organ responsable for angiotensin II conversion, due to the huge
surface of endothelium it posess on the many capillaries used for gas exchange.
Angiotensin II then constricts blood vessels, increases the secretion of Anti-Diuretic
Hormone(ADH) and aldosterone, and stimulates the hypothalamus to activate the thirst
reflex, leading to increased blood pressure. Renin is secreted from the juxtaglomerular
cells, via signalling from the macula densa, which respond to the rate of fluid flow
through the distal tubule. If the rate of flow past the macula densa drops, then this will

5
indicate a drop in filtration pressure in the kidneys. The primary function of renin
therefore is to eventually cause an increase in blood pressure, leading to restoration of
perfusion pressure in the kidneys. (Harrison’s text book of medicine 2006) Fig 1.1 .

( Adaptation from harrison’s text book of internal medicine 2006).
Figure 1.1 The main components of RAS.

1.1.5 Angiotensin converting enzyme
Angiotensin I-converting enzyme (EC 3.4.15.1), is a dipeptidyl carboxypeptidase.
It is a 150 kDa molecular weight peptidase also known as carboxycathepsin, kininase II
(kinin-kallikrein system), or CD 143. It is mainly invloved in catalysing the conversion of

6
angiotensin I to angiotensin II, a potent vasoconstrictor. It cleaves the dekapeptide Ang I
to generate the active Ang II. ACE is mainly localized in the vascular endothelium
(Gohlke et al., 1992). Though the major analysis of angiotensin-converting enzyme has
been mainly in the reference to its role in blood pressure regulation, this widely
distributed enzyme has many other physiologic functions. Besides forming Ang II, ACE
breaks down bradykinin (BK) into inactive fragments, degrades enkephalins, substance P
and angiotensin 1-7 (Ang 1-7), (Chappell et al., 1998; Ehlers & Riordan, 1989; Skidgel et
al., 1987; Unger & Gohlke, 1990). ACE inhibitors can effectively block the catalyzing of
Ang I into Ang II. The ability of ACE inhibitors to reduce blood pressure due to
suppression of Ang II production is extensively used in the treatment of hypertension.

1.1.6 The Hormone: Angiotensin II (Ang II)
Ang II, an octapeptide hormone, is the active component of the renin-angiotensin
system (RAS) that plays a central role in cardiovascular homeostasis. Typical of many
proteins, Ang II was named on the basis of its first-demonstrated biological function, the
ability to act as a vasoactive agonist and induce contraction of blood vessels. Over the
years, Ang II has been shown to play important roles in mediating hypertension, heart
failure, cardiac remodeling, diabetes, and the proliferative and inflammatory responses to
arterial injury (Ruiz-Ortega M et.al 2001). It plays an important physiological role in the
regulation of blood pressure, plasma volume, sympathetic nervous activity, and thirst
responses. Angiotensin II exerts a variety of effects in the brain. It modulates the drinking
behavior and salt appetite. It acts on the central control of BP (Naveri L. et al., 1994;

Naveri L. et al., 1994). It stimulates the pituitary for hormone release (Saavedra J.M.,
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1992). It is also involved in the modulation of sensory function; and has effects on
learning and memory (Saavedra J.M., 1992; Phillips M.I., 1987; Allen A.M. et al., 1998).
The proposed new roles for Angiotensin II are in maturation and plasticity of brain
Tsutsumi K. et al.,1991; Johren O. et al.,1996; Tsutsumi K. et al.,1991; Tsutsumi K.et
al.,1992). Angiotensin II in this case may be from the local neural- derived RAS acting
inside the blood- brain barrier or systemic RAS acting through the circumventricular
organ. Ang II is not only a blood-borne hormone that is produced and acts in the
circulation but is also formed in many tissues such as brain, kidney, heart, pancreas and
blood vessels. It is produced systemically via the classical RAS and locally via tissue
RAS Ang II is synthesized by a cascade of enzymatic reactions (Skeggs et al., 1980).
In the classical RAS, circulating renal derived renin cleaves hepatic-derived
angiotensinogen to form the decapeptide angiotensin I (ANG I) (Asp-Arg-Val-Tyr-IleHis-Pro-Phe-His-Leu). Renin cleaves the peptide bond between the leucine (Leu) and
valine (Val) residues on angiotensinogen, creating the ten amino acid peptide (des-Asp)
angiotensin I. Angiotensin I is converted to angiotensin II through removal of two
terminal residues by the enzyme Angiotensin-converting enzyme (ACE, or kininase),
which is found predominantly in the capillaries of the lung. (Harrison review). The
sequence of Ang II is Asp-Arg-Val-Tyr-Ile-His-Pro-Phe in human, horse and pig. ANG I
can also be processed into the heptapeptide ANG-(1–7) by tissue endopeptidases.
Angiotensin I appears to have no biological activity and exists solely as a precursor to
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angiotensin II. In this cascade, the formation of Ang I represent the rate-limiting step in
the Ang II synthesis and the major factor, which the activity of RAS depends on.
Table 1.1 Amino acid sequences of Ang II precursors and metabolites.
1

2

3

4

5

6

7

8

9

10

11 12

13

14

A ngiotensinogen A sp-A rg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-Leu-Val-Tyr-Ser
Ang I

Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu

Ang II

Asp-Arg-Val-Tyr-Ile-His-Pro-Phe

Ang III

Arg-Val-Tyr-Ile-His-Pro-Phe

Ang IV

Val-Tyr-Ile-His-Pro-Phe

Angiotensin 1-7

Asp-Arg-Val-Tyr-Ile-His-Pro

(Adaptation from harrison’s text book of internal medicine 2006)

Angiotensin II is degraded to angiotensin III by angiotensinases that are
located in red blood cells and the vascular beds of most tissues. It has a half-life in
circulation of around 30 seconds, while in tissue, it may be as long as 15-30 minutes. Ang
II is further metabolized to its derivatives (Goodfriend, 1991). Aminopeptidase A
subtracts one amino acid from Ang II to form angiotensin Ang III which is Asp | ArgVal-Tyr-Ile-His-Pro-Phe. Angiotensin III has 40% of the pressor activity of Angiotensin
II, but 100% of the aldosterone-producing activity. Aminopeptidase N splices one amino
acid from Ang III to form angiotensin Ang IV which is Arg | Val-Tyr-Ile-His-Pro-Phe.
Angiotensin IV is a hexapeptide which, like angiotensin III, has some lesser activity. Ang
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IV could be further degraded by a number of enzymes resulting in the formation of small
amino acid 5 fragments. Some of the Ang II-derived metabolites possess biological
activity (Ardaillou, 1997; Qadri et al., 1998).
The major features of the Ang II octapeptide (Asp1-Arg-Val-Tyr-Ile/Val-His-ProPhe8) that determine its biological activity were identified in early studies on the in vivo
and in vitro actions of structurally modified Ang II peptides (Khosla et al., 1974). The
biological activity of Ang II is highly dependent on the aromaticity of its Phe8 at Cterminal residue. The aromatic side groups of Tyr4 and His6, the guanidine group of Arg2,
and the charged carboxyl terminus, are also essential for receptor activation (Khosla et
al., 1974). In contrast, the N-terminal residues are important for receptor binding and the
duration of action of Ang II agonists but are not specifically required for biological
activity. The Ang II (2-8) heptapeptide (Ang III) formed by deletion of the Asp1 residue is
almost as potent as the native octapeptide. The Ang II (3-8) hexapeptide (Ang IV) and the
Ang II (4-8) pentapeptide also retain full biological efficacy but are weak agonists due to
their low-binding affinity for the AT1 receptor. The des-Phe8 Ang II (1-7) heptapeptide
also binds to the receptor with low affinity, but has no agonist activity (Capponi and Catt,
1979) in most Ang II target cells, and is accordingly a weak Ang II antagonist in vitro
(Mahon et al., 1994). Structural comparisons of Ang II and its nonpeptide antagonist
analogs by overlapping the imidazole, phenyl ring, and acidic moieties confirmed the
model of Ang II as a twisted hairpin shape with about 9 Å between the His6 imidazole
and terminal carboxylate groups (Pierson and Freer, 1992). The Phe8 residue of Ang II
has long been recognized to be crucial for its biological activity. Replacement of Phe8 by
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nonaromatic residues endows antagonist properties that result from distortion of the
orientation of the C-terminal carboxyl group (Aumelas et al., 1985).

1.2 Characterization of angiotensin receptors
Ang II mediates its effects by acting directly through ANG II receptors, indirectly
through the release of other factors, and via cross talk with intracellular signaling
cascades of other vasoactive agents, growth factors, and cytokines. Integrated responses
to ANG II are the result of combined AT1- and AT2- mediated actions. The ANG II
receptors are distinguished according to inhibition by specific antagonists. As per the
operational criteria for hormones especially for peptide, Ang II was postulated to act on
receptors located on the plasma membrane of its target cells. These receptors possess the
dual functions of specific recognition of the ligand and stimulation of the characteristic
cellular response. The important question asked was how Ang II elicits so many diverse
effects in different tissues. The literature available supported three possible explanations:
(a) different receptor types, (b) receptor coupling to distinct second messenger pathways,
and (c) tissue-specific events, including the selective expression of particular receptors
(Berk, B. C., 2003). Since the discovery of the non-peptidergic, selective angiotensin
receptor antagonists, losartan and PD123319, it has become clear that there are at least
two different subtypes of angiotensin receptors, the AT1 and the AT2 receptor.
AT1 receptors are selectively antagonized by biphenylimidazoles, such as losartan,
where as tetrahydroimidazopyridines specifically inhibit AT2 receptors (Blankley et al.,
1991; Duncia et al., 1990). Both receptors fulfill the criteria, which have been
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established to identify and characterize distinct receptors. The AT2 receptor may also be
selectively activated by a hexapeptide analog of Ang II, CGP-42112A; depending on
concentration it may also inhibit the AT2 receptor (Dzau V. et al., 1994). Based on same
criteria, two other angiotensin receptors (AT3 and AT4) have been proposed, but their
transduction mechanisms are unexplained. Ang II receptors AT1 and the AT2 are
coupled with G-proteins and belong to the G-protein coupled receptor family (GPCR).
Both the Ang II receptors which are seven transmembrane glycoproteins with only 3234% sequence homologies which are highly regulated in a developmental, tissue-specific,
and disease-specific context (Berk B. C., 2003; Berry C. et al., 2001). Out of the two Ang
II receptors the AT1 is the major receptor expressed in the adult tissues, whereas the AT2
is the dominant receptor expressed in the fetal tissues (Gasc J. M. et al., 1994; Grady E.
F. et al., 1991). Ang II via its AT1 receptor exerts all its major physiolological effects
such as vasoconstriction, aldosterone and vasopressin release, sodium and water retention
and sympathetic facilitation (Chung O. et al., 1996). Because of this involvement, AT1
receptor is involved in all the major pathological effects of Ang II such vascular media
hypertrophy, cell proliferation, left ventricular hypertrophy, nephrosclerosis, endothelial
dysfunction, neointima formation leading to athero-thrombosis (Taguchi J. et al.,1994;
Ito M. et al.,1995; Oliverio M. et al.,1998; Kaschina E. et al.,2003) . On the other hand
Ang II brings about modulation of various biological processes involved in development,
cell differentiation, tissue repair and apoptosis via AT2. (Fig. 4) (de Gasparo M. et
al.,2000; Kaschina E. et al.,2003; Viswanathan M. et al.,1992; Horiuchi M. et al.,1998;
Horiuchi M. et al.,1999).
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1.3 Angiotensin II type 1 Receptor (AT1)

1.3.1 The AT1 receptor gene expression and regulation
Initially the AT1 receptor was cloned from bovine adrenal and rat smooth muscle
(Sasaki K. et al., 1991; Murphy T. et al., 1991). The cloned AT1 receptors were
identified to be typical seven transmembrane domain proteins, composing of 359 amino
acids and with a molecular mass of about 41 kDa. It basically has an N-terminal extra and
intra cellular loops along with a transmembrane domain and cytoplasmic tail. On the
extracellular regions, composed of the N terminus and the three extracellular loops, is the
presence of three N-glycosylation sites and four cysteine residues (Fig. 1.2) (Jayadev et
al., 1999). In addition to the two conserved cysteines that form a disulfide bond between
the first and second extracellular loops of all GPCRs, the AT1 receptor contains an
additional pair of extracellular cysteine residues. Along with that in the N-terminal region
and the third extracellular loop, the AT1 receptor contains an additional pair of
extracellular cysteine residues and forms a second disulfide bond that maintains the
conformation of the AT1 receptor protein (Ohyama et al., 1995). Several other cloned
mammalian and nonmammalian AT receptors shows similar structural features. In
rodents, the AT1 receptor has two functionally distinct subtypes, AT1A and AT1B,
shows sequence homology of 95% with respect to the amino acid sequence and 92% to
nucleic acids (de Gasparo et al., 2000).
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Though these two subtypes show similarity in terms of their ligand binding and
activation properties but they differ in their tissue distribution, chromosomal localization,
genomic structure, and transcriptional regulation. None of the other cloned mammalian
AT1 receptors, including those from cow (Sasaki et al., 1991), human (Bergsma et al.,
1992; Curnow et al., 1992), appear to have subtypes. The AT1A gene is composed of
four exons, the third of which includes the entire 1077- base pair (bp) coding sequence of
the receptor protein as well as 5’ and 3’ untranslated sequences. The gene is mapped on
the chromosome 17 (Langford et al., 1992; Murasawa et al., 1993). The rat AT1B
receptor gene contains three exons. The open reading frame of the AT1B gene is located
entirely in the third exon and the receptor is localized on the chromosome 2 (Tissir et al.,
1995). Both AT1 receptor subtypes in the rat have similar pharmacological properties,
but their distribution in tissues differs considerably. The human AT1 receptor gene is
mapped to the chromosome 3 (Curnow et al., 1992; Davies et al., 1994). The human AT1
receptor contains 359 amino acids, and its deduced amino acid sequence is 95% identical
with those of the rat and bovine AT1 receptors (Curnow et al., 1992; Bergsma et al.,
1992; Furuta et al., 1992). The receptor is derived from a single large gene that contains
five exons ranging in size from 59 to 2014 bp The open reading frame of the AT1
receptor is located on exon 5 (Guo et al., 1994).
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The amino acid sequence shown is based on the derived sequences of five individual
cloned mammalian AT1 receptors. Bold letters indicates the amino acid residues that are
highly conserved among G protein-coupled receptors. The positions of the three
extracellular carbohydrate chains, and of the two extracellular disulfide bonds, are also
indicated. (Gasparo M. et. al., 2000).
Figure.1.2

Secondary structure and consensus sequence of the mammalian angiotensin
AT1 receptor.

1.3.2 The distribution and regulation of the AT1 Receptor Expression
The expression and numbers of AT1 receptors vary considerably among
different tissues. The distribution pattern of the AT1 receptor gives an idea that this
angiotensin receptor subtype exerts very critical biological activities in these tissues.
Various pathological conditions alters the expression of the AT1 receptor, for instance in
renovascular hypertension, after myocardial infarction, or bilateral nephrectomy, during
the process of heart remodeling (Iwai & Inagami, 1992; Llorens-Cortes et al., 1994; Nio
et al., 1995; Yamamoto et al., 2000; Zhu et al., 2000). AT1A receptors in the adult rat are
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expressed mainly in vascular smooth muscle cells (VSMCs), ovary, endothelial cells,
kidney, liver, adrenal gland, brain, testis, heart, lung and adipose tissue. On the other
hand the expression of AT1B is very much confined to the anterior pituitary gland, brain,
adrenal gland, testis, mesangial and juxtaglomerular cells in the kidney (Burson et al.,
1994). Experimental evidence shows that estrogen treatment of rats’ suppress the
expression of AT1B mRNA level in the pituitary gland and to elevate the AT1A mRNA
levels in smooth muscle cells (SMC) (Kakar et al., 1992) . On the other hand, AT1A
receptor expression in vascular smooth muscle is elevated in ovariectomized rats and
restored to normal by estrogen replacement (Nickenig et al., 1996).
Ahmed et al showed that the expression of the pattern of both Ang II receptors
AT1 and AT2 in the reproductive system exhibit cyclic changes during the menstrual
cycle with a maximum in the early secretory phase. AT1R are highly expressed in the
glands and the blood vessels of the endometrial and regulate the uterine vascular and
endometriumal regeneration after menstruation (Ahmed et al., 1995). The human
placenta expresses the AT1 receptor and all other components of the renin-angiotensin
system. The receptors are present throughout gestation in the syncytiotrophoblast and
cytotrophoblast, and in the fetal vascular endothelial cells (Cooper et al., 1999). The
human adipose tissue exhibits the expression of angiotensinogen, ACE, and AT1 R genes
in omental and subcutaneous fat and presence of a local renin-angiotensin system (Engeli
et al., 1999). The renal vasculature along with the glomeruli, and the vasa recta bundles
express high levels of AT1 receptors (Goldfarb et al., 1994). The AT1 receptor is found
in the circumventricular organ, thalamus, basal ganglia, cerebellar cortex, and medulla

oblongata (Song J., et al., 1992; Lenkei Z. et al., 1997). The AT1 receptor is found in
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high density in preganglionic neurons of the spinal cord, which form part of baroreceptor
reflex pathway responsible for the control of heart rate, sympathetic vasomotor activity,
and BP (Allen A.M. et al., 1990; Matsukawa S. et al., 1990; Regal R. et al., 1986; Sudha
I. et al., 1996).

1.3.3 AT1 Receptor Signaling
The angiotensin AT1 receptor mediates virtually all of the known physiological actions
of angiotensin II (Ang II) in cardiovascular, renal, neuronal, endocrine, hepatic, and other
target cells. These actions include the regulation of arterial blood pressure, electrolyte and
water balance, thirst, hormone secretion, and renal function. Mutational analyses of AT1
receptors have identified many of the amino acid sequences and residues that are involved
in the processes of ligand binding, agonist activation, G protein coupling, and
internalization of agonist-receptor complexes.

1.3.3.1 Ang II binding on the receptor
Amino acids in the AT1 receptor those are essential for Ang II binding include the
four cysteine residues that form the two external disulfide bonds and several other
residues located in the exposed surface regions of the receptor.
•

Ang II binds primarily to the extracellular region of the AT1 receptor by interacting
with residues in its N terminus and its first and third extracellular loops. (Hjorth et al.,
1994).

199

•

Since the C-terminal carboxyl group interacts with Lys
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in the upper part of helix of

the receptor (Underwood et al., 1994; Noda et al., 1995a; Yamano et al., 1995). This
could involve the formation of a salt-linked triad between Lys199 of the receptor and
the carboxyl groups of Asp1 and Phe8 of the Ang II peptide (Joseph et al., 1995a, b).
The Trp253 residue has been proposed to stabilize the ionic bridge formed between

•

Lys199 and the carboxyl-terminal group of the Phe8 residue. In addition, Phe259 and
Asp263 in transmembrane helix VI could provide the docking site for His6 of the
ligand (Yamano et al., 1995).
•

Two other residues (Lys102 and Ser105) in the outer region of transmembrane helix
III of the receptor have also been implicated in Ang II binding (Groblewski et al.,
1995; Noda et al., 1995a). This region may participate in the formation of the
intramembrane-binding pocket and possibly in stabilization of the receptor's
conformation post Ang II binding externally.

•

The Asp281 residue, located at the C-terminal end of the third extracellular loop of
the AT1 receptor, serves as a major docking point for Ang II through its charge
interaction with Arg2 of the Ang II (Feng et al., 1995). The Asp278 residue could
also be important in this regard, since its mutation causes an even greater loss of
receptor binding affinity (Hjorth et al., 1994).

•

The N-terminal Asp1 residue of Ang II has been proposed to interact with His123 in
the second extracellular loop of the AT1 receptor (Yamano et al., 1995).
These findings support the view that Ang II attaches primarily via its charged

amino-terminal end to the extracellular binding region of the receptor. The major docking

281

points for the amino- and carboxyl-terminal ends of Ang II, Asp

and Lys

199
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,

respectively, are located at the outer ends of helices 7 and 5, respectively. The
intramembrane-binding pocket lies between these proposed contact points, and is adjacent
to the cleft that contains the binding sites of receptors for smaller ligands, as well as the
nonpeptide binding site of the AT1 receptor. This region contains docking sites for the
apolar/aromatic mid-portion of the Ang II molecule and for the carboxyl-terminal phenyl
group that elicits the conformational change(s) leading to receptor activation.
The AT1R is a typical heptahelical GPCR and Ang II binding to the AT1R induces
a conformational change in the receptor molecule that promotes its interaction with the G
protein(s), which in turn mediate signal transduction via several plasma membrane
effector systems. These include enzymes, such as phospholipase C, phospholipase D,
phospholipase A2, and adenylyl cyclase, and ion channels, such as L-type and T-type
voltage-sensitive calcium channels. The cellular responses to AT1 receptor signaling
include smooth muscle contraction, adrenal steroidogenesis and aldosterone secretion,
neuronal activation, neurosecretion, ion transport, and cell growth and proliferation.
Majority of these features are common to all members of the G protein coupled receptor
(GPCR) super family. These GPCR’s have a diverse range of ligands from amines
(dopamine), amino acid derivatives (prostaglandin), nucleotides (adenosine
diphosphate/ADP and adenosine triphosphate/ATP), peptides (bradykinin, angiotensin2,
leuteinizing hormone), phospholipids (platelet activating factor), olfactory odorants and
photons that activate rhodopsin receptor. On ligand binding, GPCR shifts from a high
affinity state to a low affinity state for the G protein and ligand. Because of their ability to
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hydrolyze guanine triphosphate (GTP), heterotrimeric G proteins belong to a super family
of GTPase proteins consisting of monomeric GTPase and heterotrimeric G proteins. A
heterotrimeric G protein consist of alpha, beta and gamma subunit. (Heeding H., 1998).
There is a spontaneous isomerization between its inactive and active states of a
GPCR after ligand binding. Majority of the GPCRs are in their inactive state by structural
restraints, which are changed by agonist binding, leading to the formation of the activated
state. In the presence of Ang II, the active form of the receptor is either selected or
induced by agonist binding in which the altered conformation of the receptor permits
coupling to one or more G proteins that mediate intracellular signaling via phospholipase
C and other pathways (Thomas et al., 2000). Thomas et.al, also suggests that the Ang IIactivated AT1 receptor, undergoes transitions into multiple conformational states that are
associated with the individual stages of receptor activation and regulation. Noda et al
showed that the interaction between the Tyr4 residue of Ang II and the Asn111 residue
located in the third transmembrane domain of the receptor triggers the activation of Ang
II bounded AT1 (Noda et al., 1996).
All the major physiological functions of AT1 receptor are expressed through Gqmediated activation of phospholipase C followed by phosphoinositide hydrolysis and
Ca2+ signaling. In the seventh transmembrane domain of most receptors there is presence
of highly conserved motif NPX2-3Y. In the rat AT1A receptor is Asn298-Pro299-Leu300Phe301-Tyr302 (Donnelly et al., 1994). This highly conserved proline residues, helps in
disrupting the - structure of the transmembrane domains which serves as a hinges in the
activated receptor. Another interesting feature of the NPX2-3Y sequence is its similarity to
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the NPXY internalization sequence that is present in the cytoplasmic segment of
receptors for low-density lipoprotein (LDL) and several growth factors. The AT1
receptor contains an additional aromatic amino acid (Phe321 and Phe301, respectively) in
their NPX2-3Y sequences. The presence of such residues might be important since
phenylalanine can substitute for the tyrosine residue in the NPXY internalization
sequence.
In addition to its rapid, G protein-mediated actions via second messengers and
their pathways, Ang II activates secondary responses that are typically associated with
stimulation of growth factor receptors, and regulate cell growth, proliferation, cell
migration, apoptosis, and gene expression. These effects are often the consequence of
Ang II-induced activation of cytoplasmic tyrosine kinases such as Pyk2, c-Src, Tyk2,
FAK, Janus kinase 2 (Jak2), and transactivation of membrane-associated growth factor
receptor tyrosine kinases ( Saito Y. et al., 2002; Yin G. et al., 2003). Ang II-induced
cytoplasmic Ca2+ signaling and protein kinase C (PKC) activation regulate the activities
of Src, FAK, and Pyk2 (Yin G. et al.,2003). Activation of heterotrimeric G proteins by
the AT1R also releases their ß -subunits, which can cause further activation of tyrosine
kinases (Marco Lopez-Ilasaca et al., 1997; Luchtefeld M. et al., 2001). At least one
tyrosine kinase (Jak2) has been shown to interact directly with a tyrosine-containing
motif in the cytoplasmic tail of the AT1R (Ali M. S. et al., 1997).

1.4 Angiotensin II type 2 Receptor (AT2)
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1.4.1The AT2 receptor gene and tissue distribution
The AT2 receptor has been cloned from mouse, rat and human (Ichiki et al., 1994;
Koike et al., 1995; Martin et al., 1994; Nakajima et al., 1993; Tsuzuki et al., 1994). In all
three species, the AT2 receptor cDNA encodes for a 363 amino acid receptor. The
sequence comparisons reveal a high homology on the nucleic acid as well as the amino
acid levels (89% and 91%, respectively). The genomic DNA of all the three species
consists of three exons and its entire coding sequences are located in the third exon. The
AT2 receptor genes in human, rats and mice reside as a single copy on the Xchromosome (Koike et al., 1994).
Compared to AT1 receptors, AT2 receptors are differently distributed in tissues.
Distribution of the AT2 receptor appears to be tissue- and species-specific. The AT2
receptor is predominantly expressed in fetal tissues. Some fetal tissues express the AT2
receptor at high levels. In many of these tissues the AT2 receptor emerges on embryonic
days 11 to 13 and reaches a maximal level on the day 19th. The AT2 receptor then rapidly
declines in newborn animals to lower levels or to undetectable levels. After birth, the
ratio of AT1 and AT2 receptor expression is reversed with the AT1 receptor subtype
being the dominant one in most of the tissues of the adult organism (Unger, 1999).
Both AT1 and AT2 receptors are expressed in the adrenal gland at varying ratios in
different regions. In the rat adrenal medulla, the ratio of AT1 to AT2 receptors was
approximately 20:80 (Chang and Lotti, 1990), whereas in rat, rabbit, monkey and human
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adrenal cortex, the AT2 receptor comprised ~10 to 40% of the total angiotensin binding
sites (Chiu et al., 1989a; Whitebread et al., 1989; Chang and Lotti, 1990). In the
myometrium, the AT2 receptor is predominantly expressed under non-pregnant
conditions, the number of AT2 receptors declines during pregnancy, but returns to the
non-pregnant level after parturition (Cox et al., 1993). Switching of AT2 to AT1
expression or AT2-expressing cells to AT1-expressing cells seems to take place (Johnson
and Aguilera, 1991). In some tissues, AT2 receptors reach undetectable levels
(submucosal cells of the stomach and intestine or trachea). On the other hand, in certain
tissues the process of rapid postpartum decrease is arrested, and the AT2 receptor remains
at detectable levels in the adrenal medulla, zona glomerulosa, (Shanmugam et al., 1995),
pancreas (Chappell et al., 1994), uterus (Cox et al., 1993). The tissues expressing higher
proportion of the AT2 receptor, as compared to the AT1 receptor, were the nonpregnant
human uterus (Whitebread et al., 1989; Criscione et al., 1990; Bottari et al., 1991; de
Gasparo and Levens, 1994); sheep uterine myometrium (Cox et al., 1993); bovine
cerebellar cortex (Bottari et al., 1991); and rat ovarian follicular granulosa cells (Pucell et
al., 1991).
The rat and primate pancreas were found to contain AT1 and AT2 receptors
(Chappell et al., 1992, 1994). Expression of the AT2 receptor was particularly high in
pancreatic acinar cells (Chappell et al., 1995). The AT2 receptor also emerges during
wound healing of the skin (Kimura et al., 1992; Viswanathan and Saavedra, 1992). This
increase occurs particularly in the superficial dermis. A low level of AT2 receptor
expression was also seen in the neointimal tissue of rat carotid artery following balloon

catheterization (Janiak et al., 1992; Viswanathan et al., 1994b). These changes in the
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uterus during pregnancy or in wound healing in the skin and brain indicate that the AT2
receptor has a definitive but not yet identified regulatory function in these tissues.

1.4.2 AT2 receptor expression and regulation
Kambayashi cloned a 4.5-kb rat AT2 cDNA from rat PC12W cells. (Kambayashi
Y. et al., 1993) and from rat fetus by Nakajima et al. (Nakajima M. et al., 1993). It
contained seven hydrophobic sequences compatible with the structural theme of the seven
transmembrane domain receptors super family but showed only a 32-34% amino acid
sequence identity with the rat AT1 receptor (Mukoyama M. et al., 1993). A mouse AT2
genomic 4.4-kb DNA fragment was cloned by Ichiki et al. (Ichiki T. et al., 1994). The
open reading frame of AT2 cDNA encodes 363 amino acid residues in all three species
with 99% sequence identity between rat and mouse and 72% identity between rat and
human. The divergence between rodent and human AT2 occurs mainly in the N-terminal
region. AT1 and AT2 receptors have only 33 to 24% amino acid sequence identity
(Kambayashi et al., 1993b; Nakajima et al., 1993).
The homology was mainly localized in the transmembrane hydrophobic domains,
which are believed to form seven transmembrane helical columns. Residues located in
these helical column domains and considered to be essential for Ang II binding to the
AT1 receptor are also preserved in the AT2 receptor. These include Lys118 (Lys102 of
AT1) at the top of TM3, Arg183 (Arg167 of AT1) at the top of TM4 and Lys216 (Lys199 of
AT1) and more. An expression of the AT2 receptor in fetal (E18) brain tissues was
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reported in several areas: inferior olive, paratrigeminal nucleus, and hypoglossal nucleus.
Saavedra (1992) determined AT1 and AT2 receptor expression in various regions of the
brain, and its age dependence in 2- and 8-week-old rat brains. The AT2 receptor protein
contains 5 potential glycosylation sites in its extra-cellular N-terminal tail. In addition,
there is a potential PKC phosphorylation site in the second intracellular loop.
Furthermore, there are 3 consensus sequences for phosphorylation by PKC and one
phosphorylation site by cyclic adenosine 3‘,5‘ monophosphate (cAMP)-dependent
protein kinase in the c-terminal tail of the receptor in the cytoplasm (de Gasparo et al.,
2000). Almost complete divergence between AT1 and AT2 receptors is seen in the third
intracellular loop and more extensive differences in the carboxyl terminal tail (C-tail).
The amino acid sequence of the rat AT2 receptor indicates that it has five potential
N-glycosylation sites with the consensus amino acid sequences -Asn-X-Ser/Thr. It is
possible that carbohydrate chains would give rise to increased and diverse molecular
weights of the AT2 receptor. Southern hybridization analysis of restriction enzyme
fragments of rat genomic DNA using rat AT2 cDNA as a probe did not produce evidence
for a subtype of the AT2 receptor. Thus, the molecular weight divergence for the AT2
receptor ranging from 60 to 140 kDa may be due to a difference in the extent of
glycosylation, as shown by Servant et al. (1994).

1.4.3 AT2 receptor signaling pathways
The elucidation of the AT2 receptor-coupled intracellular signaling pathways turns
out to be much complicated than in the case of the AT1 receptor. Although the AT2
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receptor has structural features commonly shared by seven transmembrane receptors, it
does not reveal all functional features commonly attributed to this class of receptors. As
stated below, the intracellular signaling pathways described for the AT2 receptor so far
depend mostly on the type of the cell/tissue examined and employed experimental
conditions. With diversity on hand, following was the consensus among investigators
about the AT2 signaling:
•

The cells expressing the AT2 receptor exclusively without the AT1 receptor, such
as R3T3, PC12W and COS-7 cells is that the AT2 receptor does not modulate
cytosolic Ca2+ or cyclic AMP, which are sensitive indicators of the heterotrimeric
Gq protein-coupled phospholipase C activation and Gs or Gi-coupled activation or
inhibition of adenylyl cyclase, respectively. (Dudley et al., 1990, 1991, Bottari et
al., 1991, Kambayashi et al., 1993b; Mukoyama et al., 1993).

•

Agonist binding did not induce receptor internalization (Dudley et al., 1991;
Csikos et al., 1998).

•

Heterotrimeric G proteins show a binding of a stable analog of GTP upon
stimulation by agonist to their respective receptor. Stimulation of the AT2
receptor in membranes from human myometrium, bovine cerebellar cortex, and rat
adrenal glomerulosa did not result in an increase in the binding of [35S] GTP S
(Bottari et al., 1991).
These findings, obtained before the molecular structure of the AT2 receptor had

been disclosed, led the authors to propose that the AT2 receptor was not coupled to a
heterotrimeric G protein since the above are general criteria for the family of G protein-
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coupled receptors. Thus, even though the AT2 receptor, as we know today, has basic
structural features commonly shared by GPCR (seven transmembrane domain receptors),
it did not reveal any functional features ascribable to this class of receptors.
One of the pathways in neurons, activated by AT2R involves activation of
protein serine/threonine phosphatase PP2A, which leads to the activation of the delayed
rectifier K+ channel (Huang, X. C. et al., 1996) leading to hyperpolarization of plasma
membranes that suppresses cellular activities stimulated by depolarization. More
recently, in vivo studies have shown that Ang II via the AT2 receptor activates
phospholipase A2 (Gallinat S. et al., 2000). The resulting release of the arachidonic acid
may contribute to the activation of Na+/HCO3- symporter system (NBC) that regulates
intracellular pH (Gallinat S. et al., 2000).
Another AT2 receptor-activated signal transduction pathway associated with
apoptosis involves ceramides. It has been reported that the stimulation of PC12W cells
with Ang II elicits an AT2-mediated increase in ceramide levels, that results in
programmed cell death (Gallinat S. et al., 2000). Three specific amino acids located in
the third intracellular loop (lysine 240, asparagine 242 and serine 243) have been
identified as the key residues for AT2 receptor mediated SHP-1 activation, ERK
inhibition and eventually induction of apoptosis (Lehtonen, J. Y. et al., 1999).
The signaling mediated by the AT2 receptor is very cell-specific. The effects of
Ang II on cellular cGMP content were abolished by pretreatment with the calcium
channel blockers cadmium and nifedipine, and by the nonselective phosphodiesterase
inhibitor 3-isobutyl-1-methylxanthine. These results suggested that calcium entry and
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possibly activation of a phosphodiesterase enzyme are involved in this Ang II-induced
effect (Sumners C. et al., 1991). Pulakat et al. (Pulakat L. et al., 2002; Pulakat L. et al.,
2004) recently demonstrated the structural determinants involved in the ability of the
AT2 receptor to reduce cGMP levels in Xenopus oocytes upon activation by Ang II. The
ability of the three mutants of the AT2 receptor on AT2-mediated reduction in cGMP was
investigated. It was observed that the C-terminal cytoplasmic tail acts as a negative
regulator of this function (Pulakat L. et al., 2002). However, mutating the highly
conserved DRY motif (D141G-R142G-Y143A) of the 2nd ICL implicated in activating
Giα subunit of trimeric G-proteins did not affect AT2-mediated cGMP reduction (Pulakat
L. et al., 2004). In contrast, mutations T250R-R251N and L255F-K256R located in the
C-terminus of the 3rd ICL of AT2 abolished AT2-mediated cGMP reduction in oocytes
(Pulakat L. et al., 2004). The AT2 receptor-mediated activation of the kinin/NO/cGMP
system has been reported in endothelial cells (Wiemer G. et al., 1993), rat heart (Liu Y.
H. et al., 1997) and rat kidney (Siragy H. M. et al., 1996).
A number of recent studies have revealed that GPCRs can mediate their
intracellular effects through signaling pathways that are independent of G-proteins. Over
the past few years, many groups have identified novel intracellular proteins that directly
interact with C-terminal tails of GPCRs and function as scaffolds to regulate receptor
trafficking or signaling. Yeast two-hybrid studies and affinity column binding assays
showed that the isolated AT2 C-terminus binds to the transcription factor promyelocytic
zinc finger protein (PLZF) (Senbonmatsu T. et al., 2003). Cellular studies employing
confocal microscopy showed that Ang II stimulation induces cytosolic PLZF to co-
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localize with AT2 at the plasma membrane, and then drives AT2 and PLZF to internalize
((Senbonmatsu T. et al., 2003). PLZF slowly emerges in the nucleus whereas AT2
accumulates in the perinuclear region ((Senbonmatsu T. et al., 2003). Nuclear PLZF
binds to a consensus sequence of the phosphatidylinositol-3 kinase p85 alpha subunit
(p85 alpha PI3K) gene. AT2 enhances expression of p85 alpha PI3K followed by
enhanced p76 kinase activity, essential to protein synthesis ((Senbonmatsu T. et al.,
2003).
Nouet et al. (Nouet S. et al., 2004) demonstrated interaction of C-terminal tail of
the AT2 receptor with a novel protein, ATIP1 (AT2-interacting protein). Ectopic
expression of ATIP1 in eukaryotic cells leads to inhibition of insulin, basic fibroblast
growth factor, and epidermal growth factor-induced ERK2 activation and DNA synthesis,
and attenuates insulin receptor autophosphorylation, in the same way as the AT2 receptor
((Nouet S. et al., 2004). The inhibitory effect of ATIP1 requires expression, but not
ligand activation, of the AT2 receptor and is further increased in the presence of Ang II,
indicating that ATIP1 cooperates with AT2 to transinactivate receptor tyrosine kinases
((Nouet S. et al., 2004).

1.5 Insulin Receptor

1.5.1 Expression of the Insulin Receptor Gene: Gene structure
The human insulin receptor gene contains 22 exons, and occupies in excess of 150 kilo
base pairs of DNA on the short arm of chromosome 19. The promoter is
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“housekeeping” type of promoter, which is GC-rich, lacking a TATA box, but contains
several Spl binding sites (Seino S. et al., 1990).

1.5.2 Insulin receptor: structure
The insulin receptor is a member of the RTK family. The RTK superfamily in
humans comprises around 60 members and depending on the modular architecture of
their extracellular domains and the degree of identity in their intracellular tyrosine kinase
domains are distributed into about 20 subfamilies. A huge interest in these receptors had
emerged due to the growing number of congenital genetic syndromes linked to gain-offunction, which is a constitutive activation, or loss-of-function which are inactive or
dominant-negative receptor mutations (Robertson et.al).
Some of the RTKs are oncogenes (Blume-Jensen P. et al., 2001) and at least a
dozen of the RTK families, including the IGF-I and insulin receptors have been
implicated in human cancers due to amplification, over expression, loss of parental
imprinting or somatic gene mutations. (Blume-Jensen P. et al., 2001. Gray A. et al.,
2003). In early seventies the receptor for insulin was first characterized biochemically by
direct binding studies using radiolabelled insulin (House P.D. et al., 1970; Freychet P. et
al., 1971; Cuatrecasas P., 1971; Gammeltoft S. et al., 1973). Evidence for its subunit
structure was provided in the early eighties and was the demonstrated that it is a receptor
tyrosine kinase (Shia M.A. et al., 1983). Later on it was shown that, IR catalyzes the
transfer of the gamma phosphate of ATP to tyrosine residues on protein substrates, the
first being the receptor itself leading to auto-phosphorylation. (Kasuga M. et al., 1983).
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Cloning of insulin receptor complementary DNA (cDNA) was achieved in the mideighties, giving valuable insight into the receptor structure and organization (Abbott A.M.
et al., 1992). Humans and mice lacking insulin receptors are born at term, but do not
survive long, suggesting that insulin receptors are essential for postnatal growth and fuel
metabolism, but are not required for fetal metabolism (Taylor SI, 1999, Accili D et al.,
1999).
The IR and IGF-I receptors forms covalent dimeric structures, thus differing from
the majority of RTKs, as all the RTKs dimerize or oligomerize upon ligand binding,
resulting in activation of the kinase by transphosphorylation (Heldin C.H. et al., 1996). It
was recently showed that monomeric insulin receptor mutants could not
autophosphorylate (Jianping W.J. et al., 2002).
The complete insulin receptor is a heterotetrameric membrane glycoprotein
composed of two - and two ß-subunits, linked together by disulfide bonds. The insulin
receptor is a tetramer of 2 alpha and 2 beta subunits. The alpha and beta subunits are
coded by a single gene and are joined by disulfide bonds, a mechanism parallel to that of
the ligand, insulin. The α-subunit of the insulin receptor has 37 cysteine residues, 25 of
which are in the Cys-rich region. The β-subunit has 4 extracellular Cys and 6 intracellular
ones including two free thiols. The two alpha -subunits are linked by a disulfide bond
between the two Cys 524 in the first FnIII domain (Schaffer L et al., 1992).
There is a single disulfide bridge between α and β subunits between Cys 647 in
the second FnIII domain and Cys 872. (Ebina Y. et al., 1985). Hedo et al. demonstrated
that the insulin receptor is heavily glycosylated. (Hedo J.A .et al., 1981). The α-chain
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contains 14 potential sites for N-linked glycosylation and the β-chain four. The most
interesting thing is although almost all of these sites can be mutated individually without
altering cell-surface expression, receptor processing and ligand binding, the major
domains of the receptor require at least one intact glycosylation site to ensure correct
folding and processing. (Elleman T.C. et al., 2000).

1.5.3 Important Structural domains of the insulin receptor
•

Hydrophobic signal peptide. This consists of 27 hydrophobic amino acids at the N
terminus of the proreceptor. The signal peptide is removed by proteolytic
cleavage early in receptor biosynthesis, leaving histidine as the N terminus of the
mature receptor molecule (Gray A., et al 1985).

•

N-terminal repeat domain (amino acids l-154). This domain contains four repeats
of a loosely conserved motif, which is homologous to the amino acid sequence of
the receptors in the epidermal growth factor (EGF) receptor family. The Nterminal domain of the insulin receptor appears to play an important role in ligand
binding (Bajaj M et al., 1987).

•

Cysteine-rich domain (amino acids 155-312). The cysteine-rich domain may play
an important role in determining the specificity of ligand binding. This domain of
the receptor contains 26 cysteine residues. (Zhang B et al., 1991, Schumacher R
et al., 1991).

•

Proteolytic cleavage site (amino acids 732-735). There is a sequence consisting of
four basic amino acids (Arg-Lys-Arg-Arg) located at the junction between the
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CX- and P-subunits that is presumed to be the site for proteolytic cleavage of the
proreceptor (Yoshimasa Y. et al., 1990; Williams JF. et al., 1990).
•

Juxtamembrane domain (amino acids 953-1001). The juxtamembrane domain is
the portion of the P-subunit that is near the plasma membrane. This contains the
signals that allow for receptor endocytosis (Backer JM. et al., 1990; Berhanu P. et
al., 1991).

•

Tyrosine kinase domain (amino acids 1002-1257). This is the region with an
amino acid sequence that most closely resembles that of other tyrosine kinases
such as the EGF receptor (Gray A. et al., 1985;Hanks SK. et al., 1988). This
contains the consensus sequence for ATP binding (Gly-X-Gly-X-X-Gly. . . ..Lys,
amino acids 1003-1030) (Hanks S.K. et al.,1988; Odawara M. et al.,1989; Chou
C.K. et al.,1987; Ebina Y. et al.,1987; McClain D.A. et al.,1987) as well as the
three tyrosine residues (Tyrn1158, Tyr1162, and Tyr1163) the phosphorylation of
which appears to activate the ability of the receptor to phosphorylate other protein
substrates (White M.F. et al.,1988; Herrera R. et al.,1986) .
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The various structural domains of the proreceptor are depicted in this figure. For
comparison, the corresponding exons of the insulin receptor gene are depicted at the right
side of the drawing. (Taylor S.I. et al., 1992)
Figure 1.3 Map of structural domains in the human insulin receptor.

1.5.4 Insulin Hormone
Insulin and the insulin-like growth factors (IGF)-I and -II belong to a
phylogenetically ancient family of peptide hormones and growth factors, which play a
role in control of variety of essential cellular and physiological processes such as the cell
cycle, survival or apoptosis, cell migration, proliferation and differentiation, and body
growth, metabolism, and reproduction. (Chan et al., 2000, Conlon et al., 2000 Steiner et
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al., 1985). In humans, the insulin-like peptide family comprises ten members, the closely
related insulin and insulin-like growth factors (IGF)-I and II, and the seven peptides
related to relaxin (INSL/RLFs) (Hsu S.Y., 2003, Hsu S.Y. et al., 2003)
The seminal paper 55 years back in which Levine and co-workers reported that
insulin’s effect on glucose utilization was mediated by increased membrane permeability
to glucose (Levine R et al., 1950). Twenty years later, Roth and colleagues discovered the
insulin receptor (Freychet P et al., 1971). Human insulin is structurally homologous to
insulin-like growth factors 1 and 2 (IGF-1 and -2), containing 51 amino acids with a
molecular weight of 5700. It is synthesized in the β-cells of the pancreatic islets. It is
initially synthesized as a single-chain 86-amino-acid precursor polypeptide,
preproinsulin. The gene for insulin codes for pre-proinsulin, which is made up of four
working units. Subsequent proteolytic processing removes the amino terminal signal
peptide, giving rise to proinsulin. It consists of a signal sequence, and the B chain,
connecting (or C) peptide and A chain. A and B are joined together by two disulfide
bonds between common cysteine amino-acid residues. The mature insulin molecule and
C peptide are stored together and cosecreted from secretory granules in the beta cells.
Insulin is secreted in pulses every 10 min or so and has a t1/2 in the systemic
circulation of approximately 3 minutes. The liver removes about 50%. This is known as
the 'first-pass' effect (i.e. the first time insulin passes through the liver). Insulin that has
escaped the liver's inactivating activity has, of course, important regulatory actions on
peripheral tissues. C-peptide is released in a 1:1 ratio with insulin and since it is not
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significantly removed by the liver and has a t1/2 of 30 min its measurement has been used
as an index of insulin secretion. (Harrison’s text book of internal medicine).

1.5.5 Insulin secretion
The control of insulin secretion is complex as shown in the table. The most potent
metabolic stimuli to insulin secretion are glucose and amino acids that act synergistically.
Triglycerides and fatty acids have only a small stimulatory effect on insulin release. In
animals, ketoacids may also induce insulin release but this is insignificant in the human.
In response to an oral glucose load, insulin secretion occurs in two phases.

Insulin

Insulin
The GLUT2 glucose transporter transports glucose; subsequent glucose metabolism by the beta cell alters
ion channel activity, leading to insulin secretion. The sulfonylurea receptor (SUR) receptor is the binding
site for drugs that act as insulin secretagogues. Mutations in the events or proteins underlined are a cause of
maturity onset diabetes of the young (MODY) or other forms of diabetes. SUR, ATP, adenosine
triphosphate; ADP, adenosine diphosphate. (Adapted from WL Lowe, in JL Jameson (Ed): Principles of
Molecular Medicine. Totowa,NJ, Humana, 1998.)

Figure 1.4

Glucose-stimulated insulin secretions in Beta Cells of Islets of pancreas.
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Table 1.2 Major factors controlling insulin secretion from the beta-cells
Nutrients
+ Glucose
+ Amino acids
(+) Keto acids
(+)
Triglycerides/fatty
acids

Gastrointestinal
hormones
+ Gastrin
+ CCK
+ GIP
+ GLP-1
+ Secretin

Hormones A utonomic nerves
+ Growth hormone
- Adrenaline
- Cortisol
+ Glucagon*

+ Cholinergic
+ β adrenergic
- α adrenergic

- Somatostatin*
- Other peptides*

*

Paracrine signals; neurocrine signals, CCK = cholecystokinin; GIP = gastrointestinal
inhibitory peptide; GLP-1 = glucagon-like peptide
(Adapted from WL Lowe,in JL Jameson (ed): Principles of Molecular Medicine.
Totowa,NJ, Humana, 1998.)

1.5.6 Insulin binding to insulin receptor
At physiological concentrations insulin is present in the blood in its monomeric
form. Binding of insulin to its receptor occurs on the receptor alpha-subunits. There are
two binding domains involved on the receptor (L1 and L2) and it is thought that the
amino-terminus of insulin binds with L1 on one of the alpha-subunits and the
carboxyterminus with L2 on the other alpha-subunit. Alanine scanning studies of the
secreted recombinant insulin receptor ectodomain have provided the most definitive
demonstration that the domains implicated in ligand binding by affinity labeling studies
Alanine scanning studies of the L1 domain of the insulin receptor

indicate that side
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chains of residues in the first five turns of the β helix form two functional epitopes with
discrete footprints on the base of the domain.
•

The first of these is composed of Asp 12, Arg 14 and Asn 15; Gln 34, Leu 36 and
Leu 37; Phe 64; Val 94, Glu 97; Glu 120 and Lys 121 which are located in the
second β strands of turns 1-5 of the β helix, respectively. Those amino acids,
providing the majority of the free energy of binding (Arg 14, Asn 15 and Phe 64,
whose mutation to alanine inactivates insulin binding), are located centrally
within the footprint and those making more minor contributions are more
peripheral, as has been observed for interactions of growth hormone with its
receptor.( Williams PF. et al.,1995)

•

The second functional epitope is located in the bulge between the first and second
β sheets of the β helix and consists of Leu 87, Phe 89, Asn 90 and Tyr 91. This
epitope had been earlier identified by site-directed mutagenesis of Phe 89 to
Leu.( Clackson T. et al.,1995) .

Insulin binds to the receptor’s extracellular -subunit. Insulin binding presumably brings
the two -subunits closer together. The binding of insulin to its receptor causes a
conformational change in the alpha-subunits. This in turn produces a conformational
change in the beta-subunits leading to the activation of the intrinsic insulin receptor
tyrosine kinase.
This conformational change enables ATP binding to the ß-subunit’s intracellular
domain. ATP binding activates receptor autophosphorylation, which, in turn, enables the
receptor’s kinase activity toward intracellular protein substrates. There are numerous
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autophosphorylation sites in the ßsubunit’s intracellular domain. Three main clusters have
been recognized to play a functionally important role. They include Y1158, Y1160, and
Y1162 in the active loop of the catalytic domain, Y972 in the juxtamembrane domain, and
Y1328 and Y 1334 in the carboxyl-terminal domain. For the receptor to autophosphorylate,
it requires a lysine at position 1030 to stabilize the gamma phosphate of ATP whilst the
adenosine of ATP itself interacts with three glycines at residues 1003 - 1008. The first
tyrosine residues to be autophosphorylated are 1158, 1162 and 1163 in the tyrosine
kinase domain. (White, M.F. et al., 1994). This is shortly followed by tyrosine 972 in the
juxtamembrane domain and tyrosines 1328 and 1330. These tyrosines fall into the three
distinct tyrosine phosphorylation domains of the beta-subunit. In total, there are 13
potential tyrosines that may be phosphorylated. When the receptor phosphorylates itself
in a trans rather than cis manner, then one beta-subunit of the receptor phosphorylates the
other beta-subunit rather than itself (Kahn, C.R. et al. 1994).
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Schematic diagram of the insulin receptor subunit organization and major structural
features. The insulin receptor is the product of a single copy gene located on
chromosome 19. It is translated from messenger ribonucleic acid as a single chain
polypeptide precursor, which undergoes posttranslational cleavage, followed by
dimerization and export to the plasma membrane. (Kido, Y. et al. J Clin Endocrinol
Metab 2001; 86:972-979).
Figure 1.5 Subunit structure of the insulin receptor.
The insulin-binding domain is localized to the N-terminus of the -subunit. The ßsubunit intracellular domain contains the tyrosine-specific protein kinase activity. Insulin
binding to the extracellular domain causes a conformational modification in the
intracellular domain, such that the receptor undergoes autophosphorylation and can bind
ATP. Several tyrosine residues are phosphorylated in the receptor’s juxtamembrane
domain (Y965 and Y972), catalytic loop (Y1158, Y1162, and Y1163), and carboxyl-terminal
domain (Y1328 and Y1334). The variably spliced exon 11 is indicated at the COOHterminus of the -subunit (fig 1.4).

40
Insulin Receptor Substrates (IRSs) represent key elements in insulin and IGF
actions (White M.F. et al., 1985). Insulin, IGF-I, and certain cytokine receptors
phosphorylate IRSs at specific Y-x-x-M motifs. These motifs serve as molecular
adhesives. Phosphorylation of their tyrosine residues increases the affinity with which
IRS proteins bind other signaling molecules. The IRS family is composed of four closely
related members (IRS-1 to -4) (Sun X.J. et al.,1991; Sun X.J. et al.,1995; Lavan B.E. et
al.,1997; Lavan B.E. et al.,1997) . Genetic ablation studies in mice have conclusively
shown substantial differences in the abilities of various IRSs to mediate insulin action.
Ablation of IRS-1 causes severe growth retardation with mild insulin resistance
(Tamemoto H. et al., 1994; Araki E. et al., 1994), suggesting an important role of IRS-1
in both insulin and IGF actions. In contrast, ablation of IRS-2 causes combined insulin
resistance in peripheral tissues and impaired growth of pancreatic ß-cells (Withers D.J. et
al., 1998).
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The diversity of insulin action can potentially be explained by the activation of multiple
signaling pathways. The pathways emanating from activation of IRS proteins are
described. The IRS/PI 3-K pathway leads to the generation of PIP3 and the consequent
activation of PIP3-dependent kinases. The Ras/mitogen-activated protein kinase pathway
can be activated by insulin through the formation of complexes between the exchange
factors SOS and growth factor receptor binding protein 2 (GRB2) and may play a role in
certain tissues to stimulate the actions of insulin on growth and proliferation. SOS, sonof-sevenless; GAP, GTPase-associated protein; PDK, PI-dependent protein kinase;
MAPKK, mitogen-activated protein kinase; MAPK, mitogen-activated protein kinase;
GSK3, glycogen synthase kinase 3. (Kido, Y. et al. J Clin Endocrinol Metab 2001;
86:972-979).
Figure 1.6 Insulin signaling pathways.

1.6 Insulin resistance and use of ACEI and ARB
Diabetes currently affects an estimated 16 million Americans, and is the sixth
leading cause of disease-related death in the US. With the diagnosis of approximately
800,000 new cases each year, the health and economic burden of diabetes continues to
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escalate. Given the magnitude of the problem and its enormous impact on patient health
and welfare, there is an urgent need to define the factors contributing to diabetes onset
and severity, and to identify new potential therapeutic targets. It is estimated that by the
year 2020 there will be approximately 250 million people affected by Type 2 diabetes
(DM2) worldwide. Although the underlying cause of diabetes is unknown, it is clear that
insulin resistance (IR) plays a major role in the development and progression of the
disease. Progressively worsening insensitivity to the action of insulin leads to
compensatory hyperinsulinemia, achieved through increased b-cell secretion. As long as
the hyperinsulinemia is adequate to overcome the IR, glucose tolerance remains normal.
Once insulin secretion cannot keep pace with the underlying resistance, glucose
intolerance and overt type II DM develops. What are evident from this model is that the
natural history of the disease is prolonged and that many key features predate the onset of
hyperglycemia and clinically evident disease. The years of exposure to the burdens of
metabolic dysregulation represent a significant risk even before diagnosis, and explain
why so many patients (up to 50%) have complication at the time of presentation. Thus,
diabetes prevention is emerging as an important therapeutic strategy. Insulin resistance is
associated with increased cardiovascular risk even after adjusting for traditional and nontraditional risk factors, and in 2002 the American Heart Association stated that “Treating
insulin resistance early should be part of a global cardiovascular and metabolic strategy.”
The available literature indicates that this insulin resistant state is due to a tissue defect in
insulin action (Olefsky, J. M. 1976, Reaven, G. M et al., 1978). The insulin action at the
cellular level is a very complex sequence of events. It is initiated by binding of the
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hormone to specific receptor sites on the cell membrane. The insulin resistance can be
due to an abnormality at any step in the entire insulin action sequence. Therefore these
potential abnormalities can be divided into two categories: receptor defects and
postreceptor defects in insulin action (Olefsky, J. M. 1976, Kahn, C. R. 1978).
Recently Angiotensin II Receptor Blockers (ARBs) specific to the AT1 Receptor
like Losartan (DUP753) has attracted a lot of attention due to their involvement in
improving insulin sensitivity in hypertensive and obese patients. Several Clinical trials
have shown that blocking the production of Angiotensin II by inhibiting the Angiotensin
converting Enzyme (ACE) that converts Angiotensin I to Ang II, by drugs such as
Lisinopril, Enlapril, Fosinopril, Ramipril, etc., show improved insulin sensitivity among
patients suffering from obesity and hypertension (Nosadini and Tonolo, 2004; Ran et al.,
2004; Nashar et al., 2004). The metaanalysis conducted by the three reviewers E.L.
Gillespie, C.M.White, M.Kardas in Diabetes Care 28:2261–2266, 2005 bring together all
the clinical trials done by various groups around the world on use of ACEI or ARB’s and
new- onset of type II diabetes mellitus. Following are the important findings in the report.
• These reviewers conducted a systematic literature search of Medline, EMBASE,
CINAHL, and the Cochrane Library (1966 to present) to extract a consensus of
trial data involving an ACEI or ARB with an end point of new-onset type 2
diabetes.
•

Eleven trials were identified, including 66,608 patients.

•

An ACEI or ARB prevented new-onset type 2 diabetes (odds ratio 0.78 [95%
CI 0.73– 0.83]).
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•

The influence of either an ACEI (six trials) or an ARB (five trials) alone on
new-onset type 2 diabetes was similar (0.79[0.71– 0.89] and 0.76 [0.70–0.82],
respectively).

•

Regardless of indication for use, hypertension (seven trials), coronary artery
disease (two trials), or heart failure (two trials), reductions in new-onset type 2
diabetes were maintained (0.79 [0.72– 0.85], 0.76 [0.60–0.95], and 0.70 [0.50–
0.96], respectively).
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CHAPTER II
INSULIN –INDEPENDENT ANGIOTENSIN INDUCED DIFFERENTIAL TROSINE
PHOSPHORYLATION OF INSULIN RECEPTOR: A NOVEL MECHANISM FOR
INSULIN RESISTANCE.

2.0 Abstract
Patients suffering from hypertension often develop non-Insulin dependent diabetes
mellitus (NIDDM), a condition caused by Insulin resistance. Though these patients have
normal Insulin receptor (IR) and high levels of Insulin in blood, they fail to have IRmediated signaling essential for glucose uptake and availability. NIDDM usually begins
as insulin resistance, a condition in which Insulin Receptor (IR)-mediated signaling that
leads to glucose uptake and glucose availability to cells is inhibited even in the presence
of high levels of Insulin in blood. Mechanisms for the development of this Insulin
resistance in patients suffering from hypertension are unclear. Angiotensin II (Ang II)
hormone has been implicated in the pathogenesis of insulin resistance and inhibitors of
Ang II receptor AT1 are shown to improve insulin sensitivity. Here we show that in the
skeletal muscle tissue of SHR rats, Insulin Receptor (IR) beta- subunit forms a complex
with the AT1 receptor and co-immunoprecipitates with IR-beta. Such strong AT1-IR
association was not observed in normo-tensive rat tissue. To our knowledge this is the
first report that shows AT1 can associate with IR-beta in mammalian tissue and that such
60
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association might play a role in the regulation of signaling by IR-beta. We further
demonstrate that a 2-hour pre-incubation with Ang II (at concentrations 50pM to 1μM)
significantly inhibits 125I-insulin binding to IR in human cell line MCF-7. This effect was
not seen when Ang II exposure was performed for shorter periods. The two-hour
exposure to Ang II also led to the formation of a protein complex containing AT1 and IRbeta, similar to that seen in skeletal muscle tissue of SHR rats. Both AT1-IR association
and differential tyrosine phosphorylation of IR-beta and associated proteins were
inhibited when the cells were pre-treated with the AT1 antagonist losartan. These
observations suggest that continuous presence of Ang II would result in sequestering IR
in the AT1-IR complex and prevent IR from binding insulin. It also coincided with
differential tyrosine-phosphorylation of IR beta-subunit and associated proteins, than that
generated when IR was activated by insulin. Therefore, we infer that conformational
alterations in IR caused by AT1-IR-beta association underlie the development of Ang IIinduced insulin resistance. Based on these data we propose a model for AT1-mediated
insulin resistance that involves receptor level interaction between the AT1 and the IR.
Therefore, Insulin-independent, Ang II-induced tyrosine phosphorylation of IR prevents
IR from binding Insulin and contributes to Insulin resistance. The observation that drugs
that inhibit Angiotensin II converting enzyme (ACE), or activation of AT1 receptor, not
only reduce hypertension, but also induce insulin sensitivity further supports the role for
Ang II and AT1 in the development of NIDDM.

2.1. Background
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About 73% of patients suffering from Hypertension also develop Non-insulin
Dependent Diabetes Mellitus (NIDDM) that significantly increases their cardiac risk
factor. Insulin resistance, marked by the inability of Insulin Receptor (IR) to bind insulin
and signal normally underlies this pathological condition. Hypertensive patients have 50400pg/ml of Angiotensin II (Ang II) in blood and inhibitors of Ang II receptor AT1
(ARBs) seem to restore insulin sensitivity. However, the ensuing serious side effects,
including fetal death, demand a better understanding of the exact molecular mechanisms
involved in Ang II-induced Insulin resistance.

2.1.1 Insulin Resistance
The devastating ramifications of Insulin resistance are evident in the fact that it is
the central component of Metabolic Syndrome, which in turn is defined as the coexistence of a collection of pathological conditions including type II diabetes mellitus,
hypertension and obesity (Haffner et al., 2006; Federspil et al., 2006; Chakraborty C.,
2006; Sanchez-Torres and Delgado-Osorio, 2005; Ritz E, 2006). It co-exists with a
variety of hypertensive and cardiovascular conditions including essential hypertension,
and idiopathic cardiac myopathy, (Ren, J. 2006: Petri, A. 2006; Kahleova, 2006; Bertoni
2003). It also co-exists with conditions such as idiopathic neuropathy and poly cystic
ovary syndrome (Smith and Singleton, 2006; Kousta, et al., 2005). It can be seen in nondiabetic hypertensive patients with arterial stiffness (Seo, 2005) suggesting that Insulin
resistance is initiated as a pre-diabetic condition. Insulin resistance also develops in those
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with obesity and leads to the development of type 2 diabetes, hypertension, and
ultimately, end-stage renal disease (Sharma, 2006; Kincaid-Smith, 2004; Nosadini,
2002). Prevalence of Insulin resistance–associated complications among children and
adolescents with hypertension and obesity is another recent crisis threatening the health
of future generations (Scott, 2006; Luma, 2006; Kahleova, 2006). In brief, the insulin
resistance is a metabolic disorder that originates in many pathological conditions and
causes deterioration of the functions of many vital organs, particularly of the heart and
kidney (Sarafidis and Ruilope, 2006).
Insulin resistance can be defined as a condition in which normal response of the
body cells to insulin is impaired. In the initial stages of insulin resistance, patients have
sufficient insulin in their blood and normal insulin receptor. Nevertheless, insulin
clearance and insulin receptor-mediated signaling that leads to glucose uptake do not
occur in these patients. This lack of response to insulin results in increased production of
insulin (hyperinsulinemia) and hyperglycemia. It also causes dyslipidemia,
cardiovascular diseases and other abnormalities that collectively lead to Metabolic
Syndrome. Since Insulin resistance usually develops long before these diseases appear,
identifying the underlying mechanisms for the development of insulin resistance in these
different pathological conditions is an absolute necessity for effective prevention of the
development of Insulin Resistance.

2.1.2 Insulin Resistance and Angiotensin II
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Angiotensin II (Ang II) is a multifunctional peptide hormone that regulates blood
pressure and body fluid homeostasis. This octapeptide is the end-product of the ReninAngiotensin System (RAS) pathway and its involvement in the development of
hypertension and other cardiovascular diseases are well established (Danilczyk, 2006;
Ibrahim, 2006; Epstein and Gums, 2005; Takemori, 2005). However, recently Ang II and
its receptor AT1 have attracted additional attention due to their involvement in
contributing to Insulin Resistance (Cheung, 2006; Iwashima, et al., 2006; Chu, et al.,
2006; Cooper et al., 2006; Hsieh, 2006; Kurtz, 2006; Yamagishi, et al., 2006; Rugale, et
al., 2005., Verdecchia and Angeli, 2004.). For example, it has been shown that treating
Ang II Receptor antagonists such as losartan (DUP753), candesartan and telmisartan are
all capable of reducing insulin resistance in patients with hypertension. Similar results
have been obtained in studies with spontaneously hypertensive rats and in mice models
with type 2 diabetes. It was shown that Ang II receptor blockers could improve insulin
resistance and reduces the increased weights of both subcutaneous and mesentric adipose
tissue in sucrose-rich chow –fed spontaneously hypertensive rats (SHR) rats (Umeda et
al., 2003).
However several dangerous side-effects are also associated with the complete
inhibition of the Ang II-mediated signaling or inhibition of the Ang II-receptor AT1mediated signaling (White et al., 2005; Fujii, et al., 2005; Irons and Kumar 2003; BosThompson et al., 2003, Lo, 2002). New roles for Angiotensin II in the functions of many
tissues including nervous system, pancreas, liver, bone-marrow and prostate gland are

currently emerging (Chappell et al., 2001; Lueng and Carlsson, 2005; Lueng, 2004;
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O'Mahony, 2005; Henriksen, and Moller, 2006.Aksu, et al., 2006). Therefore it is not
surprising that blocking the complete signaling by the Ang II or its receptors will lead to
dangerous side-effects especially in younger patients. Initial stages of the development of
insulin resistance in these patients usually show normal Insulin receptor (IR) and high
levels of insulin in blood. However, they fail to have IR-mediated signaling essential for
glucose uptake and glucose availability. Though inhibitors of Ang II receptor AT1 seem
to restore insulin sensitivity, the underlying mechanism of this phenomenon is unclear.
Insulin resistance often marks the beginning of NIDDM and leads to more dangerous
pathological conditions such as Metabolic Syndrome. Although normally NIDDM is
seen among people over 45 years, recent studies report that NIDDM is on the rise among
younger populations including children (Zakheim R. et al., 1976).
Angiotensin II Receptor Blockers (ARBs) specific to the AT1 receptor seem to
improve insulin sensitivity in hypertensive and obese patients (Nosadini R. et al.,2004;
Backer J.M. et al.,1991, Bertoni A.G. et al.,2003; Bos-Thompson M.A. et al.,2005;
Brassard P. et al.,2005). However, ARBs are known to have several side effects
including hyperkalemia, angioedema and kidney failure. ARBs are also reported to cause
death of fetus in pregnant women. This is not surprising since the AT1 receptor is a
widely expressed, multifunctional, G-protein coupled receptor (GPCR) that also activates
development of insulin resistance in patients suffering from hypertension is an added risk
factor and leads to the development of Insulin resistance syndrome( Miatello R. et al.,
2004; Kincadi-Smith P., 2004; Sharma A. M., 2004). Initial stages of the development of
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insulin resistance in these patients usually show normal Insulin receptor (IR) and high
levels of insulin in blood. However, they fail to have IR-mediated signaling essential for
glucose uptake and glucose availability. Insulin Receptor is a heterotetrameric tyrosine
kinase (Pirola L.et al., 2004; White M. F. et al., 1994). Upon insulin binding to the αsubunit of IR, the β-subunit of IR undergoes rapid tyrosine autophosphorylation, the first
step in IR-signaling. Previous studies have shown that healthy individuals have very low
levels of Ang II (19-33pg/ml) in their blood where as patients suffering from
hypertension have 50-400pg/ml of Ang II (Catt K. J. et. al.,1971; Zakheim R. M. et
al.,1976). This elevated levels of Ang II is continuously present in hypertensive patients
and is associated with the development of insulin resistance, since treatment with
inhibitors of Ang II or its receptor AT1 was shown to restore insulin sensitivity in these
patients (Verdecchia P. et al.,2004; Mimran A. et al.,2003; Weber M. A. et al.,2003) .
The observation that inhibiting AT1 could improve insulin sensitivity raised the question
regarding the mechanism by which inhibition of AT1, a GPCR (Guo D. F.et al., 2001;
Venema R. C. et al., 1998) could improve the ability of the α-subunit of IR to bind
insulin.

2.1.3 Varied Glucose disposal rates in Type II diabetic individuals Vs normal with
equal amount of insulin levels.
Type 2 diabetes mellitus is characterized in almost all cases by insulin resistance
which is clearly demonstrated by Kolterman OG et al., by using the glucose clamp
technique, as shown in the Fig 2.1, in which glucose clamps were performed in normal
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subjects, subjects with impaired glucose tolerance (IGT) and subjects with type 2
diabetes. Despite similar steady-state insulin levels, the glucose disposal rate was
decreased by 24% in the subjects with IGT and by 58% in those with type 2 diabetes
compared with normal.

For control subjects, nonobese subjects with impaired glucose tolerance, and type 2
diabetic subjects (T2DM) during euglycemic glucose clamp studies performed at an
insulin infusion rate of 40 mU/m2/min. Results are plotted as means ± SEM (eurekah
biosciences collections; Hamish C. Courtney, Jerrold M. Olefsky).
Figure 2.1. Mean steady-state glucose disposal rates (Panel B) and plasma insulin levels
(Panel A).
By plotting mean glucose disposal rates at multiple steady-state plasma insulin
levels, insulin dose-response curves can be generated (Fig. 2.2). The rightward shift of
the dose-response curve from normal controls, through subjects with IGT, to those with
diabetes is clearly demonstrated indicating increasing insulin resistance. Furthermore, the
presence of obesity confers an additional degree of insulin resistance as exemplified by
the further rightward shift of the dose-response curve in the obese versus lean diabetic
subjects.
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Control subjects (●), subjects with impaired glucose tolerance ( ), and nonobese (▲) and
obese (■) type 2 diabetic subjects (eurekah biosciences collections; Hamish C. Courtney,
Jerrold M. Olefsky).
Figure 2.2. Mean insulin dose-response curves for glucose disposal.
2.1.4 Insulin Dependent Glucose metabolism in Skeletal Muscle tissue
In the basal state, 30% of glucose uptake is insulin mediated, whereas in the postprandial state, insulin-mediated glucose disposal increases to ˜85%. Limb catheterization
studies have shown that 80-90% of this increased insulin-mediated glucose disposal is
into skeletal muscle (RA. DeFronzo et al., 1985). Consequently, in insulin resistant
states, an inability to respond to insulin stimulation with an adequate increase in glucose
disposal largely contributes to post-prandial hyperglycemia.
Defects in muscle glycogen synthesis have been demonstrated in insulin resistant
states, with a 50% defect in insulin-stimulated muscle glycogen synthesis in subjects with
type 2 diabetes compared to normal subjects (Shulman G.I. et al., 1999). As glycogen
synthesis is known to account for the majority of nonoxidative glucose metabolism, a
defect in glucose incorporation into glycogen is an important manifestation of insulin
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resistance. The impairment in skeletal muscle glycogen synthesis has been attributed to
defects in either of glucose transport in the cell, or hexokinase II and glycogen synthase
(Rothman D.L. et al., 1992, Kruszynska Y.T. et al., 1998, Bogardus C. et al., 1984).

(eurekah biosciences collections; Hamish C. Courtney, Jerrold M. Olefsky).
Figure 2.3. Pathway of glucose uptake, transport and glycogen synthesis in skeletal
muscle tissue
In vivo skeletal muscle NMR has been utilized to measure intracellular free
glucose and glucose-6-phosphate levels during insulin stimulated glucose clamp
conditions. If a defect in glycogen synthase activity was the rate-controlling step, this
would lead to an increase in intracellular glucose-6-phosphate concentration. No increase
in glucose-6-phosphate upon insulin stimulation was observed in diabetic subjects
compared to normal controls, implying either a defect in glucose transport or hexokinase
II activity (Kruszynska Y.T. et al., 1998). This may imply that the reduced glucose
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transport or decrease activity of hexokinase II activity may be an early defect in
development of type 2 diabetes and not secondary to factors such as glucotoxicity.

2.2 Working hypothesis
We hypothesized that physical interaction between the AT1 and the IR may play
important roles in the development of insulin resistance in hypertensive patients. To
identify the nature of AT1-mediated decrease in the binding affinity of the IR, we
analyzed the skeletal muscle tissues in Spontaneously Hypertensive Rats (SHR) for
association between AT1 and IR. Later we examined human cell line MCF-7 that
expresses both AT1 and IR was used. Initially we tested how treatment with Ang II in
the absence of insulin changed the binding affinity of IR to insulin.

2.3 Materials and methods

2.3.1 Materials
The MCF-7 cell line was purchased from American Type Culture Collection and
was grown in 90% minimum essential medium supplemented with 2mM l-glutamine, 1.5
g/l sodium bicarbonate, 0.1mM non-essential amino acids and 1mM sodium pyruvate and
10% fetal bovine serum (both purchased from ATCC) at 37 ◦C. Restriction enzymes were
purchased either from Boehringer Mannheim (Indianapolis, IN, USA) or from Promega
(Madison, WI, USA). Oligonucleotides used for sequencing and mutagenesis were
purchased from GIBCO BRL Life Technologies Inc. (Gaithersburg, MD, USA). The
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AT1-specific antagonist Losartan (DuP 753) and the AT2-specific antagonist PD123319
were obtained from Merck & Co., Inc. (Whitehouse Station, NJ, USA) and Sigma (St.
Louis, MO, USA) respectively. The other kits used in this study were DTth DNA
Polymerase sequencing kit (ClonTech, Palo Alto, CA, USA), Quick Change site directed
mutagenesis kit (Stratagene Products, LA Jolla, CA, USA). DNA sub-cloning, plasmid
DNA isolations, restriction enzymes digestions, agarose gel electrophoresis, ligations and
E. coli and yeast transformations were carried out as described in the laboratory manuals
(Sambrook J. et al.,1992; Ausubel F. M. et al.,1992) , or as suggested in the
manufacturer’s instructions.

2.3.2 Cell biology
The cells were harvested when 90% confluency was achieved. Approximately 5 x
106 cells were collected in a sterile 15 ml centrifuge tube by centrifugation at 300 x g for
5 minutes. The cell IP-pellet was washed with 10 ml of ice cold, sterile 1x phosphate
buffered saline (1.15 g/l Na2HPO4, 0.2 g/l KH2PO4, 8.0 g/l NaCl, 0.2 g/l KCl, pH 7.4),
centrifuged at 300 x g for 5 minutes to collect the cells and the supernatant was
discarded. The cell IP-pellet was stored in -80oC until further use.

2.3.3

125

I-Insulin binding

For all experiments, MCF-7 cells (from ATCC) were grown in complete medium
(Minimum Essential Medium supplemented with 10% FBS [both from ATCC]). To
measure 125I-Insulin binding to IR in MCF-7 cells before and after Ang II treatments,

72
cells were collected before and after treatment with Ang II for the concentrations and the
times indicated in the figures. Inhibition of Ang II binding by DuP753 was measured by
pre-treatment with 1μM Dup753 for 15 minutes prior to exposure to Ang II (100nM) for
the time taken for maximum inhibition of 125I-binding (120 minutes). 125I-binding was
carried out as follows: The MCF-7 cells (105 cells, with or without Ang II treatment)
were washed with PBS repeatedly, and re-suspended in 100 μl of Pre-incubation
medium. After 15 minute pre-incubation, the cells were freshly re-suspended in same
medium containing 100pM 125I-Insulin and the binding was carried out for one hour. At
the end of 1-hour incubation, the cells were collected by centrifugation, washed
repeatedly by PBS, and the radioactivity was monitored using Beckman LC6800 liquid
scintillation counter. To determine non-specific binding, or to maintain the effect of Ang
II or DuP753 during the one-hour incubation, 1μM nonradioactive insulin (NrI), or
appropriate concentrations of Ang II with or without 1μM Dup753 were added to the preincubation medium prior to the addition of 100pM 125I-Insulin.
The binding obtained for the untreated sample under these conditions
(~0.9x108molecules) was taken as 100%. The % of binding to other samples in
comparison with the untreated sample was calculated and shown. Experiments were
repeated with multiple samples (at least 3 for each data point). Error bars are shown as
black lines. To determine the lowest level of Ang II to achieve 50% inhibition of 125IInsulin binding to IR in MCF-7 cells, the cells were treated with Ang II concentrations
ranging form 10pM to 1μM.

2.3.4 Immunoprecipitations to detect multi-protein complexes
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For Western blot and immunoprecipitations experiments, all antibodies were from
Santcruz Biotechnology. For co-immunoprecipitation experiments, the MCF-7 cells
were lysed in nonidet lysis buffer [1% Nonidet P-40, 100mM NaCl, 75mM Tris–HCl pH
7.4, 50mM NaF, 3mM EDTA, and 1% protease inhibitor cocktail (containingPMSF34.84
mg/ml, aprotinin 1 mg/ml, pepstatin 1 mg/ml in ethanol)]. This lysis allowed membrane
proteins to become soluble and the cell debris was removed by quick centrifugation at
2500 rpm (1000×g) for 30 s.
The protein concentration of the lysate was determined using BioRad DC protein
assay (from BioRad laboratories. Hercules, CA) and volumes of lysates were adjusted to
contain equal amounts of protein. Equal amounts of total protein (~200μg) was subjected
to SDS-PAGE, Western blotting and probing with appropriate antibody for detecting the
AT1 or IR levels, and levels of Actin for ensuring the protein concentration used were
comparable. For all co-immunoprecipitation experiments MCF-7 cell lysates (after
indicated treatments) containing ~800μg of total protein was used.
The immunoprecipitation was carried out overnight and the immunoprecipitated
material was collected by centrifugation 2500 rpm (1000×g) for 5 min, washed three
times with phosphate buffered saline and re-suspended in 40 _l of 2×SDS-loading buffer.
The proteins in the IP-pellet were separated on 10% SDS polyacrylamide gel and
subjected to Western blotting, and probing with the anti-AT2 antibody. ECL Western
Blotting Analysis System (Amersham Biosciences) was used to visualize the presence of
the various proteins on these membranes.
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In all experiments IP indicates the protein that was immunoprecipitated and IB
indicates the protein that was immunoblotted for. For Fig. 2a, IR was immunoprecipitated
(IP) using agarose-conjugated anti-IR-β-subunit antibody from lysates of MCF-7 cells
and immunoblotted (IB) using anti-AT1 antibody. Presence of a ~45 kDa band
corresponding to the AT1 with high intensity and some high molecular weight bands of
low intensity suggests AT1 is post-translationally modified. For Fig. 6, IP IP-pellet was
generated using same method as in Fig. 2a, and were immunoblotted (IB) using antiphosphotyrosine antibody. For Fig. 8, MCF-7 cells were washed several times with PBS
and were placed in serum free medium containing 4μg/ml of anti-Insulin antibody prior
to the addition of Ang II (100nM) and 120-minute incubation. For Fig. 7, the IP IPpellets from MCF-7 cells treated with insulin (100nM, 10 min) or Ang II (100nM, 120
min) were subjected to SDS-PAGE for longer time to separate high molecular weight
bands better before immunoblotting. For Fig. 9a, IR was Immunoprecipitated and
presence of Jak2 was detected using anti-Jak2 antibody. The intensity of ~131kDa band
corresponding to Jak2 present in the immunoprecipitated IP-pellet increased in response
to Ang II. For Fig. 9b, Jak2 was immunoprecipitated with anti-Jak2 antibody and the
phosphorylation status was assessed by immunoblotting with anti-phosphotyrosine
antibody. For Fig. 10a and 10b, 2 μM of PLC inhibitor U73122 was added first to the
serum free medium containing the MCF-7 cells and after a brief pause, 100nM of Ang II
was added and incubated for 2 hours.

2.3.5 SHR Rats
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A strain of Rattus norvegicus with elevated blood pressure used as a model for
studying hypertension and stroke. Originated from Okamoto 1963 from outbred Wistar
Kyoto rats. Bred from a male with mild hypertension, mated with a female with high
blood pressure. Brother x sister mating with continued selection for high blood pressure.
A number of sub-lines have been developed with a tendency to develop cardiovascular
lesions and stroke, and hypercholesterolemia.
Documented important characteristics of features of SHR rats:
•

High blood pressure reaching 171_2.0 (SEM) mmHg at 8 weeks of age (Tanase et
al 1982). According to (Yamori 1984), the rats develop hypertension
spontaneously without exception at the age of 7-15 weeks. There is a systolic
blood pressure plateau of about 200 mmHg. The genetic basis is polygenic, with
at least three major genes involved (Tanase and Suzuki 1971).

•

There is a high incidence of cardiovascular disease, but a low incidence of stroke,
which can be increased to about 30% with chronic stress Alloxan diabetes further,
increases blood pressure, but the animals respond to anti-hypertensive drugs.
(Yamori 1984).

•

Yamori states that SHR rats show a functional increase in peripheral vascular
resistance, which mostly depends on neurogenic mechanisms, which probably
originate in a disorder of central blood pressure regulation. The blood pressure
per se and increased neurogenic tone accelerate cardiovascular protein synthesis
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and induce structural vascular changes, which contribute to the maintenance of
the hypertension.
Spontaneous hypertensive rat tissues were purchased from Charles River lab. All the
animals were female 9 weeks old. (www.criver.com).

2.3.6 ImageJ scan
We used ImageJ scan 1.36b from NIH USA based on JAVA 1.3.1_13. ImageJ is the
world's fastest pure Java image processing program. It can filter a 2048x2048 image in
0.1 seconds. ImageJ runs on Linux, Mac OS 9, Mac OS X, Windows, and the Sharp
Zaurus PDA. ImageJ and its Java source code are freely available and in the public
domain. (http://rsb.info.nih.gov/ij/).

2. 4 Results

2.4.1 Enhanced association of AT1 with IR-Beta subunit in the skeletal muscle of
spontaneously hypertensive rat
Previous studies had shown that these 7-trans-membrane domain receptors are
capable of interacting with each other and also with other membrane molecules such as
ErbB3 and NHE6 (Knowle et al., 2000; Pulakat et al., 2005). Since Ang II receptor
blockers that inhibit Ang II binding to the AT1 seem to improve insulin sensitivity, we
tested whether the AT1 is directly involved in inhibiting Insulin binding to IR by
associating with IR at the receptor level. To examine whether the AT1 associates with
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IR, we chose the Spontaneously Hypertensive Rat model as our experimental system.
The Spontaneously Hypertensive Rats (SHR) are hypertensive and develops insulin
resistance (Swislocki, et al., 1997; Hulman, et al., 1993). We

a)

1

2
IR

Immunoblot a), b) and c) show the levels of IR, AT1 and Actin respectively in the
skeletal muscle lysates of Normotensive rat (1) and SHR rat (2). Immunoblot d) shows
the levels of AT1 that co-precipitated with IR beta from the same samples. In
Immunoblot d) lanes 1 and 2 contain immunoprecipitated material from normotensive rat
skeletal muscle lysates by rat secondary antibody and anti-IR-beta antibody respectively.
Lanes 3 and 4 contain immunoprecipitated material from SHR rat skeletal muscle lysates
by rat secondary antibody and anti-IR-beta antibody respectively. Immunoblotting was
performed using the anti-AT1 antibody. The band corresponding to the molecular weight
of AT1 (~45 kDa) was observed only in lane 4 that contained immunoprecipitated IRbeta from the skeletal muscle lysate of SHR rat. Results of the densitometric analysis
using the NIH Image Scan J (http://rsb.info.nih.gov/ij/) program for lanes1 and 2 in
Immunoblot a), b) and c) and lanes 2 and 4 of immunoblot d) are shown. This shows that
the levels of AT1, IR and Actin are comparable in the lysates; however, AT1 precipitates
with IR-beta only in the tissue lysate from SHR rat.
Figure 2.4. AT1 co-precipitates with IR-beta in the skeletal muscle lysates of SHR.
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AT2
AT1

Figure 2.4. (Continued)
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2.4.2 A two-hour exposure to Ang II is sufficient to induce AT1-IR association in
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mammalian cell system
Based on these observations, we further hypothesized that Ang II-activated AT1IR association would prevent Insulin binding to IR. To test this idea, we needed a cell
system that expresses both the AT1 and IR and that does not express the AT2. Since
most of the cell types that express the AT1 also express low levels of the AT2 (for
example vascular smooth muscle cells, skeletal muscle) and AT2 can act as a
physiological antagonist of the AT1, we searched for a mammalian cell system that
expressed the AT1 and IR, but not the AT2. Our RT-PCR analyses, combined with SDSPAGE and Immunoblotting analyses of a number of cell lines showed that the MCF-7
cells expressed both the AT1 and the IR, but not the AT2. AT2 expression was found
only when the cells were starved for over six hours (data not shown). Therefore we set up
an experiment in which we exposed the MCF-7 cells to 100nM of Ang II in serum free
medium for different time periods. The longest time-period we used was only 2 hours to
ensure that we were not inadvertently causing any expression of the AT2 during this
serum starvation. The MCF-7 cells grown to 90% confluency were used in these
experiments.
The IR-beta was immunoprecipitated from the lysates containing 800μg of protein
using agarose conjugated anti-IR-beta antibody. The lysates used were from MCF-7 cells
that were not exposed to Ang II, and that were exposed to Ang II for one hour and 2
hours respectively. The immunoprecipitated material was subjected to SDS-PAGE,
Western blotting and probing with anti-AT1 antibody to determine the extent of AT1 that
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co-immunoprecipitated with the IR-beta. It was found that Ang II exposure strongly
enhanced co-immunoprecipitation of the AT1 with IR when the cells were exposed to
Ang II for a period of 2 hours (Fig. 2.5 a).
The amount of the AT1 that co-immunoprecipitated with IR was significantly
lower in the cells that were not exposed to Ang II or in the cells that were exposed to Ang
II for only one hour. This observation suggested that Ang II-induced AT1-IR association
requires about 2 hours of exposure to Ang II in serum free medium to achieve maximum
association. To ensure that this effect is induced by the AT1, the 2-hour exposure
experiment was repeated by exposing the MCF-7 cells to Ang II in the presence of 1 μM
of DUP753 (Losartan) which is a specific AT1-antagonist. As shown in the Fig 2.5 a,
AT1-antagonist inhibited Ang II-induced co-immunoprecipitation of the AT1 with IRbeta. This Result further confirmed that the Ang II-activation of the AT1 is needed for
the AT1-IR association. Therefore we concluded that the enhanced AT1-IR association
that we observed in SHR rat tissue must be due to AT1 activation, because these animals
are known to have hyperactive Renin-Angiotensin System.
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Immunoblot a) Autoradiogram generated by probing the co-immunoprecipitated with the IR in MCF-7 cells and
immunoblotted with anti-AT1 antibody is shown. Lane 1: IP-pellet from the lysate of MCF-7 cells not exposed to
AngII. Lane 2: IP-pellet from the lysate of MCF-7 cells exposed to AngII for 60 min (100 nM). Lane 3: IP-pellet from
the lysate of MCF-7 cells exposed to AngII for 120 min (100 nM). Lane 4: IP-pellet from the lysate of MCF-7 cells
exposed to AngII for 120 min (100 nM) which is pre exposed to DUP 753 (Losartan 1uM). Immunoblot b)
Autoradiogram generated by probing the MCF-7 cells with anti-AT1 antibody is shown. Molecular mass markers are
indicated in kilodaltons (kDa) on the right. Lane 1: pellet from the lysate of MCF-7 cells not exposed to AngII. Lane 2:
pellet from the lysate of MCF-7 cells exposed to AngII for 60 min (100 nM). Lane 3: pellet from the lysate of MCF-7
cells exposed to AngII for 120 min (100 nM). Lane 4: pellet from the lysate of MCF-7 cells exposed to AngII for 120
min (100 nM) which is pre exposed to DUP 753 (Losartan 1uM). Bands (molecular weight of about `45 kDa)
corresponding to the size of AT1 were seen in the immunoprecipitated IP-pellet generated from the MCF-7 cells which
was exposed to Ang II for 60 min (lane 2), however the intensity of this band hugely increased when the cells were
exposed to Ang II for 120min in lane 3. Interestingly the band in lane 4, which contains cells, were exposed to Ang II
for 120 min but pre-exposed to DUP753 shows decreased intensity. These results suggest number of things, one that
there is a physical association between AT1 receptor and with IR and this association increases after Ang II exposure.
The other important result is that even in the presence of DUP 743 in the cells this association is broken down, even in
the presence of the Ang II. Lastly, this increase in the AT1-IR association occurs at the equal amount of AT1 levels in
the cells. Results of the densitometric analysis using the NIH Image Scan J (http://rsb.info.nih.gov/ij/) program are
shown. This shows that the levels of AT1 are comparable in the lysates; however, AT1 precipitates with IR-beta only in
the presence of the Ang II in the cells.

Figure 2.5. AT1 co-precipitates with IR-beta in the MCF-7 cell lysates exposed to Ang
II.
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2.4.3 A two-hour exposure to Ang II inhibits 125I-Insulin binding to Insulin receptor
The observation that AT1 co-precipitate with IR-beta raised the question whether
this association of the AT1 with IR has any detrimental effect on the functional properties
of the IR. As mentioned above, the primary event in Insulin-signaling is Insulin binding
to its receptor. Therefore we analyzed whether 2-hour exposure to Ang II had any effect
on the I25I-Insulin binding to IR present in the MCF-7 cells. The cells (105) were
collected before and after exposure to Ang II, or Ang II+ DUP753, washed with PBS
repeatedly, and re-suspended in 100μl of Pre-incubation medium that we routinely use
for ligand-binding experiments (Pulakat et al., 1998; Knowle et al., 2001). After 15
minute pre-incubation, the cells were freshly re-suspended in same medium containing
100pM 125I-Insulin and the binding was carried out for one hour at 370C. At the end of 1hour incubation, the cells were collected by centrifugation, washed repeatedly by PBS,
and the radioactivity was monitored using Beckman LC6800 liquid scintillation counter.
To determine non-specific binding, the binding was performed in the presence of
non-radioactive insulin (1μM). To maintain the effect of Ang II or DuP753 during the
one-hour incubation, appropriate concentrations of Ang II with or without 1μM Dup753
were added to the pre-incubation medium prior to the addition of 100pM 125I-Insulin.
The binding obtained for the untreated sample under these conditions
(~0.9x108molecules) was taken as 100%. The % of binding to other samples in
comparison with the untreated sample was calculated and shown in the Fig. 3. We
observed that 125I-Insulin-binding to MCF-7 cells reduced by about 90% when the
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binding was performed in the presence of excess non-radioactive insulin. Therefore 90%
of the 125I-Insulin-binding observed in these experimental conditions is due to specific
binding of Insulin to its receptor. However, in the Ang II-treated samples, the binding
was reduced by about 60%. In the samples treated with Ang II in the presence of AT1
antagonist DUP753, the binding was reduced only by 20%. Therefore 40% of the Ang
II-induced reduction in the 125I-Insulin-binding to its receptor was recovered by treatment
with AT1-antagonist.
The significance of this observation is that it shows a direct mechanism for insulin
resistance. The Ang II-activated AT1-IR association prevents insulin binding to IR.
Therefore, it is possible that elevated Ang II levels in the blood of hypertensive patients
can induce such AT1-IR association that prevents Insulin binding to IR. This will
invariably result in the two prominent symptoms of insulin resistance; the lack of insulin
clearance and the lack of IR-signaling.

Relative % of binding
compared to untreated (UT)
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Relative % of 125I-Insulin binding to IR present on MCF-7 cells exposed to Ang II under
different conditions is shown. The binding obtained for cells that were not exposed to
Ang II (UT:Untreated) was taken as 100%. UT+NrI: Untreated in the presence of
1microM of non-radioactive insulin as competitor. Ang II: Cells pre-treated with 100nM
Ang II. Ang II+NrI: Cells pre-treated with 100nM Ang II and binding performed in the
presence of 1microM of non-radioactive insulin. Ang II+DuP753: Cells pre-treated with
100nM Ang II +1mM of DuP753 (AT1-antagonist). Experiment was repeated 3 times.
Standard errors for each data are marked in black lines.
Figure 2.6 Graph indicating a 2-hour pre-treatment with Ang II prevent 125I-Insulin
binding to IR.

2.4.4 Ang II concentrations comparable to those seen in the blood of hypertensive
patients can inhibit 125I-Insulin binding to IR
Hypertensive patients are known to have Ang II levels ranging from about 50
picograms/ml to 400 picograms/ml in their blood (Catt et al., 1971). Since Ang II has a
molecular weight of 1046.18, this means that the Ang II levels in blood of hypertensive
patients ranges from 48 to 382 Pico Moles. To further confirm that elevated Ang II
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levels seen in hypertensive patients can prevent Insulin binding to IR, we tested the
effects of different concentrations of Ang II on the 125I-Insulin-binding to IR in MCF-7
cells. The exposure time was maintained same (2 hours) in these experiments. We found
that exposure to 50 Pico Moles of Ang II could induce 50% inhibition of 125I-Insulinbinding to IR, although the concentration of 125I-Insulin used in these experiments (100
Pico Moles) was twice the amount of Ang II (Fig. 4). This result strongly suggested that
small fluctuations in the levels of Ang II can induce mild insulin resistance, a pre-diabetic
condition. This result also pointed out that because many tissues in the body produce
Ang II (ovary for example; Yoshimura et al., 1993) and many stimuli can cause small
fluctuations in the Ang II levels, how long Ang II lingers in the system will play a crucial
role in the development of Ang II-induced insulin resistance. Therefore we decided to
determine the minimum time needed to induce inhibition of Insulin binding to IR by Ang
II.

Relative % of binding
compared to untreated (UT)
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Concentrations of Ang II are shown on the X-axis. Relative% of binding to each sample
compared to that of untreated MCF-7 cells are shown. Experiments were repeated 3
times and standard errors for each data point are marked in black lines.
Figure. 2.7. Graph showing the Inhibition of 125I-Insulin binding to IR present on MCF-7
cells pre-exposed to different concentrations of Ang II for 2 hours.

2.4.5 Ang II-mediated inhibition of 125I-Insulin binding to IR starts only after one hour
exposure to Ang II
To determine the minimum time needed for Ang II-mediated inhibition of 125IInsulin binding to IR, we performed the 125I-Insulin-binding experiment after exposing
the MCF-7 cells to Ang II (1μM) for shorter time periods. We increased the Ang II
concentration in this experiment to maximize the concentration effect. Still no inhibition
of the 125I-Insulin binding to IR was observed for one hour (Fig.5) Only after one hour,
the 125I-Insulin binding to IR started decreasing and 70% of the binding was lost by 2
hours.
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What is striking about our results thus far is that they show a strong parallel
between the time taken to induce AT1-IR association and inhibition of 125I-Insulin
binding to IR. Therefore it is reasonable to conclude that AT1-IR association can result
in the inhibition of 125I-Insulin binding to IR. These results have begun to provide new
insights into how insulin resistance develops. As mentioned above, patients suffering
from hypertension show Ang II levels ranging from about 48 Pico Moles to 382 Pico
Moles in their blood. We have shown that 50 to 100 Pico Moles of Ang II can induce
about 50% reduction in the 125I-Insulin binding to IR in 2 hours. This observation raises
several new questions: Does this inhibition of insulin binding to IR increase when the
cells are exposed to Ang II for longer periods? Does Ang II-induced inhibition of insulin
binding occur in all cells that express the AT1 and IR? How do small fluctuations in the
levels of Ang II in body affect tissues such as liver that has very high levels of IR?

Relative % of binding
compared to untreated (UT)
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Experimental conditions are identical to those in Figs 2.5 and 2.6. Pre-exposure times
used to induce Ang II-mediated Inhibition of 125I-Insulin binding are shown on X-axis.
The experiments were repeated three times. Standard errors for each data point were less
than 4%. b) Autoradiogram showing the results of a Western blot analysis of the cell
lysates of MCF-7 exposed to Ang II for different time-periods and probed with anti-IR subunit-antibody.
Figure 2.8. Ang II-mediated Inhibition of 125I-Insulin binding to IR present on MCF-7
cells starts only after one-hour pre-exposure to Ang II.

2.4.6 Ang II-Induces Insulin-independent tyrosine phosphorylation of the IR-beta
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which starts only after one hour
Previous studies on the tissues from hypertensive animals have suggested that Ang
II enhances Insulin-induced tyrosine phosphorylation of the IR and IRS (Carvalheira, et
al., 2003). This suggestion is based on the observation that when IR-beta or IRS is
immunoprecipitated from these tissues and subjected to SDS-PAGE and Immunoblotting
with anti-phosphotyrosine antibodies, they show much stronger bands when compared to
those obtained by similar experiments using normotensive tissues. Since in these
experiments, the effects of both Ang II and Insulin are seen simultaneously (because the
blood of these animals have both hormones) it is difficult to determine whether the Ang
II-mediated enhancement of the tyrosine phosphorylation of IR is beneficial or
detrimental for IR-signaling. Our observation that Ang II-activated AT1 causes
inhibition of Insulin binding to IR suggested that a biochemical change is occurring to IR.
We hypothesized that the Ang II-induced enhanced tyrosine phosphorylation reported for
hypertensive tissues could occur in MCF-7 cells also. To test this hypothesis, we
immunoprecipitated IR-beta from the MCF-7 cells that were exposed to Ang II (100nM)
for 60 minutes, 90 minutes and 2 hours by using the same techniques described above.
The experiment was also repeated in the presence of 1μM of DUP753 (the AT1
antagonist) with 100nM of Ang II. The Immunoprecipitated IR-beta was subjected to
SDS-PAGE and immunoblotting with anti-phosphotyrosine antibodies. We observed that
the IR-beta became tyrosine phosphorylated after 60 minute exposure to Ang II and the
tyrosine phosphorylation increased as the exposure-time increased (Fig. 6). This

similarity in the time frame for the

125

90
I-Insulin binding to IR and tyrosine

phosphorylation of IR further strengthened our belief that Ang II-activated AT1 causes a
biochemical change in the IR and thus inhibits the 125I-Insulin binding to IR.
Moreover, the treatment with the AT1-antagonist DUP753 prevented this Ang IIinduced tyrosine phosphorylation of the IR (Fig. 6). This result further suggested that the
AT1-signaling caused the observed tyrosine phosphorylation of IR. The most significant
outcome of this experiment is that here we show for the first time that Ang II causes
AT1-IR association and Insulin-independent tyrosine phosphorylation of IR-beta, two
events that can change the conformation of IR-beta. The fact that these events are
affecting the IR-functionality is evident from the observation that the time taken for these
events to occur correlates with the inhibition of the 125I-Insulin binding to IR. It is
possible that these events can also change the conformation of IR-alpha and contribute to
the lack of 125I-Insulin binding to this subunit.
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Immunoblot showing the tyrosine phosphorylation of immunoprecipitated IR-beta and
associated proteins from MCF-7 cells before exposure to Ang II (lane 1), and after
exposure to Ang II for 60 min (lane 2) 90 min (lane 3) and 2 hours (lane 4). The same
Immunoblot is showing the results of the same experiment when performed in the
presence of DuP753. No tyrosine phosphorylation of IR-beta was observed.
Figure 2.9. The extent of tyrosine phosphorylation of IR increases in response to the
time of exposure to 100nM Ang II.

2.4.7 Ang II-Induced tyrosine phospho-protein pattern of the Insulin Receptor and
associated proteins is not similar to Insulin-induced tyrosine phospho-protein pattern
We further hypothesized that the Ang II-induced tyrosine phosphorylation of IR
might not be similar to the Insulin-induced tyrosine phosphorylation of IR. Normally,
insulin-mediated tyrosine phosphorylation of the IR leads to internalization of the IR and
also to insulin clearance. Since Ang II can cause insulin resistance, and prevent 125IInsulin binding to IR, the biochemical changes that it induces on the IR cannot be similar
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to those that support the beneficial signaling by the IR. To test this hypothesis, we
exposed the MCF-7 cells to either Insulin (100nM) or Ang II (100nM). Exposure to
Insulin was performed for 10 minutes, because previous studies have shown that the
Insulin induces tyrosine phosphorylation of the IR within this time-period. Exposure to
Ang II was performed for two hours, the condition in which we found the maximum Ang
II-mediated tyrosine phosphorylation of the IR. In both cases the IR-beta was
immunoprecipitated and was subjected to SDS-PAGE and immunoblotting with antiphosphotyrosine antibody. Since the molecular weight of IR is 90kDa, we noticed that
the phosphorylated subspecies and associated proteins were forming a cluster in the highmolecular weight region of the immunoblot (Fig 2.8). Therefore, we allowed the
electrophoresis to proceed for much longer time in this experiment to separate this cluster
of proteins.
We found that the molecular weights of all the tyrosine phospho-proteins
generated by exposure to Ang II were not similar to the molecular weights of the tyrosine
phospho-proteins generated by exposure to Insulin (Fig. 2.9). The IR-beta precipitated
from the MCF-7 cells exposed to Insulin had three additional bands. This disparity was
not because of any difference in the protein levels. We had adjusted the protein
concentrations in these samples. Moreover, Actin levels in the samples of the original
lysates that were used for immunoprecipitation were similar (Fig.7). These results further
supported the contention that Ang II-activated AT1 causes a direct biochemical change in
the IR.
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A ng II-induced IR-beta associated tyrosine phosphor-proteins are different from those
generated via Insulin exposure. a) Immunoblot showing the differences in the IR-beta
associated tyrosine phospho-proteins when the MCF-7 cells were exposed to Insulin
(100nM, 10 min, lane 1) or A ng II (100nM, 2 hours, lane2). Corresponding
Densitometric analyses using NIH Image ScanJ are also shown. The extra bands in the
Insulin-exposed samples on the Immunoblot and the corresponding peaks in the
Densitometric analyses are marked by *. b) Immunoblot showing the Actin levels in the
lysates of MCF-7 cells exposed to Insulin (lane 1) and A ng II (lane 2) before
immunoprecipitating the IR-beta from these samples.
Figure.2.10. Differential phosphorylation of IR after Ang II and Insulin exposure.

2.4.8 Ang II-Induced tyrosine phospho-protein pattern of the Insulin Receptor in the
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presence of anti-insulin antibody in the system
To rule out the unlikely autocrine production of insulin by MCF-7 cells in
response to Ang II, the experiment was repeated in the presence of anti-insulin antibody
(4μg/ml) in serum free medium (Fig. 2.5). The tyrosine phosphorylation of IR remained
unaffected under these conditions.

Ang II-mediated tyrosine-phosphorylation of IR-beta and associated proteins is Insulinindependent. Immunoblot generated by subjecting the immunoprecipitated IR-beta from
MCF-7 cells exposed to Ang II (100nM; lane 1) and Ang II (100nM) +anti-Insulin
antibody (4�g) (lane2) in serum free medium for 2 hours is shown. Anti-insulin-antibody
did not inhibit Ang II-mediated tyrosine-phosphorylation of IR.
Figure. 2.11. Insulin independent tyrosine phosphorylation of IR.

2.4.9 A two-hour exposure to Ang II is sufficient to induce IR-Jak2 association and
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increase tyrosine phosphorylation in mammalian cell system
We also observed that the Jak2 co-immunoprecipitated with the IR in high amounts
when the MCF-7 cells were exposed to 100nM Ang II for 2 hours (Fig. 2.11a). Jak2 is an
intracellular kinase that is activated and tyrosine phosphorylated in response to agonistactivation of AT1. Thus activation of the AT1 by Ang II resulted in a complex that
contained IR, AT1 and Jak2. Moreover, Jak2 also, showed strong tyrosine phosphorylation
under these conditions suggesting that it is activated in response to Ang II (Fig. 2.11 b)

a) Ang II exposure enhanced association of Jak2 (~131kDa band) with the IR. b); Jak2 was
tyrosine phosphorylated in MCF-7 cells exposed to Ang II.
Figure 2.12. Ang II induced IR-Jak2 association and increase tyrosine phosphorylation.
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2.4.10 Presence of PLC inhibitor U73122 in the system does not changes the IR-AT1
association or the Ang II induced tyrosine phosphorylation of IR in the mammalian cell
system
In contrast, pre-treatment with 2μM of U73122, the PLC inhibitor that is known to
inhibit PLC in MCF-7 cells did not prevent Ang II-induced AT1-IR association or tyrosine
phosphorylation of IR (Fig. 10a and 10b). Thus, while Jak2 seems to be involved in AT1IR complex formation and tyrosine phosphorylation of IR, AT1-mediated PLC activation is
not involved in this process.

a) & b); PLC inhibitor U73122 did not affect the IR-AT1 association or Ang II-induced
tyrosine phosphorylation of IR respectively
Figure 2.13. Autoradiogram showing AT1-IR association in presence of PLC inhibitor
U73122.

97

Figure 2.13. ( continued)

2.4.11. A model for IR signaling in the presence and absence of Ang II at concentrations
seen in hypertensive patients
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Figure. 2.14 A model for IR signaling in the presence and absence of Ang II at
concentrations seen in hypertensive patients (50pM or higher).
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2.5 Conclusions and Discussion
We show that a 2-hour pre-incubation with Ang II (at concentrations 50pM to
1μM) significantly inhibited 125I-insulin binding to IR in human cell line MCF-7. This
effect was not seen when Ang II exposure was performed for shorter periods. The twohour exposure to Ang II also led to the formation of a multi-protein complex containing
AT1, IR and intracellular kinase Jak2, suggesting that the continuous presence of Ang II
would result in sequestering IR in the AT1-IR-Jak2 complex and prevent IR from binding
insulin. It also coincided with differential tyrosine-phosphorylation of IRβ-subunit and
associated proteins, than that generated when IR was activated by insulin. Moreover,
inhibition of Phospholipase C (PLC), a major effector molecular of AT1 did not prevent
AT1-IR-Jak2 complex formation or tyrosine phosphorylation of IR.
In conclusion, our results indicate that exposure to Ang II for a period of two
hours, at concentrations as low as 50pM, causes inhibition of insulin binding to IR, the
first step in initiating the IR-mediated signaling. Short-term exposure (one hour or less)
to Ang II does not have this effect. We also show that a two-hour exposure to Ang II
induces AT1-IR-Jak2 complex formation that sequesters IR and inhibits IR from binding
insulin. Since patients suffering from hypertension have continuous presence of Ang II at
concentrations close to 50pM or higher (50-400pg/ml of blood), it is possible that they
would have IR sequestered in an AT1-IR-Jak2 complex. However, it is not possible to
test this effect in cells from patients, since these cells are also continuously exposed to
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insulin, and it is difficult to differentiate the effects of Ang II and Insulin on IR
population under these conditions.
In our system, we have been able to isolate the effect of Ang II on IR. Similarity
in the time taken for inhibition of insulin binding to IR, association of AT1 with IR, and
tyrosine phosphorylation of IR and associated proteins, strongly suggests that AT1-IR
association is involved in the development of Ang II-induced insulin resistance. A model
depicting this idea is shown in Fig. 11. Though AT1 antagonists are efficient in treating
hypertensive patients with type II Diabetes, it must be noted that inhibiting all of AT1mediated signaling is not necessary to prevent AT1-IR association. Such treatment could
have dangerous after effects such as fetal toxic effects20. Our results point out that AT1mediated PLC activation is not involved in AT1-mediated reduction in the affinity of IR
to insulin. Therefore, developing drugs that can inhibit the interaction of IR with AT1
without affecting the beneficial signaling by the AT1 or IR is the next step in the future
of therapy to prevent insulin resistance. Our data suggest that a conformational alteration
in IR caused by sequestration of IR in AT1-IR-Jak2 complex underlies the development
of Ang II-induced insulin resistance. Therefore, the sites of interaction of AT1 and IR
will prove to be better targets for drug development to treat insulin resistance. Our
observation that AT1-IR association, and not PLC-mediated signaling, is involved in
developing insulin resistance unravels one of the signaling mechanisms of AT1 that does
not need to be shut down to treat insulin resistance. Since ARBS used currently shut
down PLC-mediated signaling, this observation points out the need for developing new
ARBs that specifically block AT1-IR-Jak2 association.

100
2.6 Summary and Significance
The research work is innovative because it capitalizes on a novel mechanism for
the development of insulin resistance that we have discovered in our laboratory. It is
different from the approaches of other investigators in that it focuses on the timedependent direct association of the components of Ang II- and insulin-signaling. The
major outcomes from this study include:
•

In SHR rats, there is a physical association between AT1R and IR in skeletal
muscle tissues.

•

In MCF-7 cells there is 80% decrease in the insulin binding after Ang II exposure.

•

This insulin resistance is a gradual step expanded over a period of 2-hours.

•

By pre-incubating the cells with losartan, this insulin resistance goes back to
insulin sensitive state.

•

We found that exposure to 50 picoMoles of Ang II could induce 50% inhibition of
125

•

I-Insulin-binding to IR.

In MCF-7 cells there is increase tyrosine phosphorylation in B-chain of IR after
Ang II exposure.

•

There is a physical association of AT1 and IR after Ang II exposure.

•

Both these action of Ang II on IR are blocked by losartan.

•

This increase in tyrosine phosphorylation and association is unchanged even in
the presence of anti-insulin antibody and presence of PLC inhibitor.

•
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There is a differential phosphorylation of IR after Ang II exposure as compared to
the Insulin exposure.
Insulin resistance is a characteristic feature of type II diabetes mellitus and

obesity. Although defects in glucose homeostasis have been recognized for decades, the
molecular mechanisms accounting for impaired whole body glucose uptake are still not
fully understood. Skeletal muscle constitutes the largest insulin-sensitive organ in
humans; thus, insulin resistance in this tissue will have a major impact on whole body
glucose homeostasis. Intense efforts are under way to define the molecular mechanisms
that regulate glucose metabolism and gene expression in insulin-sensitive tissues.
Knowledge of the human genome sequence, used in concert with gene and/or protein
array technology, will provide a powerful means to facilitate efforts in revealing
molecular targets that regulate glucose homeostasis and insulin resistance in type II
diabetes mellitus. This will offer quicker ways forward to identifying gene expression
profiles in insulin-sensitive and insulin-resistant human tissue. The hyperinsulinemia that
accompanies insulin resistance implies lack of insulin clearance from blood in this
situation. We observed that the Ang II receptor AT1 associates with IR in one of the
tissues of spontaneously hypertensive rats. We also found that Ang II-activated AT1
significantly reduced 125I-Iinsulin binding to IR in a mammalian cell. These preliminary
observations point towards a novel mechanism that involves cell-surface receptor
association and receptor cross talk between the AT1 and IR in the development of insulin
resistance. The significance of our observations is that they offer a direct mechanism for
the lack of insulin clearance in insulin resistance.
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In conclusion, it is well established that insulin resistance is fundamental to the
pathogenesis of type 2 diabetes mellitus and thus is an important cause of morbidity in
the Western and developed world. Insulin resistance however is not simply a defect in
glucose disposal but underlies a much more widespread dysregulation of metabolism that
significantly contributes to the development of cardiovascular disease.
An understanding of the pathogenetic mechanisms behind insulin resistance is of
great interest as it potentially allows design of appropriate therapeutic interventions.
Substantial progress has been achieved in recent years in our understanding of the
intracellular signaling pathways mediating insulin's varied biologic effects. A further area
of progress is the understanding of "cross-talk" between new receptors has to be
explored.
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CHAPTER III
INHIBITION OF TYROSINE PHOSPHORYLATION OFINSULIN RECEPTOR BY
TRANSIENT EXPRESSION OF AT2 RECEPTOR IN CHINESE HAMSTER
OVARY CELLS

3.0 Abstract
The renin-angiotensin system plays an important role in the regulation of mainly
cardiovascular and fluid volume homeostasis, and in the control of various hormone
secretions like ADH and aldosterone, tissue growth and neuronal activity. AT1 has the
ability to trigger autophosphorylation of growth factor receptor tyrosine kinases (RTK), a
phenomenon referred to as RTK transactivation. We had shown that an AT1 complex
with IR and this association increases the tyrosine phosphorylation of IR. Majority of the
functions of AT2 are regulatory over AT1.AT2 negatively cross-talks with receptor
tyrosine kinases (RTK) such as bFGF, EGF, and insulin receptors by targeting a very
early step of RTK activation, i.e. autophosphorylation of the receptor. Previous studies
had shown a direct interaction between Erbb3 and AT2 in the ATP binding domain of
Erbb3. We found out that this ATP binding domain is very well conserved in IR family.
We demonstrate that transient expression of AT2 receptor in CHO cells leads to inhibition
of the constitutive as well as insulin-induced tyrosine phosphorylation of IR in Chinese
hamster ovary cells. Moreover, the AT2 receptor co-immunoprecipitated with IR. This
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direct interaction inhibits the insulin induced tyrosine phosphorylation of IR and no
phosphatases are involved in this process. In an attempt to elucidate the role of the 3rd
ICL in determining the similarities and differences in the functions of the AT1 and the
AT2 receptors, we transfected the CHO cells a chimeric-AT2 receptor in which the 3rd
ICL of the AT2 receptor was replaced with that of the AT1 receptor. Replacement of the
3rd ICL of AT2 that with AT1 makes the receptor to loose the function of AT2 (partial
inhibition of tyrosine phosphorylation of IR) and gain function of AT1 (increase in AT2chimera-IR association by 2.5 times after Ang II exposure).

3.1 Introduction
The hormone angiotensin II (Ang II) is a major regulator of blood pressure, and is
also involved in the control of cell proliferation and hypertrophy. In mammalian cells,
ANG II mediates its effects via at least two plasma membrane receptors: AT1 and AT2
receptors. This hormone binds to two different subtypes of G protein-coupled receptors,
AT1 and AT2, which differ in their signaling pathways and physiological functions.
(Csikos T. et al., 1998; Horiuchi M. et al., 1999; Nouet S. et al., 2000; Nahmias C. et al.,
1995) .The AT1 receptor mediates most of the cardiovascular effects of Ang II and
promotes cell proliferation cardiac and vascular cell growth and tissue regeneration after
injury. (Hein L. et al., 1995; Nakajima M. et al., 1995).
Using cultured fibroblasts that selectively express the AT2 receptor but
not the AT1 receptor, Tsuzuki et al. (Tsuzuki S. et al., 1996) demonstrated that EGFinduced cell proliferation was attenuated by co treatment of these cells with ANG II. This

115
growth-retardant response was enhanced by the specific AT2 receptor agonist CGP42112A and inhibited by the AT2 receptor antagonist PD-123319. Yamada et al. (Yamada
H. et al., 1999) demonstrated that AT2 receptor activation may also lead to programmed
cell death. In PC12W cells, a rat pheochromocytoma cell line that selectively expresses
AT2 receptors rather than AT1 receptors, ANG II activation antagonized the growthpromoting effects of nerve growth factor and resulted in apoptosis of these cells. Bedecs
et al. (Bedecs K. et al., 1997) recently examined the possibility that AT2 receptormediated tyrosine kinase dephosphorylation may be mediated by non-Gi/Gq pathways.

3.2 Role of the AT2 Receptor in regulation of cell growth
The AT2 receptor regulates cell growth and vascular remodeling. Treatment of
quiescent rat coronary endothelial cells with an AT2 receptor antagonist stimulated
proliferation of these cells (Stoll M. et al., 1995). In further in vitro studies, Goto et al.
(Goto M. et al., 1997) demonstrated that AT2 receptor expression in mesangial cells was
modulated by the stage of growth of these cells, such that once the cells were confluent,
AT2 receptor expression was observed to be greatly increased. This suggests a growthretardant effect of the AT2 receptor on cell proliferation. Further in vitro evidence of an
antiproliferative effect of the AT2 receptor has been reported by Dudley and Summerfelt
(Dudley D.T. et al., 1993) in a mouse fibroblast cell line and by Nakajima et al.
(Nakajima M. et al., 1995) in VSMC. These in vitro data raise the question as to whether
the AT2 receptor may modulate growth responses in vivo.
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In many cell lines the AT2 is known to induce apoptosis and this effect is
mediated by the 3rd ICL of the AT2 (Yamada T. et al.,1996; Hayashida W. et al.,1992;
Antus B. et al.,2000; Bonnet F. et al.,2001). The AT2 also seems to exert negative
regulation on many AT1-mediated signal pathways (Huang X.C. et al., 1996; Horiuchi
M. et al., 1999; Horiuchi M. et al., 1999; Ishii K. et al., 2000). In general, activation of
AT2 by Ang II seems to inhibit the physiological effects resulting from the activation of
AT1 by Ang II (Gallinat S. et al., 2000; Lehtonen J.Y. et al., 1999). For example, the
AT1-mediated cell growth is inhibited by the AT2 in many cell lines (Stoll M. et al.,
1995; Nakajima M. et al., 1995). Many of the AT2-mediated cellular effects are known to
counteract AT1-mediated cellular effects. Thus AT2 behaves like a functional regulator
of the AT1 subtype on most physiological functions, and induces anti-proliferative and
proapoptotic effects in vitro and in vivo (Nahmias C. et al., 1995; Csikos T. et al., 1998;
Horiuchi M. et al., 1999; Nouet S. et al., 2000). The AT2 receptor thus provides an
interesting model for investigating intracellular pathways involved in the attenuation of
cell growth.
One of the important feature currently explored for G protein-coupled receptors
including AT1, is their ability to trigger autophosphorylation of growth factor receptor
tyrosine kinases (RTK), a phenomenon referred to as RTK transactivation (Daub H. et al.,
1996; Daub H. et al., 1997; Prenzel N. et al., 1999). AT1 and other G protein-coupled
receptors, thus transactivates the receptors for platelet-derived growth factor (Linseman
D.A. et al.,1995), epidermal growth factor (Eguchi S. et al.,1998) , and insulin-like
growth factor (Du J. et al.,1996) .AT2 negatively cross-talks with receptor tyrosine
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kinases (RTK) such as bFGF, EGF, and insulin receptors (Bartunek J. et al.,1999; Janiak
P. et al.,1992; Nakajima M. et al.,1995) by targeting a very early step of RTK activation,
i.e. autophosphorylation of the receptor.
In Chinese hamster ovary (CHO) cells, however, AT2-mediated trans-inactivation
of the insulin receptor does not involve protein dephosphorylation by orthovanadatesensitive tyrosine phosphatases or coupling to pertussis toxin-sensitive regulatory
heterotrimeric Gi/Go proteins which is a major mechanism by which AT2 induces its
inhibitory actions (Janiak P. et al., 1992). These observations suggest that another yet
undefined mechanism may link AT2 receptor mediate inhibition of insulin signaling.

3.3 Aim of the present study
Direct protein–protein interaction is one of the proposed mechanisms by which the
AT2 exerts its regulatory effects. We have shown previously that direct protein–protein
interaction exists between the domain spanning the 3rd ICL and the C-terminal
cytoplasmic tail of the AT2 receptor, and the ATP-binding domain of ErbB3 receptor,
and proposed that this interaction could lead to AT2 receptor-mediated inhibition of the
cell growth (Knowle D. et al., 2000). Recently we demonstrated that the region of the
3rd ICL of AT2 spanning amino acids 241–256 is sufficient for the AT2-mediated
inhibition of AT1 (Kumar V. et al.,2002 ).
Previous studies in the lab had shown that the 3rd ICL and the C-terminal
cytoplasmic tail of the AT2 are needed for the direct interaction between the AT2 and the
growth-promoting ErbB3 receptor; we tested whether the same regions are also involved

118
in the direct interaction between the AT2 and the IR. IR and ErbB3 both belong to the
receptor tyrosine kinase (RTK) family sharing a sequence homology within the AT2
interacting region of ErbB3.
In the present study, we have examined the effect of transient expression of AT2
receptor on the insulin receptor-signaling pathway. We show that in Chinese Hamster
Ovary (CHO) cells, AT2 receptor inhibits the tyrosine phosphorylation of insulin receptor
ß-subunit (IRß) in presence of normal fetal calf serum. Furthermore we show the
evidence of association of AT2 receptor along with insulin receptor ß-subunit (IRß).

3.4 Materials and methods

3.4.1 Cell biology, Transfect ions
The CHO cells were purchased form ATCC and were grown in F-12 medium and
10% fetal bovine serum purchased from ATCC at 37 C. pCDNA-AT2 was available in
the lab. Transient transfections to introduce pCDNA–AT2 into CHO were carried out
using Lipofectamine 2000 (from Invitrogen Inc.) in 24-well plates and according to the
protocols of the manufacturer.

3.4.2 Immunoprecipitations and Western Blotting to detect multi-protein complexes
For Western blot and immunoprecipitations experiments, all antibodies were from
Santcruz Biotechnology. For co-immunoprecipitation experiments, the transfected or
nontransfected CHO cells were lysed in nonidet lysis buffer [1% Nonidet P-40, 100mM
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NaCl, 75mM Tris–HCl pH 7.4, 50mM NaF, 3mM EDTA, and 1% protease inhibitor
cocktail (containingPMSF34.84 mg/ml, aprotinin 1 mg/ml, pepstatin 1 mg/ml in
ethanol)]. This lysis allowed membrane proteins to become soluble and the cell debris
was removed by quick centrifugation at 2500 rpm (1000×g) for 30 minutes. The protein
concentration of the lysate was determined using BioRad DC protein assay (from BioRad
laboratories. Hercules, CA) and volumes of lysates were adjusted to contain equal
amounts of protein. The protein concentrations were adjusted to be same and the
immunoprecipitations of the IR was performed using agarose-conjugated anti-IRantibody purchased from Santa Cruz Biotechnologies. For all co-immunoprecipitation
experiments CHO cell lysates (after indicated treatments) containing ~800�g of total
protein was used. In brief, the immunoprecipitation was carried out overnight and the
immunoprecipitated material was collected by centrifugation 2500 rpm (1000×g) for 5
min, washed three times with phosphate buffered saline and re-suspended in 40 �l of
2×SDS-loading buffer. Equal amounts of total protein (~200�g) were subjected to SDSPAGE, Western blotting and probing with appropriate antibody for detecting the AT2 or
IR levels. The proteins in the pellet were separated on 10% SDS polyacrylamide gel and
subjected to Western blotting, and probing with the anti-AT2 antibody. ECL Western
Blotting Analysis System (Amersham Biosciences) was used to visualize the presence of
the AT2 or tyrosine phosphorylation. In all experiments IP indicates the protein that was
immunoprecipitated and IB indicates the protein that was immunoblotted for.

3.5 Results and discussion
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3.5.1 The human IR shares homology with ErbB3 receptor in the ATP binding
domains
Previous studies done in the lab had shown the interaction between the AT2 and
ErbB3 and ErbB2 receptors, which are members of epidermal growth factor receptor
family. The domain of the ErbB2 and ErbB3 receptor that interacts with the AT2 receptor
is located within the 21 amino acids that separate the residues Gly–Xaa–Gly–Xaa–Xaa–
Gly, and Lys, the residues predicted to be important for ATP binding. The interaction
between the human ErbB3 receptor and the AT2 receptor was further confirmed using the
cytoplasmic domain (amino acids 671–782) of the human ErbB3 receptor. Moreover, an
AT2 receptor peptide that spans the amino acids 226–363, (spans the third ICL and
carboxy terminal domain) could also interact with the AT2 receptor in a yeast TwoHybrid protein–protein interaction assay (Knowle et. al 2000). It was interesting to see
that the human IR also shares the same homology with ErbB3 receptor in the ATP
binding domains. . Both the receptors belong to the receptor tyrosine kinase group of cell
membrane receptors which share a common cytoplamic domain for tyrosine kinase.
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The amino acid residues of the ErbB2 and ErbB3 receptor that shared homology with the
AT2 receptor-interacting random peptide are indicated in bold. S marks the amino acids
predicted to be important for ATP binding. (Knowle et al., 2000).
Figure 3.1. Location of the amino acids of the ErbB3 receptor (human and rat) and the
ErbB2 receptor that shared homology with the AT2 receptor-interacting
random peptide.

Figure 3.2. Conservation of ATP binding Domain in IR and Erbb3.

3.5.2 Transient expression of AT2 in CHO cells causes AT2-IR association and Ang II
exposure enhances the IR-AT2 association
To identify whether the AT2 interacts with the IR in CHO cells and whether the
Ang II played any role in facilitating this interaction, we transfected the pCDNA–AT2
into CHO cells using transient transfection and the cells were collected before and after
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exposure to Ang II (100nM for 2 h). The protein concentrations of the lysates of
transfected and non-transfected CHO cells were determined by BioRad DC protein assay,
and adjusted to be same (about 600 ug), before immunoprecipitating the agarose
conjugated antibody against IR. The immunoprecipitated pellets were subjected to SDSPAGE analysis followed by Western blotting and probing with rabbit polyclonal antiAT2 antibody.
As shown in Fig. 3.3, a band of molecular weight of about 45 kDa corresponding
to the AT2 was visible in the sample generated from immunoprecipitated pellet of the
CHO cells transfected with pCDNA–AT2. Lane 3 shows a band of molecular weight of
about 45 kDa corresponding to the AT2 in the sample generated from
immunoprecipitated pellet of the CHO cells transfected with pCDNA–AT2 and exposed
to Ang II. The intensity of these bands was greater in the sample generated from the CHO
cells transfected with pCDNA–AT2 and not exposed to Ang II (100 nM). This
observation was consistent with densitometric analysis (using NIH ImageJ 1.36b) of the
intensity of the bands in these lanes. The intensity of the bands in lane 3 which were
exposed to Ang II is nearly double as compared to bands in lane 2. This result implied
that the association between AT2 and IR is dependent of ligand binding. Bands
corresponding to the AT2 were not found in the sample generated from non-transfected
cells (lane 1). Taken together these results indicate that IR-AT2 association is dependent
of Ang II exposure.
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a) Autoradiogram showing the IR in CHO cells. b) Autoradiogram showing the
expression of AT2 in CHO cells co-transfected with pCDNA–AT2. Cells were lysed in
non-idet buffer and lysate containing about 200 micrograms of protein was subjected to
SDS-PAGE, Western blotting and probing with anti-AT2-antibody. Lane 1: lysate from
cells non-transfected alone; lane 2: lysate from cells transfected with pCDNA–AT2
shows band (molecular weight of about 45 kDa) corresponding to the size of AT2.
Figure 3.3 Presence of constitute phosphorylation of IR in CHO and WB showing
expression of AT2 receptor in CHO cells after transfection with pCDNA–
AT2.
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AT2 is co-immunoprecipitated with the IR in CHO cells transfected with pCDNA–AT2.
Autoradiogram generated by probing the immunoprecipitated pellets with anti-AT2
antibody is shown. Lane 1: pellet from the lysate of non-transfected cells. Lane 2: pellet
from the lysate of transfected cells not exposed to Ang II. 3: pellet from the lysate of
transfected cells exposed to Ang II (100 nM, 2 h). Bands (molecular weight of about 45
kDa) corresponding to the size of AT2 were seen in the immunoprecipitated pellet
generated from the transfected CHO which was exposed to Ang II (lane 2), however the
intensity of these bands increased when the cells were exposed to Ang II (lane 3). These
results suggested that the AT2 associates with IR and this association increases when it
was activated by Ang II.
Figure 3.4. Association of AT2 receptor and IR in CHO cells.

3.5.3 Replacing the region spanning the Third ICL of the AT2 receptor enhances the
AT2-IR association 2.5 times on Ang II exposure
The observation that the AT2 receptor directly interacting with the IR receptor,
though an interesting finding raises several questions. It becomes very important to
understand the molecular mechanisms underlying this interaction. Also, identifying the
domain(s) of the AT2 receptor involved in its interaction with the IR receptor would give
further insight into the structure-function relationship of the AT2 receptor. A comparison
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of the three intracellular loops of the AT1 and AT2 receptors had shown that homology is
lowest in the third intracellular loop of the AT2 receptor. Recent studies have also shown
that introducing the synthetic intracellular third loop peptide of the AT2 receptor into rat
aortic vascular smooth muscle cells resulted in partial inhibition of the serum-induced
DNA synthesis and proliferation in these cells. On the other hand, the third intracellular
domain of the AT1 receptor is shown to be essential for coupling of this receptor to the
Gq-protein and subsequent activation of Phospholipase C (Yamada T. et al., 1996;
Hayashida W. et al., 1996; Shibata T. et al., 1996).
Dittus et al., generated a chimeric receptor in which the 3rd intracellular loop (3rd
ICL) of the AT2 was replaced with the amino acid sequence corresponding to the 3rd
ICL of AT1. Studies using mutated and Chimeric AT2 receptors showed that replacing
the third intracellular loop (ICL) of the AT2 receptor with that of the AT1 abolishes the
interaction between the ErbB3 and the AT2 in yeast Two-Hybrid protein–protein
interaction assay (Knowle D. et al. 2000). Thus the interaction between the AT2 receptor
and the ErbB3 receptor seems to require the region spanning the third ICL and carboxyl
terminus of the AT2 receptor.
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Amino acid sequence of the chimeric receptor generated by replacing the 3rd intracellular
loop (ICL) of the AT2 receptor with that of the AT1 receptor.
Figure 3.5 Position of the amino acids from the 3rd ICL of AT2 receptor that were
replaced from the 3rd ICL of AT1 receptor.

Amino acid sequence of the chimeric receptor generated by replacing the 3rd intracellular
loop (ICL) of the AT2 receptor with that of the AT1 receptor. The amino acid sequence
of the third ICL corresponds to that of the AT1 receptor and is marked by circles with no
filling. (Dittus J. et al., 1999).
Figure 3.6 AT2 Chimeric Receptor.
To identify whether this Chimeric AT2 interacts with the IR in CHO cells and
whether the Ang II played any role in facilitating this interaction, we transfected the
pCDNA–AT2-Chimera into CHO cells using transient transfection and the cells were
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collected before and after exposure to Ang II (100nM for 2 h). The protein
concentrations of the lysates of transfected and non-transfected CHO cells were
determined by BioRad DC protein assay, and adjusted to be same (about 600 ug), before
immunoprecipitating the agarose conjugated antibody against IR. The
immunoprecipitated pellets were subjected to SDS-PAGE analysis followed by Western
blotting and probing with rabbit polyclonal anti-AT2 antibody. As shown in Fig. 3.8, a
band of molecular weight of about 45 kDa corresponding to the AT2 was visible in the
sample generated from immunoprecipitated pellet of the CHO cells transfected with
pCDNA–AT2. Lane 3 shows the a band of molecular weight of about 45 kDa
corresponding to the AT2 in the sample generated from immunoprecipitated pellet of the
CHO cells transfected with pCDNA–AT2 and exposed to Ang II .
The intensity of these bands was greater in the sample generated from the CHO
cells transfected with pCDNA–AT2 and not exposed to Ang II (100 nM). This
observation was consistent with densitometric analysis (using NIH ImageJ 1.36b) of the
intensity of the bands in these lanes. The intensity of the bands in lane 3 which were
exposed to Ang II is nearly double as compared to bands in lane 2. This result implied
that the association between AT2 and IR is dependent of ligand binding. Bands
corresponding to the AT2 were not found in the sample generated from non-transfected
cells (lane 1). Taken together these results indicate that IR-AT2 association is dependent
of Ang II exposure.
Since the third ICL of the AT2 receptor is essential for exerting its inhibitory
effects on cell growth, possible involvement of this region in the interaction with the
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cytoplasmic domain of the IR receptor suggests a novel signaling mechanism for the AT2
receptor mediated inhibition of cell growth. Furthermore, since both the AT2 and the IR
receptors are expressed during fetal development, we propose that the existence of direct
interaction between these two receptors may play a role in the regulation of growth
during the initial stages of development. It should be noted that the AT2 receptor is
known to exert inhibitory effects (apoptosis) on cell-proliferation and that the third ICL
of the AT2 receptor plays an important role in exerting this effect.
Taken together, these results implied that the region spanning the third ICL
domain of the AT2 receptor is essential for its interaction with IR. Moreover this
interaction enhances about 2.5 times in the presence of Ang II. It is possible that after
substituting the 3rd ICL of AT2 that of AT1, it is gaining the function of AT1 which
increases the association after Ang II exposure. This result is consistent with that reported
previously for the AT2 interactions with either ErbB3 receptor (Knowle D. et al., 2000)
or NHE6 peptide (Pulakat L. et al., 2004) in yeast two hybrid assays.
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Chimeric AT2 is co-immunoprecipitated with the IR in CHO cells transfected with
pCDNA–AT2-Chimeria. Autoradiogram generated by probing the immunoprecipitated
pellets with anti-AT2 antibody is shown. Lane 1: pellet from the lysate of transfected
cells not exposed to Ang II. 2: pellet from the lysate of transfected cells exposed to Ang
II (100 nM, 2 h). Bands (molecular weight of about 45 kDa) corresponding to the size of
AT2 were seen in the immunoprecipitated pellet generated from the transfected CHO
which was exposed to Ang II (lane 1), however the intensity of these bands increased
when the cells were exposed to Ang II (lane 3). These results suggested that the chimeriaAT2 associates with IR and this association increases when it was activated by Ang II.
Figure 3.7 Autoradiogram of co-immunoprecipitation of IR and immunoblotting with
AT2.

3.5.4. Transient expression of AT2 receptor in CHO cells inhibits the tyrosine
phosphorylation of IR. The replacement of 3rd Intracellular loop of AT2 receptor with
that of AT1 receptor looses its ability of inhibition of tyrosine phosphorylation of IR
To get further insight into the association between AT2 receptor and IR receptors,
we investigated whether transient expression AT2 receptor in CHO cells modifies the IRß
autophosphorylation and properties of tyrosine kinase activity of the insulin receptor.
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To prove this hypothesis that AT2-IR association involves the IRß
autophosphorylation in CHO cells and whether the Ang II played any role in facilitating
this interaction, we transfected the pCDNA–AT2 into CHO cells using transient
transfection and the cells were collected before and after exposure to Ang II (100nM for
2 h). The protein concentrations of the lysates of transfected and non-transfected CHO
cells were determined by BioRad DC protein assay, and adjusted to be same (about 600
ug), before immunoprecipitating the agarose conjugated antibody against IR. The
immunoprecipitated pellets were subjected to SDS-PAGE analysis followed by Western
blotting and probing with mouse monoclonal anti-phosphotyrosine antibody.
As shown in Fig. 3.9, a band of molecular weight of about 95 kDa corresponding
to the phosphorylated IR was visible in the sample generated from immunoprecipitated
pellet of the CHO cells which are non-transfected. Lane 4 shows the a band of molecular
weight of about 95kDa corresponding to the IR which is hardly phosphorylated in the
sample generated from immunoprecipitated pellet of the CHO cells transfected with
pCDNA–AT2 and not exposed to Ang II . The inhibition of the phosphorylation of IR
receptor by AT2R was similar even after exposure of Ang II, as seen in the intensity of
the band in lane 5 which from the sample generated from the CHO cells transfected with
pCDNA–AT2 and exposed to Ang II (100 nM). This observation was consistent with
densitometric analysis (using NIH ImageJ 1.36b) of the intensity of the bands in these
lanes. There is hardly any visible phosphorylation in lane 4 and lane 5 as compared to
bands in lane 1. Also the intensity of the bands in lane 4 which were not exposed to Ang
II is nearly similar as compared to bands in lane 5. This result implied that the association
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between AT2 and IR is inhibits the tyrosine phosphorylation of IR and this action of AT2
is independent of ligand binding.
To identify domains involved in this inhibition of IRß autophosphorylation in
CHO cells and what role does Ang II played any role in facilitating this interaction, we
the we transfected the pCDNA–AT2-chimera into CHO cells using transient transfection
and the cells were collected before and after exposure to Ang II (100nM for 2 h). The
protein concentrations of the lysates of transfected and non-transfected CHO cells were
determined by BioRad DC protein assay, and adjusted to be same (about 600 ug), before
immunoprecipitating the agarose conjugated antibody against IR. The
immunoprecipitated pellets were subjected to SDS-PAGE analysis followed by Western
blotting and probing with mouse monoclonal anti-phosphotyrosine antibody.
As shown in Fig. 3.9, a band of molecular weight of about 95 kDa corresponding
to the phosphorylated IR was visible in the sample generated from immunoprecipitated
pellet of the CHO cells which are non-transfected. Lane 2 shows a band of molecular
weight of about 95kDa corresponding to the IR which is phosphorylated in the sample
generated from immunoprecipitated pellet of the CHO cells transfected with pCDNA–
AT2-chimera and not exposed to Ang II, but the intensity of the band is low as compared
to that in lane 1 which has the sample generated from immunoprecipitated pellet of the
CHO cells which are non-transfected. The inhibition of the phosphorylation of IR
receptor by chimeric-AT2 receptor was similar even after exposure of Ang II, as seen in
the intensity of the band in lane 3 which from the sample generated from the CHO cells
transfected with pCDNA–AT2-chimera and exposed to Ang II (100 nM). This
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observation was consistent with densitometric analysis (using NIH ImageJ 1.36b) of the
intensity of the bands in these lanes. There is decrease in phosphorylation in lanes 2 and l
3 as compared to bands in lane 1. There is approximately more than 50% inhibition in the
of IRß autophosphorylation in CHO cells after transient expression of this chimeric
receptor. Also the intensity of the bands in lane 4 which were not exposed to Ang II is
nearly similar as compared to bands in lane 5. This result implied that the association
between AT2-chimera and IR inhibits the tyrosine phosphorylation of IR and this action
of AT2-chimera is independent of ligand binding.
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Autoradiogram generated by probing the co-immunoprecipitated with the IR in CHO cells transfected with
pCDNA–AT2 and pCDNA–AT2-Chimera with anti-phosphotyrosine antibody is shown. Molecular mass
markers are indicated in kilodaltons (kDa) on the right Lane 1: IP-pellet from the lysate of non-transfected
cells. Lane 2: IP-pellet from the lysate of pCDNA–AT2-Chimera transfected cells not exposed to Ang II.
Lane 3: IP-pellet from the lysate of pCDNA–AT2-Chimera transfected cells exposed to Ang II (100 nM, 2
h). Lane 4: IP-pellet from the lysate of pCDNA–AT2 transfected cells not exposed to Ang II. Lane 5: pellet
from the lysate of pCDNA–AT2 transfected cells exposed to Ang II (100 nM, 2 h). Bands (molecular
weight of about 95 kDa) corresponding to the size of IR (phosphorylated) were seen in the
immunoprecipitated pellet generated from the non-transfected CHO which was exposed to Ang II (lane 1),
however the intensity of these bands decreased when the cells were transfected pCDNA–AT2-Chimera.
Moreover the intensity of the band in lane 3 which contains cells transfected pCDNA–AT2-Chimera and
exposed to Ang II shows no change. Interestingly, the intensity of the band in lane 4 which contains cells
transfected pCDNA–AT2 and not exposed to Ang II shows any IR phosphorylation. Further the intensity of
the band in lane 5 which contains cells transfected pCDNA–AT2 and exposed to Ang II shows no change
from lane 4. These results suggests two things, one the chimeria-AT2 associates with IR and this
association decreases the tyrosine phosphorylation of IR and this action of chimeric-AT2 on IR is Ang II
independent, secondly the AT2 receptor associates with IR and this association inhibits the tyrosine
phosphorylation of IR and this action of AT2R on IR is Ang II independent. Lower panel is an
autoradiogram that shows the results of Western blot analysis of the levels of beta-actin in the lysates of
transfected cells used for the immunoprecipitation experiments for lanes 1–5. Lysates containing about 200
micro gm of protein was subjected to SDS-PAGE, Western blotting and probing with anti-beta-actinantibody. The beta-actin levels are comparable suggesting that protein concentrations of the lysates used for
this experiment are comparable.

Figure 3.8 Autoradiogram of tyrosine phosphorylation of IR in the presence of transient
expression of Wild type AT2 and Chimeric AT2 in CHO cells.
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3.5.5. AT2 Receptor mediates Inhibition of insulin induced tyrosine Phosphorylation of
insulin receptor
It has been previously demonstrated that expression of AT2 in CHO cells inhibits
the insulin-induced ERK2 activity and cell Growth (Nahmias C. et al., 2000). To evaluate
whether AT2 receptor expression may also interfere with insulin-induced IR tyrosine
phosphorylation, we transfected the pCDNA–AT2 into CHO cells using transient
transfection and the cells were collected before and after exposure to Insulin (100nM for
10m). The protein concentrations of the lysates of transfected and non-transfected CHO
cells were determined by BioRad DC protein assay, and adjusted to be same (about 600
ug), before immunoprecipitating the agarose conjugated antibody against IR. The
immunoprecipitated pellets were subjected to SDS-PAGE analysis followed by Western
blotting and probing with mouse monoclonal anti-phosphotyrosine antibody.
As shown in Fig. 3.10, insulin induced hyperphosphorylation of a 97-kDa
polypeptide that was strongly reduced in the event of transient expression of AT2
receptor in CHO cells. These results clearly suggest two things. Firstly that the AT2
association with IR not only inhibits the constitute tyrosine phosphorylation of IR, but
also inhibits the insulin induced tyrosine phosphorylation in IR. Secondly this AT2R-IR
association also inhibits the tyrosine phosphorylation of all the IR associated phosphoproteins. Insulin additionally induced a modest but consistent increase in tyrosine
phosphorylation of cellular polypeptides of apparent molecular mass 120 kDa that was
detectable at basal levels. Of interest, phosphorylation of 120-kDa polypeptides was
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significantly reduced upon expression of the AT2 receptor (Fig. 3.10). These results thus
indicate that expression of AT2 receptor in CHO cells interferes at the initial and essential
step of the insulin cascade, i.e. autophosphorylation of the insulin receptor. Nahmias et
al., demonstrated that AT2-mediated inhibition of insulin-induced IRß phosphorylation
was also detected in other cell types that express endogenous insulin and AT2 receptors,
such as neuroblastoma N1E-115 cells and pancreatic acinar AR42J cells. In addition, AT2
receptor stimulation impaired epidermal growth factor (EGF)-induced tyrosine
phosphorylation of endogenous EGF receptors in N1E-115 cells and in COS-hAT2 cells
indicating that the inhibitory effect of AT2 is not solely restricted to the insulin receptor
expressed in CHO-hAT2 cells (Nahmias C. et al., 2000).
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Autoradiogram generated by probing the co-immunoprecipitated with the IR in CHO cells transfected with
pCDNA–AT2 and pCDNA–AT2-Chimera with anti-phosphotyrosine antibody is shown. Molecular mass
markers are indicated in kilo Daltons (kDa) on the left. Lane 1: Pellet from the lysate of non-transfected
CHO cells not exposed to 100nm insulin for 10 min. Lane 2: Pellet from the lysate of pCDNA–AT2
transfected cells not exposed to100nm insulin for 10 min. Lane 3: Pellet from the lysate of non-transfected
CHO cells exposed to 100nm insulin for 10 min. Lane: 4 Pellet from the lysate of pCDNA–AT2 transfected
cells exposed to 100nm insulin for 10 min. Low intensity bands (molecular weight of about 95 kDa)
corresponding to the size of IR (phosphorylated) were seen in the immunoprecipitated pellet generated
from the non-transfected CHO which was not exposed 100nm insulin for 10 min (lane 1), however the
intensity of these bands decreased when the cells were transfected pCDNA–AT2 in lane 2. High intensity
bands (molecular weight of about 95 kDa) corresponding to the size of IR (phosphorylated) were seen in
the immunoprecipitated pellet generated from the non-transfected CHO cells which were exposed 100nm
insulin for 10 min (lane 3), however the intensity of these bands decreases or vanishes when these cells
were transfected pCDNA–AT2 in lane 4. Lower panel is an autoradiogram that shows the results of
Western blot analysis of the levels of beta-actin in the lysates of transfected cells used for the
immunoprecipitation experiments for lanes 1–5. Lysates containing about 200 _g of protein was subjected
to SDS-PAGE, Western blotting and probing with anti-_-actin-antibody. The _-actin levels are comparable
suggesting that protein concentrations of the lysates used for this experiment are comparable.

Figure 3.9

Inhibition insulin- induced tyrosine phosphorylation of IR in the presence of
transient expression of Wild type AT2 in CHO cells.
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3.5.6. Inhibitory effect of AT2 expression on IR phosphorylation and insensitivity to
Sodium Orthovanadate
To investigate the potential mechanisms responsible for the AT2 induced decrease in
IR phosphorylation, we transfected the pCDNA–AT2 into CHO cells using transient
transfection and the cells were collected before and after exposure to 0.1 mM sodium
Orthovanadate. The protein concentrations of the lysates of transfected and nontransfected CHO cells were determined by BioRad DC protein assay, and adjusted to be
same (about 600 ug), before immunoprecipitating the agarose conjugated antibody
against IR. The immunoprecipitated pellets were subjected to SDS-PAGE analysis
followed by Western blotting and probing with mouse monoclonal anti-phosphotyrosine
antibody.
As shown in the fig 3.11, high intensity bands (molecular weight of about 95 kDa)
corresponding to the size of IR (phosphorylated) were seen in the immunoprecipitated
pellet generated from the non-transfected CHO cells which were not exposed 0.1 mM
sodium Orthovanadate. (Lane 1). Similar intensity bands (molecular weight of about 95
kDa) corresponding to the size of IR (phosphorylated) were seen in the
immunoprecipitated pellet generated from the non-transfected CHO cells which were
exposed 0.1 mM sodium Orthovanadate. (Lane 2).Very low intensity bands (molecular
weight of about 95 kDa) corresponding to the size of IR (phosphorylated) were seen in
the immunoprecipitated pellet generated from the cells which were transfected pCDNA–
AT2 and was not exposed 0.1 mM sodium Orthovanadate. (Lane 3), however the
intensity of these bands decreases or vanishes when these cells were transfected pCDNA–

138
AT2 in lane 4 even in the exposure of 0.1 mM sodium Orthovanadate. Of interest,
phosphorylation of 120-kDa polypeptides that was detectable at basal levels in both the
CHO cell samples was significantly reduced upon expression of the AT2 receptor even in
the presence of sodium Orthovanadate.

Autoradiogram generated by probing the co-immunoprecipitated with the IR in CHO cells transfected with
pCDNA–AT2 and pCDNA–AT2-Chimera with anti-phosphotyrosine antibody is shown. Molecular mass
markers are indicated in kilo Daltons (kDa) on the left. Lane 1: Pellet from the lysate of non-transfected
CHO cells not exposed to 0.1 mM sodium Orthovanadate. Lane 2: Pellet from the lysate of non-transfected
CHO cells exposed to 0.1 mM sodium Orthovanadate at 37C. Lane 3: Pellet from the lysate of pCDNA–
AT2 transfected cells not exposed to0.1 mM sodium Orthovanadate. Lane: 4 Pellet from the lysate of
pCDNA–AT2 transfected cells exposed to 0.1 mM sodium Orthovanadate at 37C. Lower panel is an
autoradiogram that shows the results of Western blot analysis of the levels of beta-actin in the lysates of
transfected cells used for the immunoprecipitation experiments for lanes 1–5. Lysates containing about 200
_g of protein was subjected to SDS-PAGE, Western blotting and probing with anti-beta-actin-antibody.
The beta-actin levels are comparable suggesting that protein concentrations of the lysates used for this
experiment are comparable.

Figure: 3.10

Inhibitory effect of AT2 expression on IR phosphorylation and
Insensitivity to Sodium Orthovanadate.
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3.5.7 The AT2-interacting region of the IR is highly conserved across the species.
The finding of association between IR-AT2 leads us to look into the 3-D structure
and the available sequence of IR. Human IR is 1382 amino acid protein (NP_000199).
Mouse IR is 1372 (NP_034698) and fruit fly IR is 2148 amino acid protein (A56081).
Fig. 1b shows comparison of the amino acid sequences of the mouse, human and fruit fly
IR, and the peptide that interacted with the AT2. It was interesting to see that the mouse,
human and fruit fly IR share the same homology in the AT2 interacting peptide.

Location of the amino acids of the insulin receptor (human, fruit fly and mouse) that
shared homology with the AT2 receptor-interacting random peptide. The amino acid
residues of the Insulin receptor that shared homology with the AT2 receptor-interacting
random peptide are indicated in bold. * - single, fully conserved residue, : - conservation
of strong groups, . - conservation of weak groups, - no consensus S marks the amino
acids predicted to be important for ATP binding.
Figure 3.11 Comparison of the amino acid sequences of the mouse IR, human IR and
fruit fly IR.

3.5.8 The close proximity of ATP binding domain and Activation loop.
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Binding of insulin to the alpha- subunit activates a tyrosine-specific
Phosphotransferase activity in the cytoplasmic domain of the beta subunit. The receptor
then autophosphorylates and, as first shown by Rosen et al. This autophosphorylation
activates the ability of the receptor kinase to phosphorylate various exogenous substrates.
Extensive studies of this activation process have documented that:
(i)

Activation occurs in intact cells as well as with purified receptor (Issad T. et
al.,1991; Tavare J. M. et al.,1988 );

(ii)

It is reversible by phosphates treatment of the receptor (Tornqvist, H. E. et
al.,1988);

(iii)

It is not caused by a change in the quaternary state of the receptor (FloresRiveros, J. R. et al.,1989);

(iv)

It can occur with fragments of the cytoplasmic domain of the receptor
(Tornqvist H. E. et al.,1988; Wei L. et al.,1995);

(v)

Activation of the receptor kinase correlates best with autophosphorylation of
3 tyrosines (1158, 1162, and 1163) in the kinase domain of the receptor
(Zhang B. et al., 1991; Ellis L. et al., 1986).

These three major tyrosine autophosphorylation sites (kinase domain residues 1158,
1162, and 1163) are recovered as a family of five phosphopeptides (general sequence
DIYETDYYRK).
The biological action of insulin is mediated by its cell surface receptor, an a2b2
transmembrane glycoprotein with intrinsic protein tyrosine kinase activity (Ebina et al.,
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1985; Ullrich et al., 1985). When insulin binds on extracellular alpha-chains, it results in
autophosphorylation of specific tyrosine residues in the cytoplamic portion of the betachains: two in the juxtamembrane region, three in the kinase (catalytic) domain, and two
in the C-terminal tail (Tornqvist et al., 1987; Tavare et al., 1988; White et al., 1988;
Feener et al., 1993; Kohanski, 1993). Autophosphorylation of Tyr1158, Tyr1162 and
Tyr1163 in the activation loop (A-loop) of the kinase domain is critical for stimulation of
kinase activity and biological function of insulin (augmented glucose uptake, ribosomal
S6 serine-protein kinase, glycogen deposition, and thymidine incorporation) (Rosen et
al., 1983; Ellis et al., 1986). In addition to the insulin receptor, other receptor tyrosine
kinases whose biological function has been shown to depend on tyrosine
autophosphorylation in the A-loop include insulin-like growth factor 1 (IGF-1) receptor
(Kato et al., 1994), fibroblast growth factor (FGF) receptor (Mohammadi et al., 1996a),
hepatocyte growth factor receptor (MET) (Longati et al., 1994), nerve growth factor
receptor (TRKA) (Mitra, 1991), and brain-derived neurotrophic factor receptor (TRKB)
(Middlemas et al., 1994).
Activation loop conformation
In the unliganded IRK structure determined previously (Hubbard et al., 1994), the A-loop
(residues 1149–1170) traverses the cleft between the N- and C-terminal lobes such that
both protein substrate and ATP binding sites are occupied. Hubbard et.al (Hubbard et.al
1994) has demonstrated that the activation loop (A-loop) of the kinase undergoes a major
conformational change upon autophosphorylation of Tyr1158, Tyr1162 and Tyr1163
within the loop, resulting in unrestricted access of ATP and protein substrates to the
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kinase active site. They further showed that the phosphorylated Tyr1163 (pTyr1163) is
the key phosphotyrosine in stabilizing the conformation of the tris-phosphorylated Aloop.

Location of the amino acids of the of Activation loop of insulin receptor that shared
homology with the AT2 receptor-interacting random peptide. The amino acid residues of
the Insulin receptor that shared homology with the AT2 receptor-interacting random
peptide are indicated in bold. Y1158, Y1162 and Y1163 lies in very close proximity of
the area sharing homology with the AT2 receptor-interacting random peptide. * - single,
fully conserved residue, : - conservation of strong groups, - conservation of weak groups,
- no consensus S marks the amino acids predicted to be important for ATP binding.
Figure 3.12

Close proximity of different tyrosine residues in the Activation loop of
human IR.

As shown in the Fig3.5 above, the domain of the IR receptor that is homologues
with the AT2 interacting peptide is located is within the 45 amino acids that separated
in the area from 1162 to 1120. These residues do lie in the DIYETDYYRK residues
predicted to be important for A-loop activity. It may be that an interaction between the
AT2 and the IR receptor would result in preventing the IR receptor from either
phosphorylating the Y1158/ Y1162/Y1163 or further activation of the A-loop preventing
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the kinase domain a free access of ATP. It might be one of the methods that is affecting
the tyrosine kinase activity of the IR receptor and signaling by the IR receptor. Hubbard
et al., 1994 in the crystal structure of the unphosphorylated, low activity form of the
insulin receptor kinase domain (IRK) described an auto-inhibitory mechanism in which
the residues in the beginning of the A-loop restrict access to ATP such that cisautophosphorylation of Tyr1162 is prevented.

Figure 3.13 Flow chart showing the activity of Activation Loop in presence and absence
of insulin.
As described above, the rearrangement of the insulin receptor A-loop upon
autophosphorylation facilitates a reorientation of the N- and C-terminal lobes of the
kinase, which is necessary for productive ATP binding. For the insulin receptor and
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presumably other receptor tyrosine kinases, stimulation of kinase activity by
autophosphorylation is evidently a consequence of stabilization of an A-loop
conformation that (i) allows unhindered access to ATP and protein substrates, and (ii)
facilitates the correct positioning of the residues critical for MgATP binding catalysis.
The bridging interactions of pTyr1163 with other A-loop residues and its similar spatial
position imply that Tyr1163 is the key in stabilizing the conformation of the trisphosphorylated A-loop. The Images showing the close proximity of ATP binding domain
and the Activation loop. AT2 may interact with the pocket formed here and inhibit the
tyrosine phosphorylation of the IR.

3.5.9 Cn3D 4.1 images showing the close proximity of A-loop of IR and ATP binding
domain.
With the evident finding of close proximity between the sequence homology of the
AT2 interacting random peptide and the A-loop and ATP binding domains of IR, we
created Cn3D 4.1 images of them.
Cn3D is a helper application for your web browser that allows you to view 3dimensional structures from NCBI's Entrez retrieval service. Cn3D runs on Windows,
Macintosh, and UNIX. Cn3D simultaneously displays structure, sequence, and alignment,
and now has powerful annotation and alignment editing features.
(http://www.ncbi.nih.gov/Structure/CN3D/cn3d.shtml ). CN3D uses MMDB files. RASMOL
shows just one image, CN3D shows all potential structures as well as Cn3D
simultaneously displays structure, sequence, and alignment. IRRK protein structure was
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visualized using Cn3D, an interactive 3D graphic modeling tool. Details of the structure,
such as ligand-binding sites, was scrutinized and highlighted. The region which is
supposed to be the Activation loop AA from 1149 to 1170 was highlighted and models
were made.

a

LOCUS: 1IRK, 306 AA: linear PRI 04-DEC-1998
DEFINITION: Insulin Receptor (Tyrosine Kinase Domain)
ACCESSION: 1IRKVERSION1IRK, GI: 999510DBSOURCE, Pdb: molecule 1IRK,
chain 32, release Jan 2, 1995; deposition: Jan 2, 1995;
Class: Transferase (Phosphotransferase); source: Human (Homo sapiens)
Recombinant Form Expressed in Baculovirus INSECT CELL;
Exp. method: X-Ray Diffraction. The Images showing the close proximity of ATP
binding domain and the Activation loop. AT2 may interact with the pocket formed here
and inhibit the tyrosine phosphorylation of the IR.
Figure 3.14 Cn3D 4.1 images of A-loop and AT2 binding domains of IR and
superimposition of AT2 interacting peptide.
.
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b

Figure 3.14 (continued)
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CHAPTER IV
CONCLUSIONS
The renin-angiotensin system plays an important role in the regulation of mainly
cardiovascular and fluid volume homeostasis, and in the control of various hormone
secretions like ADH and aldosterone, tissue growth and neuronal activity. Chronic
exposure to Ang II also seems to be involved in the pathogenesis of hypertension and
insulin resistance, although few studies have examined the relationship between the two.
Insulin resistance occurs in a wide variety of pathological states and is center of majority
of diseases like with obesity, type 2 diabetes, accelerated atherosclerosis, and
hypertension. (Reaven G.M. et al., 1996; Zanella M.T. et al., 2001). Variety of clinical
trials revealed that angiotensin II receptor blockade by losartan was associated with a
lower risk of onset of new type II diabetes.( Lindholm L.H. et al.,2002) It has been
reported that an ARB, losartan, either acutely or chronically, improves glucose tolerance
in the obese Zucker rat, at least in part through enhancement of skeletal muscle glucose
transport, and the effect of chronic Ang II receptor antagonism on skeletal muscle glucose
uptake is associated with an increase in GLUT4 protein expression (Henriksen E.J. et
al.,2001). However, it remains unclear whether Ang II has a direct effect on the insulinmediated pathway of glucose metabolism in addition to changes in local blood flow in
insulin-sensitive organs such as skeletal muscle.
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Recent studies have also suggested that Ang II might negatively modulate insulinmediated actions by regulating multiple levels of the insulin signaling cascade such as the
insulin receptor, insulin receptor substrate (IRS), and phosphatidylinositol 3-kinase (PI 3K).( Velloso L.A. et al.,1996; Folli F.et al.,1997; Folli F. et al.,1999) Recent reports
have also shown that inhibition of the RAS can increase insulin sensitivity (Suto J. et
al.,1998), suggesting a role for the RAS in the regulation of insulin action. As
hypertension and insulin resistance often coexist and are leading risk factors for
cardiovascular disease (Shiuchi T. et al.,2000), interactions between AII and insulin
signaling systems may have an important role in the regulation of vascular physiology
and the development of atherosclerosis. Protein-protein interactions are fundamental
processes for many biological systems including those involving the superfamily of
plasma membrane localized G-protein coupled receptors (GPCRs). A growing body of
biochemical and functional evidence supports the existence of membrane bound-GPCRRTK transactivation. Crosstalk between G protein-coupled receptors and cell surface
tyrosine kinase receptors (Togashi N. et al., 2002; Rakugi H. et al., 2002) may provide a
mechanism for such indirect actions of AII on vascular cell physiology. Recently, in vivo
studies it has been shown that AII infused into the heart can both stimulate insulin
receptor substrate-1 and -2 (IRS-1, -2) tyrosine phosphorylation and inhibit PI 3-kinase
activity associated with IRS proteins (Fruhbeck G. et al.,2001; Engeli S. et al.,2000) .
Intracellular crosstalk between different signaling systems is one of the mechanisms by
which cells can integrate multiple hormonal signals for survival and growth. Recent
studies have demonstrated that typical G protein-coupled receptors may activate or inhibit
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the signaling systems classically employed by tyrosine kinase coupled receptors. This
signal integration is particularly important to vascular tissues which are in intimal contact
with a variety of circulating hormones.
Therefore, we examined the possibility that in SHR rats which are a genetic model
for hypertension in human beings that AT1 would be associating with insulin receptor in
skeletal muscles and bringing out the insulin resistance. Our results of enhanced
association of AT1 with IR-beta subunit in the skeletal muscle of spontaneously
hypertensive rat may be the new mechanism for insulin resistance. In further
investigations, we also found out that a two-hour exposure to Ang II is sufficient to
induce AT1-IR association in MCF-7 human breast cancer cell lines. This result further
confirmed that the Ang II-activation of the AT1 is needed for the AT1-IR association.
Therefore we concluded in this case that the enhanced AT1-IR association that we
observed in SHR rat tissue must be due to AT1 activation, because these animals are
known to have hyperactive Renin-Angiotensin System. In the next set of experiments we
exposed the MCF-7 cells to Ang II and performed the radiolabelled insulin binding
assays. We found out that a two-hour exposure to Ang II inhibits 125I-Insulin binding to
Insulin receptor in MCF-7 cells. The significance of this observation is that it shows a
direct mechanism for insulin resistance. The Ang II-activated AT1-IR association
prevents insulin binding to IR. Therefore, it is possible that elevated Ang II levels in the
blood of hypertensive patients can induce such AT1-IR association that prevents Insulin
binding to IR.
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Hypertensive patients are known to have Ang II levels ranging from about 50
picograms/ml to 400 picograms/ml in their blood (Catt et al., 1971). To further confirm
that elevated Ang II levels seen in hypertensive patients can prevent Insulin binding to
IR, we tested the effects of different concentrations of Ang II on the 125I-Insulin-binding
to IR in MCF-7 cells. The exposure time was maintained same (2 hours) in these
experiments. We found that exposure to 50 Pico Moles of Ang II could induce 50%
inhibition of 125I-Insulin-binding to IR. This result strongly suggested that small
fluctuations in the levels of Ang II can induce mild insulin resistance, a pre-diabetic
condition. This result also pointed out that because many tissues in the body produce
Ang II by a local RAS as mentioned initially and many stimuli can cause small
fluctuations in the Ang II levels, how long Ang II lingers in the system will play a crucial
role in the development of Ang II-induced insulin resistance.
The Ang II receptors can directly interact with other membrane proteins. The
existence of heterodimer formation between endogenously expressed receptors has been
demonstrated for the AT1 and bradykinin B2 receptors in rat smooth muscle cells
(AbdAlla S. et al.,2000) , as well as human platelets and omental vessels (AbdAlla S. et
al.,2001) . This finding demonstrates that hetero-dimerization can indeed have important
clinical implications for the development of novel and improved treatment strategies for
GPCR-associated diseases. Preeclampsia is one of the most serious complications in
pregnancy in the Western world, characterized by hypertension. Preeclamptic women are
hypersensitive to the pressor effects of Ang II. Abdalla et al. have demonstrated that this
sensitivity directly correlates with a rise in AT1R/bradykinin B2 receptor heterodimers
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both in the platelets and omental vessels of the placenta in preeclamptic women, when
compared to normotensive pregnant women (AbdAlla S. et al., 2001). The increase in
heterodimer formation results in increased receptor/G-protein activity. Preeclampsia is
thus the first physiological disorder linked to altered levels of heterodimerization of G
protein-coupled receptors, and a prime example of crosstalk at the level of the receptors
themselves (Carey R. M. et al., 2003). Barki-Harrington et al., provided evidence for a
functional and physiological interaction between two G protein-coupled receptors: the �adrenergic receptors (betaARs) and the AT1. Selective blockade of betaARs in mouse
cardiomyocytes inhibited angiotensin-induced contractility with an IC50 that was similar
to its inhibition of isoproterenol-mediated contractility (Barki-Harrington L. et al., 2003).
Furthermore, administration of the AT1 receptor blocker valsartan to intact mice resulted
in a significant reduction in the maximal response to catecholamine-induced elevation of
heart rate. In the later set of experiments, we found out that in MCF-7 cells Ang IIinduces insulin-independent tyrosine phosphorylation of the IR-beta which starts only
after one hour. This similarity in the time frame for the 125I-Insulin binding to IR and
tyrosine phosphorylation of IR further strengthened our belief that Ang II-activated AT1
causes a biochemical change in the IR and thus inhibits the 125I-Insulin binding to IR.
Moreover, the treatment with the AT1-antagonist DUP753 prevented this Ang II-induced
tyrosine phosphorylation of the IR. This result further suggested that the observed
tyrosine phosphorylation of IR was caused by the AT1-signaling.The most significant
outcome of this experiment is that here we show for the first time that Ang II causes
AT1-IR association and Insulin-independent tyrosine phosphorylation of IR-beta, two
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events that can change the conformation of IR-beta. The fact that these events are
affecting the IR-functionality is evident from the observation that the time taken for these
events to occur correlates with the inhibition of the 125I-Insulin binding to IR. It is
possible that these events can also change the conformation of IR-alpha and contribute to
the lack of 125I-Insulin binding to this subunit. We further hypothesized that the Ang IIinduced Tyrosine phosphorylation of IR might not be similar to the Insulin-induced
Tyrosine phosphorylation of IR. Normally, insulin-mediated Tyrosine phosphorylation
of the IR leads to internalization of the IR and also to insulin clearance. Since Ang II can
cause insulin resistance, and prevent 125I-Insulin binding to IR, the biochemical changes
that it induces on the IR cannot be similar to those that support the beneficial signaling by
the IR. To test this hypothesis, we exposed the MCF-7 cells to either Insulin (100nM) or
Ang II (100nM). We found out that Ang II-Induced tyrosine phospho-protein pattern of
the insulin Receptor and associated proteins is not similar to insulin-induced tyrosine
phospho-protein pattern.
In conclusion, our studies had identified a novel mechanism for the Ang II-induced
Insulin resistance. Our results strongly support the idea that receptor-level interaction
between the Ang II-activated AT1 and Insulin receptor IR contributes to inhibition of
Insulin binding to IR. This can result in the lack of insulin clearance and contribute to
hyperinsulinemia. Moreover, AT1-IR association can also cause biochemical changes to
IR-beta and alter its functions, because the immunoprecipitated IR-beta from Ang IIexposed cells show a different phospho-protein pattern. As previously mentioned the
juxta-membrane region and tyrosine motif in the cytoplasmic domain of the IR-beta are
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needed for Insulin clearance. Therefore it is reasonable to assume that biochemical
changes to IR-beta will contribute to the lack of Insulin clearance.
An estimated 20% of the US adult population is afflicted by the metabolic
syndrome, which makes it to 60 million people. Insulin resistance appears to be a central
feature of this syndrome, which is associated with hypertension, hyperlipidemia,
hypercoagulability, inflammation, and ultimately atherosclerosis and cardiovascular
disease. Various studies show that insulin resistance predicts the incidence of and
mortality related to coronary artery disease and stroke. There is no doubt that there exits a
cross talk between the RAS and insulin signaling at multiple levels, and the RAS appears
to play a very important role in emergence of insulin resistance, which may make it an
appropriate target for intervention.
Based on the results in the study following work can be done in to near future:
1) Confirmation of AT1-IR direct interaction in Y2-H system.
2) What regions of the AT1 and IR interact with each other: Based on the hypothesis
following regions may play a role in At1-IR interaction.
a) 3rd ICL of AT1
b) C-terminal of AT1
3) What are the receptor-specific components that contribute to insulin-independent
Tyrosine phosphorylation of IR in response to Ang II
4) Do the Tyrosine phospho-proteins that co-precipitate with the IR-beta subunit differ
in the tissues from normotensive animals versus hypertensive and/or insulin
resistant animals?
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5) Can AT1 also interact with other RTK like leptin receptor which is associated with
lipid metabolism and brings out leptin resistance and obesity in hypertensive
conditions?

Regarding the AT2 receptor, Knowle et al. (Knowle D. et al., 2000) documented a
direct interaction between the AT2 receptor and the ErbB3, a member of the EGF
receptor family and proposed that the existence of a direct interaction between these two
receptors may play a role in the regulation of growth during the initial stages of
development (Pulakat L. et al., 2002; Knowle D. et al., 2000). Recently, Pulakat et al.
(Pulakat L. et al., 2004) identified the existence of a protein-protein interaction between
the specific regions of the AT2 receptor and a mouse sodium hydrogen exchanger 6
(NHE6) proteins. Further, it was shown that the AT2 receptor can complex with the
NHE6 in mammalian cells in a ligand-dependent manner suggesting that the hormone
Ang II may act as a regulator of NHE6, and Ang II mediated direct protein-protein
interaction between AT2 and NHE6 could be mechanism for modulating the functions of
ubiquitously expressed NHE6 in different tissues (Pulakat L. et al., 2004). Using yeast
Two-Hybrid system followed by biochemical assays, Pulakat et al. (Pulakat L. et al.,
2004) demonstrated a direct interaction between the AT2 receptor and the S1 subunit of
the pertussis toxin and proposed that this could be another biochemical mechanism for
pertussis-toxin induced damage leading to the pathological condition of whooping cough.
The present study demonstrates negative intracellular cross-talk between
angiotensin II type 2 (AT2) and insulin receptors. Transient expression of AT2 receptor
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and its stimulation leads to inhibition of insulin-induced tyrosine phosphorylation of IR in
transfected Chinese hamster ovary cells. Although the AT2 receptors have been
connected to the process of wound healing and tissue repair, owing to increased AT2
expression after tissue injury, none of the studies have been able to define the molecular
mechanisms underlying these protective effects. Most interestingly, the AT1 and AT2
receptors also have been shown to heterodimerize (AbdAlla S. et al., 2001). The AT2
receptor binds directly to the AT1 receptor, thereby antagonizing the signaling pathways
and functions of the AT1 receptor. The direct inhibition of the AT1 receptor by the AT2
receptor binding does not depend on AT2 receptor activation (AbdAlla S. et al., 2001).
In the present study we show that the transient expression of AT2 receptor inhibits
the tyrosine phosphorylation of IR. Not only that it also directly interacts with IR and
brings about the effect. Also there are no phosphates involved in this inhibition of
phosphorylation. While examples of transactivation of receptor tyrosine kinases by
mitogenic G protein-coupled receptors have been reported previously, this is one of the
first demonstrations of functional trans-inhibition of receptor tyrosine kinase activity by G
protein-coupled receptor like AT2 by direct receptor-receptor interaction. The discovery
of this novel type of communication between two subfamilies of membrane receptors
may open new perspectives for the understanding of cell growth attenuation and
pathology of proliferative diseases. These data may also have potential relevance to
pharmacotherapy of important medical conditions such as hypertension and diabetes.
Based on the results in the current study following work can be done in to near future:
1) Identification of regions involved in AT2-IR interaction.
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2) Confirming the AT2-IR association is inhibiting down streaming signaling as
activation of PI3-Kinase.
3) Involvement of A-loop, ATP binding domain in the AT2-IR interaction.
4) Can AT2 also interact with other RTK like leptin receptor which is associated
with lipid metabolism and brings out leptin resistance and obesity in hypertensive
conditions?
5) Can AT2 also interact with other RTK like PDGF which is also shares an ATP
binding domain like that of IR and Erbb3?

Figure 4.1 Figure showing the conservation of ATP binding domain in human
PDGF
Significance of the current research
 Hypertension and Insulin Resistance coexist in Metabolic Syndrome. Insulin
Resistance leads to Type II diabetes. Insulin resistance can be defined as lack of
insulin binding to IR and lack of IR-signaling due to events downstream to ligand
binding. Our results show that AT1 can induce insulin resistance via inhibition of
insulin binding to IR and sequestering IR in an AT1-IR complex.


Moreover we show that AT2 can also induce insulin resistance by preventing IRsignaling via inhibition of phosphorylation.
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Thus, Ang II can modulate IR-signaling via both its receptors and contribute to
insulin resistance.



However given the high conservation of Ang II receptors and there multiple roles
in inhibiting signaling in these receptors in an indiscriminate manner is unsafe.
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APPENDIX A
TRANSCRIPTIONAL REGULATION OF PROLIFERATING CELL NUCLEAR
ANTIGEN IN MOUSE MELANOMA CELL LINE B16CG AFTER TREATING WITH
EUPHORBEIACE PLANT EXTRACT
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A.0 Abstract
Proliferating Cell nuclear Antigen (PCNA) is an S-phase marker that associates
with DNA without actually binding, via a ring shaped trimetric complex with six-fold
symmetry. Though this molecule does not have any endogenous enzymatic activity, it
mediates its interaction with a large number of proteins that are crucial for DNA
replication and repair. It is highly conserved across species ranging from bacteriophages,
archaea, insects, plants and animals. To determine the regulation of expression of PCNA
in these cells, the cells were exposed to extracts from plants of Euphorbiaceae family
(EPE) and microarray analysis was carried out to identify the EPE changes in gene
expression profiles of the cells. It was found out that EPE treated cells do not have PCNA
RNA. Western blot analysis showed that the PCNA protein was diminished in EPE
treated cells. To determine the role of PCNA promoter in this regulation, the B16 cells
were transfected with PCNA promoter attached to Luciferase gene. EPE treatment of
these cells resulted in more than 60% decrease in Luciferase activity; implying that the
EPE treatment directly affected the promoter function. We also analyzed the effect of
EPE-treatment on PCNA of human breast cancer cell line MCF-7. The untreated cells
showed two forms of PCNA, the non-phosphorylated, less active form and the
phosphorylated form of PCNA, which is expressed in G1-S phase and plays a role in eitopathogenisis of cancer. The treated cells showed only the non-phosphorylated form,
implying the EPE treatment might have a role in de-phosphorylating the phosphorylated
form of PCNA.
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A.1 Introduction
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A.1.1 Etio-pathogensis of cancer and role of PCNA
When a normal cell DNA is damaged by any means it activates two of the many
pathways for cell survival. One such pathway makes the cell undergo apoptosis, a
programmed cell death (PCD), preventing the damaged DNA to enter into cell cycle.
Another pathway makes the cell cycle to arrest at the G1-S phase and allows the DNA to
undergo repair by various mechanisms, thus preventing the damaged DNA to further
replicate. However, if the damaged DNA enters into the cell cycle replication, the cycle
of uncontrolled cell growth (cancerous) begins (Paunesku T. et al., 2001). The DNA
damaged by radiation, chemical or any other factors, is uncontrolled by its negative check
points and keeps on multiplying more than required by any given tissue, leading to
cancerous growth of the cell. Depending upon the type of cancer and tissue of origin this
basic mechanism of etio-pathogensis of malignancy might differ, but as a whole it
remains same.

PCNA is an auxiliary protein of DNA polymerase delta and is involved in the
control of DNA replication by increasing the polymerase’s processibility during
elongation of the leading strand (Paunesku T. et al., 2001). Its location is nuclear with
261 amino acids mostly acidic with M = 29,261 Daltons. Study of the crystal structure of
PCNA reveals a ring shaped trimetric complex with striking six-fold symmetry, which
can encircle double-stranded DNA and slide freely along it. This structural information
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gives a vital clue to know how PCNA could stably associate with DNA; it forms a sliding
platform that can mediate the interaction of several proteins with DNA in a nonsequence-specific manner. This protein forms a homotrimeric structure which, encircling
DNA, loads the polymerase on the DNA template. These so-called “sliding clamps” are
highly conserved through evolution. Homologues of PCNA are found in eukaryotes,
archaea, bacteriophages and some viruses (Del Giglio A. et al., 1993). PCNA protein is
one of the central molecules responsible for decisions of life and death of cell. The PCNA
gene is induced by p53, while PCNA protein interacts with p53-controled proteins
Gadd45, MyD118, CR6 and most importantly, p21, in the process of deciding cell fate
(Technical Manual No. 033).
Chronic Lymphocytic Leukemia (CLL) is usually an indolent disorder which in
some patients assumes an aggressive clinical course. In order to assess the prognosis of a
given patient, several staging systems and prognostic variables have been proposed
including the expression of the PCNA. In CLL, PCNA levels correlate with cell
proliferation, clinical stage and the lymphocyte doubling time (LDT). Furthermore,
preliminary data suggests that PCNA expression may also predict response to
Fludarabine-based chemotherapy. Since PCNA is a cofactor for delta DNA polymerase,
PCNA over expression in CLL may also reflect the intrinsic DNA repair activity of the
leukemic cells and thus their resistance to chemotherapy. Further studies aiming at
modulation of PCNA expression in CLL cells may clarify this issue and may offer a
future new therapeutic strategy to treat this disorder (Del Giglio A. et al., 1993). The
evolution from prokaryotes to eukaryotes involved a change of function of PCNA from a

170
‘simple’ sliding clamp protein of the DNA polymerase complex to an executive molecule
controlling critical cellular decision pathways. The evolution of multicellular organisms
led to the development of multicellular processes such as differentiation, senescence and
apoptosis (Dietrich D. et al., 1993).

A.1.2. Use of Euphorbiaceae plant extract in treatment of cancer
There are three main weapons against cancer surgery, radiotherapy and
chemotherapy. Most anticancer drugs act by damaging the DNA within cancer cells,
inhibiting their ability to proliferate. Unfortunately, these drugs also damage the DNA of
normal cells and thereby produce severe side effects. Although these classical methods of
treatment have given fairly good results in general, the Results have yet to be improved,
especially in late cases with secondary metastasis and differentiation of the primary
tumor. Thus for many years, the search for a more effective means of anti-cancer
treatment has been going on world wide. The scientists are developing drugs that target
the unique makeup and mechanisms of cancer cells. This approach is producing a new
generation of cancer-fighting drugs that are more effective and less harmful to the patient.
With greater understanding of how cancer works at the cellular level, researchers are now
looking more closely at compounds already existing in nature, such as ones used in the
traditional medicines of China and India. An ideal drug would of course be one that could
directly kill all the cancer cells without harming the normal tissues, and also without
causing general toxicity.
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The possibility of a productive relationship between conventional oncology
and natural medicine is growing stronger than either field might have predicted a few
years ago. Such a relationship should not be surprising; several important anticancer
drugs already in common uses derive from natural compounds. Examples include Taxol,
obtained from the pacific yew tree, and Vincristine, obtained from the periwinkle plant
are been used extensively in conventional cancer medicine. “Traditional medicine is
based on the needs of individuals. Different people may receive different treatments even
if, according to modern medicine, they suffer from the same disease. Based on a belief
that each individual has his or her own constitution and social circumstances which result
in different reactions to “cause of disease and treatment.” (World Health Organization.
Report. 1998). Within the scientific community, interest in natural compounds is
increasing, fueled partly by the well-documented limits and adverse effects of current
chemotherapy drugs, as well as the ongoing search for better ways to fight the disease.
According to the World Health Organization about 80% of the population in many
countries still uses traditional medicine (e.g. medicinal plants) for their primary health
care. (World Health Organization Fact Sheet N 134., 1996). Therefore, there is a need to
study these medicinal plants for their efficacy, safety and quality, and also to search for
potentially valuable medicinal material from which novel curative agents may be created
for the benefit of all humankind. The investigation of plants as potential sources of new
drugs to treat cancer, AIDS and malaria requires the search of as many resources as
possible. The discovery of phytochemical compounds with, for example, cytotoxic and/or
anti-tumor activity could lead to the Production of new drugs for the treatment of cancer.
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Euphorbiaceae plant extract has been used to treat cancers of skin origin for a long
time especially basal cell carcinoma, melanoma and squamous cell carcinoma. This
enormous genus belongs to the very diverse Euphorbia Family (Euphorbiaceae) with at
least 7,500 species. The variation within this genus is astonishing, from low-growing
garden weeds called spurges to giant. The Peplin Biotech (Australia) has discovered a
novel class of natural compounds, purified from Euphorbia sp. Peplus, (which is different
from which we are working in the laboratory), which show great potential in the
laboratory as a potent treatment for a wide range of human cancers including breast and
prostate cancer, leukemia, melanoma and other skin cancers, as well as lung, colorectal
and cervical cancer. Their early clinical trial on thick and thin non-melanoma skin
cancers has confirmed that the compounds are very effective in producing long –term
(possibly permanent) responses in human patients without any evident systemic toxicity
when applied topically. This is highly significant as the current topical methods of drug
treatment require long periods of application without being fully effective and physical
methods (e.g. surgery) are expensive and difficult to apply to the large areas affected,
especially in older people and immunocompromised individuals (Davis C. et al.,2002) .
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Peplin Biotech began a study to determine the performance of crude sap against a variety
of cancers, with an emphasis on skin cancers. Surprisingly, the sap was not only
efficacious against a variety of skin cancer cell lines, including strains of malignant
melanoma resistant to conventional chemotherapeutic agents, but also had powerful cell
inhibitory activity against a wide range of other tumors tested, including breast cancer
cells (Davis C et al., 2002).
Figure A.1. Graph showing the inefficacy of EPE extract against various cell lines.
In the US alone, the annual cost for dealing with non-melanoma skin cancer at all
levels has been estimated at US$5.5 billion. There is therefore a need for a simple,
reliable method of treating skin cancer on a large scale and with less toxicity. The drug
on which the experiments were done in the laboratory is a gift from a hospital in Asia.
The hospital has been using, this specific drug for treating breast cancer and colon cancer
since long time. The drug is an oil based extract from the Euphorbiaceae plant. The
extract is processed in the hospital laboratory and available only in the pharmacy of the
hospital. The drug is applied topically on the patient’s breast twice daily. The genus
Euphorbiaceae is studied for its anticancer activity across the globe including Roswell
Park Cancer Institute NY.
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Phase I/II clinical trial of the crude sap on skin cancer patients at the Mater Hospital in
Brisbane. The trial was restricted to patients who had failed or refused conventional
therapy. The skin cancers treated in the trial, therefore, tended to be at an advanced stage
and some were on sites where healing after surgery or radiotherapy was a serious
problem (e.g. the lower leg in older patients). Long-term complete remissions were
confirmed by biopsy and were >80% (Davis C et al., 2002).
Figure A.2. Pre and post treatment of skin cancer by EPE.

A.1.3. Aim of the present study
Although information is available about the anti-cancer property of the
Euphorbiaceae Drug, yet the molecular basis remains unidentified. Previous studies in the
lab using microarray technique, it has been shown that various cancer promoting genes
are down regulated or their expression is absent after the treatment with Euphorbiaceae
Plant Extract (EPE). However the mechanisms of action and particular regulatory
functions have not been deciphered. The basic aim of the project is to use the
conventional methods in drug development and test them against the EPE. The goal of
the research program to identify a novel mechanism of action of the EPE drug on
melanoma cells, which known to have anticancer activity.
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Current research efforts are directed toward investigating the mechanisms of cell
death Induced by EPE drug. Specially, we are interested in investigating the cellular
molecules and mechanism that are involved in the EPE action of the cell death. One such
gene down regulated by the EPE treated is PCNA. In order to find out as how the EPE
affects the PCNA expression and functions, we carried out analysis of expression of
PCNA protein at various levels. This included checking for PCNA levels in the treated
and untreated cells by using the western blot method. To identify the EPE effect on
PCNA promoter using the Luciferase assay technique and later structural analysis of the
PCNA promoter.

A.2. Materials and methods

A.2.1. Cell culture
Four different cell lines were used in these experiments as shown in Table 1.
B16CG Melanoma cell lines and Chinese hamster ovary (CHO) cell lines are generous
gifts from John Hopkins University. Dulbeccos Modification of Eagles Medium
(DMEM) for B16CG cells and MDAMB- 453 cells was purchased from ATCC. F-12
HAM media was purchased from Sigma USA.
B16CG cells were maintained in DMEM medium in CO2 incubator in T-25/T-25
flasks. MCF-7 cells were maintained in MEM medium again in CO2 incubator in T-25/T25 flasks. MDA-MB-453 Cells were maintained in L-15 medium in plain incubator in T25/T-25 flasks. CHO cells were maintained in F-12 medium in CO2 incubator in T-25/T-
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25 flasks. After sub culturing, the cells were allowed to grow for 12 hrs and then 0.5 ml
of EPE and control oil was added to 10ml of medium and this medium was used to
replace the medium in the plates and one plate was kept as control. In all cases the cells
were observed at 2 hr interval and when the 90% of the cells were detached in the EPE
container all the cells were collected by the scrapping method. The cells were harvested,
lysed collected and further subjected to SDS-PAGE analysis followed by western blot
analysis.

A.2.2. Experimental visualization of the cells
The images of the cells were captured by connecting the Motic images camera
version 1.3 purchased from Micro-Optic Industrial Group Co. Ltd. USA to the compound
microscope. All the images are on low and high power. The images from the treated and
untreated cells were taken at same time.

A.2.3. Western blot analysis
The western blot experiments were performed using the kit purchased from Bio-Rad
USA. The probing was done using anti-PCNA antibody, which was purchased from
Santa-Cruz Biotech USA. The western blot detection kit ECF was purchased from
Amersham Biosciences USA. The cells were grown overnight in T-25 flask. After
incubation the medium was removed and along with new 5ml of medium about
500microliter of the drug was added in the experimental samples. In the control samples
all the conditions were maintained same except the EPE drug. The cells were collected
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every 2 hour interval and harvested and stored in -70 C for future use. The collection of
the cells was at 2, 4, 6,8,10,12,14,16 and 18 hrs after adding the drug.
The harvested cells were lysed by using non-idet buffer solution [1% Nonidet P40, 100mM NaCl, 75mM Tris–HCl pH 7.4, 50mM NaF, 3mM EDTA, and 1% protease
inhibitor cocktail (containingPMSF34.84 mg/ml, aprotinin 1 mg/ml, pepstatin 1 mg/ml in
ethanol)]. Before loading, the protein concentration was measured by using the Bio-Rad
DC Protein Assay based on the principle of colorimetric assay for protein concentration
following detergent solubilization. The lysates with equal amount of protein along with
SDS loading dye were subjected to SDS-PAGE for about 2-3 hrs till the dye is at the
bottom of the gel. The proteins from the gel were transferred to a nitrocellulose
membrane. This membrane was probed with anti-PCNA antibody which was directed
against the whole of PCNA protein (261 amino acids). The detection of the bands was
done by ECF kit.

A.2.4. Luciferase Assay
The plasmid construct (pG-1265PCNA.LUC) having the PCNA promoter was a
gift from Dr.Gokul M. Das (department of Pharmacology & Therapeutics, Roswell Park
Cancer Institute, University at Buffalo). The given plasmid is cloned in the basic pGL3
vector from Promega Company. Transfections were done using the Lipofectamine 2000
purchased from Invitrogen USA. The Luciferase assay was carried out in Wallace 1420
multilabel counter using by Luciferase reporter assay kit purchased from BD Biosciences
Clontech USA. This plasmid was transfected into the B16CG cells.
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The cells are counted and sub-cultured in a 6-well transfection plates. After
overnight incubation the transfection is carried out. In brief during the transfection the
DNA and the Lipofectamine are mixed 1:1 and in serum free media and incubation for 20
min. The media in the wells is replaced by media without antibiotics which might prevent
transfection. This mixture of DNA and Lipofectamine is added to the wells having the
antibiotic free media. The cells are incubated for 36 hours with the DNA and
Lipofectamine. After 36 hours the cell are exposed to the EPE drug for an intervals of 4,
8 and 12 hours. After this all the samples are lysed by the special lysis buffer provide by
the Luciferase reporter assay kit. The controls for the readings are the nontransfected
B16CG cells, the transfected non-treated cells, blank, and detection agent A+B without
any cells.

A.3.

Results and Discussion

A.3.1.1 Exposure of EPE drug to various cancerous cell lines
During the phase of the drug development the first set of experiments was to
expose the EPE drug various available cell lines. As mentioned earlier we screened the
drug against four cell lines originating from three different species and three different
kinds of tissues. The aim behind selecting different kind of cell lines with different tissue
origin was to look at behavior of the drug on these Cells. The various cell lines used for
the purpose are listed in the Table A.1.
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Table A.1 Showing the information about the various cell lines, their source and tissue
of origin.

A.3.1.2 Exposure of EPE to B16CG mouse melanoma cell line
In B16CG mouse melanoma cell line the initial observation was that with in 6
hours after adding the drug, the melanoma cells started to detach from the flask. After 1416 hours about 97% of the cells detached from the bottom of the flask and floated in the
medium as shown in the figure 4.3 the controls showed no change even after 16 hours. It
was clear from the results that there is definite cell death or destruction in these cell lines
after they are exposed to EPE, while the control did not showed any change.
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Images taken from the mitoc camera, showing the effect of EPE treatment on B16CG
mouse melanoma cells. The First picture is control in which the cells are not exposed to
the EPE. The arrow indicates towards the normal cells. The second picture is that of
B16CG mouse melanoma cells exposed to EPE. The arrow indicates towards the dead
cells.
Figure A.3 B16CG mouse melanoma cells pre and post exposed to EPE treatment.

A.3.1.3 Exposure of EPE to MDA-MB-453 human breast cancer cell lines
With the destructive effect of the EPE on B16CG cells as shown in fig 4.4, we
tested the drug against MDA-MB-453 human breast cancer cell lines. In MDA-MB-453
human breast cancer cell line the initial observation was that with in 24 hours after
adding the drug, the breast cancer cells started to detach from the flask. After 72-74 hours
about 97% of the cells detached from the bottom of the flask and floated in the medium
as shown in the figure 4.4 the controls showed no change even after 76 hours. It was clear
from the results that there is definite cell death or destruction in these cell lines after they
are exposed to EPE, while the control did not showed any change.
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Images taken from the mitoc camera, showing the effect of EPE treatment on MDA-MB453 human breast cancer cell. The First picture is control in which the cells are not
exposed to the EPE. The arrow indicates towards the normal cells. The second picture is
that of MDA-MB-453 human breast cancer cell exposed to EPE. The arrow indicates
towards the dead cells.
Figure A.4

MDA-MB-453 human breast cancer cells pre and post exposure to EPE
treatment.

A.3.1.4 Exposure of EPE to CHO Chinese hamster ovary cells
With the destructive effect of the EPE on B16CG, and MDA-MB-453 cells as
shown in fig 4.4, and fig 4.5, we tested the drug against CHO Chinese hamster ovary cell
lines. CHO Chinese hamster ovary cell line the initial observation was that with in 12
hours after adding the drug, the cho cells started to detach from the flask. After 24 hours
about 97% of the cells detached from the bottom of the flask and floated in the medium
as shown in the figure 4.6 the controls showed no change even after 24 hours. It was clear
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from the results that there is definite cell death or destruction in these cell lines after they
are exposed to EPE, while the control did not showed any change.

CHO cells

Images taken from the mitoc camera, showing the effect of EPE treatment on CHO
Chinese hamster ovary cells. The First picture is control in which the cells are not
exposed to the EPE. The arrow indicates towards the normal cells. The second picture is
that of CHO Chinese hamster ovary cell exposed to EPE. The arrow indicates towards the
dead cells.
Figure A.5 CHO Chinese hamster ovary cells pre and post exposure to EPE treatment.
A.3.2 Different time for cell death in different cell lines
In CHO cell line the process of detachment started in about 10-12 hours after
adding the EPE drug and about 100% cell detachment took place with in 20 hours. Again
there was no change in the control flasks as shown in fig.4.6. In MCF-7 and MDAMB453
cell lines the initial observation was bit different. In both the cell lines, the cell
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detachment process started after 16 hours of adding the drug and the complete
detachment took place after about 60-72 hours as shown in fig.4.5. It can be explained on
the basis of the cell cycle multiplication of the all these cells. In cases of B16CG and
CHO cell lines the cell multiplication time is about 18 hours and in case of MCF-7 and
MBA-MB-453 it is 60 hours. When observed under compound microscope, the cells
floated in the medium with change in morphology. These observations assured that, there
is certain amount of change in cell behavior after adding the drug. The next question
posed was what exactly happens to cell. To answer these intervening questions both the
treated and untreated cells were stained for Trypan blue dye. Only the treated cells were
stained indicating that the cells were dead. Also both the cells were harvested and Subcultured. Only the untreated cells were able to grow normally and the treated cells didn’t.
Indeed The treated cells were floating in the medium after re-suspension.

Figure A.6. Graph comparing the effects of EPE on CHO and B16CG melanoma cells
over a period of 24hrs.
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Figure A.7. Graph comparing the effects of EPE on MDA-MB-453 and
MCF-7 cells over a period of 76 hrs.

A.3.3. Detection of PCNA levels in the treated cells
After detecting the change in the morphological behavior of the cells by the action
of the drug, we further carried out analysis to unravel the molecular basis of drug action.
Previous studies in the lab established that the expression of the gene responsible for
producing the PCNA protein was absent upon exposure of the drug as shown in the fig
A.8.

185

The circle and arrow indicates the site of the PCNA gene in the cell cycle array. As
shown in the picture the expression of the PCNA was absent in the cell cycle array as
compared to the non treated array. (Previous studies in the lab).
Figure A.8 Microarry’s showing the decreased expression of PCNA in EPE treated
B16CG cells.
A.3.4. Western blot analysis of PCNA in B16CG treated cells.
To get further insight into the levels of PCNA B16CG cells, we investigated
whether treatment of these cells by EPE modifies the expression of PCNA.
As shown in Fig4.7, the previous studies done in the lab demonstrated that, in microarray
studies the expression of PCNA gene was absent. To prove this further we treated the
B16CG cells with EPE and performed western blot analysis. The protein concentrations
of the lysates of treated and non-treated B16CG cells were determined by BioRad DC
protein assay, and adjusted to be same (about 600 ug). These cell pellets were subjected
to SDS-PAGE analysis followed by Western blotting and probing with rabbit polyclonal
anti-PCNA antibody.
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As shown in Fig. 3.9, lane 1 shows a band of molecular weight of about 35kDa
corresponding to the PCNA in the sample generated from 2hours EPE non- treated
B16CG cells. But in lane 2 there is no visible band corresponding to the PCNA in the
sample generated from 2 hours EPE-treated B16CG cells. This observation was
consistent with densitometric analysis (using NIH ImageJ 1.36b) of the intensity of the
bands in these lanes. These results are repeated again in lane3 which shows a band of
molecular weight of about 35kDa corresponding to the PCNA in the sample generated
from 4 hours non- treated B16CG cells, but again in lane 4 there is no visible band
corresponding to the PCNA in the sample generated from 4 hours EPE-treated B16CG
cells. These results maintained the same pattern even after EPE-treatment of the cells for
6 hours as shown in lane 5 and 6. These results indicate that in case of B16CG mouse
melanoma cell lines, the western blot results showed that with in 4 hours of exposure to
the EPE drug the levels of PCNA proteins decreases and after 6 hours of treatment the
protein is totally absent. The untreated samples do not show any change as shown in
fig4.8. These results confirm the earlier observations in the lab regarding the down
regulation of PCNA gene in microarray studies.
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Lane 1: pellet from the lysate 2 hours EPE non- treated B16CG cells. Lane 2: pellet from
the lysate of 2 hours EPE-treated B16CG cells. Lane 3: pellet from the lysate of 4 hours
EPE non- treated B16CG cells. Lane 4: pellet from the lysate of 4 hours EPE-treated
B16CG cells. Lane 5: pellet from the lysate of 6 hours EPE non- treated B16CG cells.
Lane 6: pellet from the lysate of 6 hours EPE-treated B16CG cells. Bands (molecular
weight of about 35 kDa) corresponding to the size of PCNA were seen in the pellet
generated from the EPE non-treated cells, while these bands were absent in the EPE
treated cells. These results suggest that the EPE treatment is definitely decreasing the
expression of PCNA protein. Lower panel is a stained SDS-gel. Lane 1: pellet from the
lysate 2 hours EPE non- treated B16CG cells. Lane 2: pellet from the lysate of 2 hours
EPE-treated B16CG cells. Lane 3: pellet from the lysate of 4 hours EPE non- treated
B16CG cells. Lane 4: pellet from the lysate of 4 hours EPE-treated B16CG cells. Lane 5:
pellet from the lysate of 6 hours EPE non- treated B16CG cells. Lane 6: pellet from the
lysate of 6 hours EPE-treated B16CG cells. This shows that the protein concentrations of
the lysates used for this experiment are comparable.
Figure A.9.

Autoradiogram of western blot analysis of PCNA protein in EPE treated
cells.

A.3.5. Transcriptional regulation of PCNA promoter using Luciferase assays
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The pGL3 Luciferase Reporter Vectors provide a basis for the quantitative
analysis of factors that potentially regulate mammalian gene expression. These factors
may be cis-acting, such as promoters and enhancers, or trans-acting, such as various
DNA-binding factors. The backbone of the pGL2 Luciferase Reporter Vectors was
redesigned for the pGL3 Vectors for increased expression, and a modified coding region
for firefly (Photinus pyralis) Luciferase that has been optimized for monitoring
transcriptional activity in transfected eukaryotic cells (fig 4.9). The assay of this genetic
reporter is rapid, sensitive and quantitative. In addition, the Luciferase Reporter Vectors
contain numerous features aiding in the structural characterization of the putative
regulatory sequences under investigation. (Promega technical catalogue).
To determine the role of the EPE drug on the promoter of the PCNA, a plasmid
carrying PCNA promoter upstream to the Luciferase gene was used. The Luciferase gene
technique is a useful tool for understanding the regulation of a promoter sequence to its
upstream. This plasmid containing the Luciferase gene and the PCNA promoter attached
to its upstream was transfected in the B16CG melanoma cell lines by using the
Lipofectamine 2000. In the process of transfection the Lipofectamine forms a lipid
emulsion around the given plasmid (in our case the pg-1265PCNA.LUC) and helps it in
entering the cell. Once the plasmid enters in the cell, it gets incorporated in the cellular
DNA and starts producing the Luciferase protein. The amount of Luciferase protein
produced in the cell is a directly proportional to the activity of the promoter attached to
its upstream (in our case the PCNA promoter).
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The pGL3-Basic Vector lacks eukaryotic promoter and enhancer sequences, allowing
maximum flexibility in cloning putative regulatory sequences. Expression of Luciferase
activity in cells transfected with this plasmid depends on insertion and proper orientation
of a functional promoter upstream from luc+. Potential enhancer elements can also be
inserted upstream of the promoter or in the BamH I or Sal I sites downstream of the luc+
gene. (Promega Cat. # E 1751).
Figure A.10. pGL3 Basic Vector.
After transfecting the B16CG cells with the plasmid (pG1265PCNA.LUC), the
cells were exposed to the EPE drug. The cells were collected at 4, 8 and 12 hours after
adding the drug. The controls for the experiments were the non-transfected B16CG cells
and transfected non-treated cells. All the data has been in summarized in the bar graph
(fig.4.10). From fig.4.10 it is clear that there is more than 80% decrease in the Luciferase
activity of the treated B16CG melanoma cells in first four hours of treatment. This result
implies that the drug has a direct effect on the promoter of the PCNA gene, downregulating its expression. This experiment gives an insight into one of the many
mechanisms of action of The EPE drug on the B16CG melanoma cells.
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There is a decrease in Luciferase activity in B16CG cells transfected with the pGL3 Basic
Vector with PCNA promoter upstream to the Luciferase gene after treatment with EPE.
Figure A.11. Graph showing the Luciferase activity in B16CG cells after treatment with
EPE.

A.4 Summary and significance.
If we summarized the results we can postulate a definite sequence of pathway by
which the EPE drug is acting on the melanoma cells at various levels. With in 6 hours of
exposure the cells start dying in the cell culture plates, and after 18 hours about 98% of
the cell death occurs. This is physical destruction of the cell. Our previous database
shows that the EPE exposure abolishes the expression of PCNA gene. We confirmed that
the protein PCNA is absent within 6-8 hours of treatment. By Luciferase assay it was
identified that the EPE drug has a direct effect on the PCNA promoter. By the structural
analysis of the various promoter sequences of the genes, we postulate that a common
molecule like Sp1 might be targeted by the EPE for inhibition. In the battle against
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cancer, the ability to target cancer cells specifically has been hampered by incomplete
understanding of the differences between normal and cancer cells. With the aim of
identifying a common target by the EPE drug, we analyzed the prior work done in the on
the lab on the various genes of the B16CG melanoma cells. We examined all the genes
whose expression was either absent or down-regulated after treatment by the EPE drug.
The method used for analysis was a computer program from NIH called Transfec and
TESS. The results showed that there is a common sequence on the promoters of the
genes PCNA, Cdk2, McM, B-Cat, CD44, Adamts-1, BrCa1, Survivin, and Cyst3
GGCTGGGC on which the Sp 1 transcriptional factors binds our previous studies show
that the expression of all these genes which are having Sp 1 binding sites, Are either
down- regulated or absent. This analysis clearly shows a group of common sequence
elements among the promoters of the various genes examined. SP1 is a transcriptional
activator required for activating the promoters of all these genes whose expression was
either absent or down regulated as a result of EPE exposure. Hence we put forward one
of the mechanism of action of the EPE drug on melanoma cells, might be the inhibition
of the Sp1 or Sp1 like transcriptional factors which in tern inhibit a set of genes whose
expression is controlled by the Sp1 activating its promoter.
A more fruitful approach surely is to strengthen the patient’s natural resistance and
use a varied group of compounds to attack all the primary mechanisms that permit cancer
cells to prosper. A single drug at most can target only a few of the active mechanisms,
leaving cancer cells wounded but free to adapt. A more sensible, Organic approach is
called for, but such an approach is still relatively foreign to western medicine. In contrast,
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herbal medicine traditions from around the world have since ancient times employed
formulas containing large combinations of plants that support the resistance of the patient
while treating the disease. Natural compounds are perfectly suited to the current
molecular-target approach of drug development, as well as the use of combinations: they
produce few adverse effects, many act as tonics, each inhibits multiple aspects of cancer
cell proliferation, and as a group they show a propensity for synergistic interactions. We
are not suggesting that cancer can be effectively treated simply by EPE drug treatment; it
is a complex disease that requires a sophisticated approach. A sensible combination
approach for treatment of cancer should be applied especially when we know that the
chemotherapy and the radiotherapy alone are not sufficient for this battle against cancer.
We want to put forward a possible place for EPE drug in the anti-cancer regime. Use of
EPE alone in treatment of cancer as it has been used in treating breast and colon cancers
in the Asian hospital from which we got the drug to work on.
This can be drug of choice in patients who refuse to go for the conventional
chemotherapy and radiotherapy and the patients who present with tertiary stage of the
cancer. It would be useful in who present with later stage of the disease and along with
complications. As the drug is applied topically, there are few chances it may enter into
the circulation and produce any systemic toxicity. For example phase III clinical trial of
the crude sap on skin cancer patients at the Mater hospital in Brisbane under the RIRDC
Project undertaken by the government of Australia. These trials were restricted to patients
who had failed or refused conventional therapy. The skin cancers treated in the trial,
therefore, tended to be at an advanced stage and some were on sites where healing after
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surgery or radiotherapy was a serious problem (e.g.the lower Leg in older patients)
(Davis C.et al., 2002) .Use of EPE in the active regime along with chemotherapy and
radiotherapy especially in patients with advanced cancer or use of EPE as an adjuvant
along with chemotherapy and radiotherapy.
A decade ago, traditional medicine (method of treating patients using medicinal
plants) was considered as alternate method of treatment and was never a part of
conventional medicine. After exploring the potentials with these plants, it was included as
complimentary medicine in the conventional regime. The present day modern therapeutic
module of treating patients is including traditional medicine as integrative medicine along
with conventional medicine. The amount of research going on finding the right cure for
cancer and the potential natural products having in them for such kinds of answers, we
can project that on the lane, a couple of years from new drugs like EPE Will find there
way in the routine conventional regime of cancer therapy. We are proud that we are
representing MSU on this platform for battle against cancer and the transition of
traditional medicine from alternative to integrative medicine.
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