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CHARACTERIZATION OF THE BINDING PROPERTIES OF
- "MC-LABELED CANDESARTAN DERIVATIVES AS POTENTIAL
ANGIOTENSIN II AT, RECEPTOR RADIOLIGANDS
FOR PET IMAGING

MSc Thesis 2006, Sheryn Kirkpatrick,

Department of Cellular and Molecular Medicine, University of Ottawa
Ottawa, Ontario, Canada

- ABSTRACT

The renin-angiotensin system (RAS) has been implicated in the pathophysiology of heart
failure, hypertension and diabetic nephropathy. Positron emission tomography (PET), a
non-invasive imaging modality, can provide information on cellular function and receptor
density. Based on previous structure-activity studies, two ''C-labeled analogues of the
clinically used AT, receptor antagonistv candesartan were developed, ["'C]methyl-
candesartan and [“C]TH4, aﬁd characterized for binding specificity and selectivity.
[''C]Methyl-candesartan was further tested to determine the presence of labeled
" metabolites and potential for small animal PET. [''C]Methyl-candesartan displayed
higher specific binding and selectivity to angiotensin II type 1 (AT,) over angiotensin II
type 2 (AT;), Mas (Ang(1-7)), B-adrenergic and a,-adrenergic receptors in kidney regions
in ex vivo studies. Selectivity for AT, over Masv receptors was not observed for
[''C]TH4. Renal binding selectivity over AT, was confirmed in [''C]methyl-candesartan
microPET imaging studies. Metabolite analysis of [''Cmethyl-candesartan detected a
labeled metabalite in the rat kidney, although the identity has not been detemtined. The
work presented here supports the potential of ['' C]methyl-candesartan for in vivo imaging

of AT, receptors.
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1. INTRODUCTION
L1 Renin Angiotensin System

1.1.1.  General

The renin-angiotensin system (RAS) exerts control over several physiological
parameters inc’luding regulation of blood pressure, electrolyte and water balance, thirst,
hormone secretion, and renal functioﬁ (de Gasparo et al., 2000). Angioteﬁsin II (Ang II)
is the primary signal peptide of the RAS (Figure 1.1). The formation of Ang II begins
with the prohormone angiotensinogen (Figure 1.2). Angiotensinogen is expressed
bredominantly in the liver but also by other tissues (Danser et al, 1994).
Angiotensinogen is secreted into the systemic circulation, where it is cleaved by renin
between the two leucine residues in positions 10 and 11 (de Gasparo et al., 2000). Renin,
a carboxypeptidase, is secreted by the kidneys in the classical RAS, but is also expressed
in other tissues (D’anser et al., 1994; Dzau et al., 1988; Dzau et al., 1986; Mento et al.,
1998). The cleavage of angiotensinogen by renin produces angiotensin I (Ang I), a 10 .
amino acid peptide. Hydrolysis of Ang I by angiotensin-converting enzyme (ACE)
produces Ang II, which can then bind to its cell surface receptors. To transduce the
signal and initiate the intracellular effects, Ang II binds to two types of 7 transmembrane
domain G protein-coupled .receptors (GPCRs), type 1 (AT)) and type 2 (AT,).
Stimulation of the AT, receptor promotes the glassical effects of the RAS, namely:
vasoconstriction, cell growth and proliferation, while AT, activation generally opposes
these classical responses, namely: inhibition of growth and promotion of apoptosis and

differentiation (Allen et al., 2000; Ardaillou, 1999).



Angiotensinogen

l Renin

Angiotensin |

ACE

Angiotensin i

AT, receptor | AT, receptor

VYasoconstriction

Antiproliferation

Salt/water reabsorption Apoptosis

Aldosterone secretion Differentiation

Sympathetic activation Vasodilatation

Cell growth and proliferation

Figure 1.1. Overview of the enzymatic cascade and biological effects of the RAS.
Adapted from Dinh et al., 2001. :



Angiotensinogen

Angiotensin|

Angiotensin i

Asp Arg Val Tyr lle His Pro Phe

Figure 1.2. Amino acid sequences and location of hydrolysis (black bars) of
angiotensinogen, Ang I and Ang II. Adapted from de Gasparo et al., 2000.



[.1.2.  Ang Il Type 1 Receptors

AT, rec‘eptors are expressed in several tissues (Table 1.1): lungs (Burson et al.,
' 1994), brain (Burson et al., 1994; Chang et al., 1991), heart (Burson et al., 1994; Chang et
al., 1991), adrenals (Burson et al., 1994; Chang et al., 1991), vasculature (Chang et al.,
1991), and kidney (Burson et al., 1994; Chang et al., 1991). The AT, receptor (Figure
1.3) is expressed as a 359 amino acid protein in both humans and rodents (de Gasparo et
al., 2000). In rodents, two subtypes of AT, feceptors are expressed, AT and AT, and
they share 95% sequence identity at the amino acid level (Chiu et al., 1993). The rat
AT, gene is located on chromosome 17q12 whereas AT)p is localized on chromosome
2q24 (dev Gasparo et al., 2000). The two subtypes, ATia and ATp, are considered
identical both pharmacologically and functionally (Chiu et al., 1993; Gasc et al., 1994).
Unlike rodents, humans express only‘ a single form of AT, receptor gene located on
chromosome 3 q (de Gasparo et al., 2000). The human AT, receptor shares 94 and 97%
sequence identity at the amino acid level with the rodent AT;4 and AT receptor
subfypes respectively (Chiu et al., 1993). AT;a mRNA expression in rodents has been
demonstrated in kidney, adrenals, liver, ovary, brain, testes, adipose tissue, lung, and
heart (Burson et al., 1994). AT;g mRNA expression was detected in kidney, brain and
testes at very low levels, while adrenal gland AT;g gene expression is readily detectable

(Burson et al., 1994).

1.1.3.  Structural Interactions

Structural interaction of key residues in the receptor and agonist has been reported

in the literature. The three aromatic residues of Ang II, Tyr4, His6, and Phes, associate



Table 1.1. Relative tissue expression of the AT, receptor in rabbit, monkey and rat.
Adapted from Chang and Lotti (1991).

Relative
Species Tissue Expression
' , (to Heart)
Adrenal Cortex 316
Aorta } 12
Monkey Brain 5
’ Heart '
Kidney cortex 37
Adrenal Cortex 1454
, Aorta 4
Rabbit Brain ’ 4
Heart 1
Kidney cortex 47
Adrenal Cortex 1460
Aorta 8
Rat Brain 20
Heart ' 1
Kidney cortex 391

Ratios were obtained by '*’I-Ang II binding assays of 'membrane preparations.
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Figure 1.3. A computer generated model of the activated state conformation of Ang I
(purple) bound to the AT receptor. Used with permission from Oliveira et al., 2007.



together and are important for the biological activity and conformation (Matsoukas et al.,
1994; Nikiforovich et al., 1994; Nikiforovich et al., 1993). The N- and C-ferininal ends
of Ang II also interact to heip form the biologically active coﬁformation of the peptide, as
a twisted hairpin (Pierson et al., 1992). Ang II associates with both the extracellular
region (Hjorth et al., 1994) and the trahsmembrane helices of the receptor (Noda et ai.,
1995; Yamano et al., 1995). Specific residues have been identified as being involved in

253

this interaction. Lys'®® in transmembrane domain 5 and Trp*>® in transmembrane domain

6 play a role in the interaction with Phé? of the Ang II peptide (Noda et al., 1995;

259 and

Yamano et al., 1995). Two other residues in transmembrane domain 6, Phe
Asp®®, interact with His® of Ang II (Yamano et al., 1995). Asp?®! and His'? in the
extracellular loops interact with Arg2 (Feng et al., 1995) and Asp1 (Yamano et al., 1995)
of the ligand respebtively. The Tyr* and Phe® residues are also important in receptor
activation through association with Asn''' of the third transmembrane domain (Noda et
al., 1996) and His®® of the sixth transmembrane domain (Noda et al., 1995). These

1

associations with A_sn11 and His™® reportedly aid in the conformational changes

- associated with receptor activation (Noda et al., 1996; Noda et al., 1995)
1.1.4. AT, Receptor Signalling

1.1.4.1. G Protein-Coupled Receptor Signalling

Agohist binding to the AT receptor results in activation of several signélling
cascades (Figure 1.4), through coupling to Gagn, Gouz, Gays, and Go; proteins (Ushio-
.Fukai et al., 1998). Coupling to Gagy or Ga,; activates phospholipase C (PLC), which
can associate with the YIPP motif of the cytoplasmic region of the AT, receptor (Venema

-et-al., 1998). PLC produces diaéylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3)



Vasoconstriction

Figure 1.4. Signalling of Ang II through the AT, receptor coupled to G proteins. The
following abbreviations are used: angiotensin II (Ang II); adenylate cyclase (AC); sodium
hydrogen exchanger (Na'/H" EX); phospholipase C (PLC); phospholipase D (PLD);
inositol 1,4,5-triphosphate (IP3); diacylglycerol (DAG); and protein kinase C (PKC)..



by hydrolysis of merﬁbrane phospholipids (Ushio-Fukai et al., 1998). DAG activates
protein kinase C (PKC), which regulates the Na'/H" exchanger and thus intracellular pH
(Vallega et al., 1988). In smooth muscle cells IP; mobilizes calcium stores from the
sarcoplasmic reticulum to increase intracellular calcium concentration (Berridge, 1987).
Intracellular calcium promotes smooth muécle contraction and thus vasoconstriction
(Ushio-Fukai et al., 1998). Elevated calcium levels in the adrenals promote aldosterone
biosynthesis and secretion (Griendling et al., 1997). Signalling by coupling to Ga2/13
also increases in;racellular‘ caicium concentration by opening plasma membrane calcium
channels (Macrez et al., 1997; Suzuki et al., 2005).

Agonist binding to AT, coupled to Go; inhibits adenylate cyclase to reduce cyclic
adenosine monophosphate (cAMP) production (Ushio-Fukai et al., 1998). The remaining
subunits of the G protein (By) act to stimulate PLC and PLD (Ushio-Fukai et al., 1999;
Ushio-Fukai et al., 1998). Activation of PLC through this pathway results in similar
downstream effects to those in Gagy signalling (Ushio-Fukai et al., 1999; Ushio-Fukai et
al., 1998). | PLD produces choline and phosphatidic acid from membrane
phosphotidylcholine (Ushio-Fukai et al., 1999). Phoéphatidic acid is further hydrolysed

to DAG, which stimulates downstream effects as described above.

1.1.4.2. Tyrosine Kinase Signalling

Tyrosine kinase phosphorylation stimulated by Ang II results from effector
protein association with the receptor (Figure 1.5). A YIPP motif in the cytoplasmic
region is a location of interaction‘ with PLC and the adaptor protein Src homology
phosphatase-2 (SHP-2; Venema et al., 1998). SHP-2 allows association and activation of

Janus kinase 2 (JAK 2; Ali et al, 1997; Bhat et al, 1994), which subsequently



Gene expression NN

Figure 1.5. Signalling of Ang II by the AT, receptor through tyrosine kinase pathways.
The following abbreviations are used: angiotensin II (Ang II); Src homology
phosphatase-2 (SHP-2); Janus kinase 2 (JAK2); signal transducer and activator of
transcription (STAT); phospholipase C (PLC); diacylglycerol (DAG); protein kinase C
(PKC); mitogen-activated protein kinase (MAPK); and extracellular signal-related kinase
(ERK).
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activates signal transducers and activators of transcription (STATs) 1, 3, and 5 (Bhat et
| al., 1994; Bhat et al., 1995; Damell et al., 1994; McWhinney et al.., 1998; Schindler et al.,
1995) through p59fyn (Venema et al., 1998). STATs then translocate to the nucleus to
promofe expression of early growth response genes such as c-fos, c-jun and c-myc (Clark
et al., 1992). | |

Activation of the mitogen-activated protein kinase (MAPK) pathways is
propagated through cascades of adaptor and kinase proteins. Ang II activation of Grb2
and She adaptor proteins results in enhancément of Ras, Rac, Rho and Pyk2 activities
(Sadoshima et al., 1995). Ras,‘ Rac and Rho, small gu_anosine triphosphate (GTP) binding
proteins, recruit other factors, Sos, Raf-1, or Mor, which activate MAPK kinases and
ultimately extracellular signal-related kinases (ERKs) 1 and 2 (de Gasparo et al., 2000).
ERKs translocate to the nucleus to activate transcription factors and promote gene
expression (de Gasparo et al., 2000). Pyk2 has been implicated in transactivation of other -
receptor signal cascades (Murasawa et al., 1993). Similar end effects are observed
through activation f’f other tyrosine kinase pathways. Focal adhesion kinases associate
with Src and Grb2 and small G proteins such as Ras to actiy_ate ERKSs (Schlaepfer et al.,
1998). This cascade results in ERK activation of DNA and protein synthesis (de Gasparo
et al., 2000).

The AT, receptor has been reported to transactivate éther receptors and their
subsequent cascades. Endothelial growth factor (EGF) recef)tors (Figure 1.6) have been
‘demonstrated to be activated in this fashion (Eguchi et al., 1996; Eguchi et al., 1998).

Transactivation of the EGF receptor is propagated by the calcium—dépendent kinase Pyk2
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Figure 1.6. Signalling of Ang II by the AT, receptor through transactivation of EGF
receptors. The following abbreviations are used: angiotensin II (Ang II); phospholipase C
(PLC); diacylglycerol (DAG); protein kinase C (PKC); endothelial growth factor receptor
(EGFR); mitogen-activated protein kinase (MAPK); extracellular signal-related kinase
(ERK); Janus kinase (JAK); and signal transducer and activator of transcription (STAT).
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(Murasawa et al., 1993). Downstream effectors of EGF receptors include the Ras/MAPK
and the JAK/STAT pathways, which stimulate gene expression and protein synthesis

(Eguchi et al., 1996; Eguchi et al., 1998; Frank ét al., 2002; Sayeski et al., 1998).
1.1.5. AT, Receptor Regulation

1.1.5.1. AT, Desensitization and Internalization

AT, receptor expression and signalling is regulated by similar mechanisms to
other GPCRS. Ang II binding (Figure 1.7) promotes phosphorylation of the AT, receptor
(Balmforth et al., 1997, Op};ermann et al., 1996; van Kats et al., 1997) through PKC and
GPCR kinases (GRKs) 2 and 5, resulting in desensitization (Oppermann et al., 1996).

338 in the intracellular portion

Serine and threonine residues in a region from Thr’*? to Ser
of the receptor have been reported to be the sites of this phosphorylation (de Gasparo et
al., 2000; Hunyady et al., 1994; Thomas et al., 1 998). B-arrestin proteins (1 or 2) bind the
phosphorylated AT, receptors, disrupting coupling to G proteins and attenuating furthér
signalling tﬁrough these pathways (Hunyady et al., 1994; Ouali et al., 1997; Thomas et
al., 1995; Turu et al., 2006), although activation of MAPK pathways can still occur (Wei
et al.,, 2003). B-arrestin association with the phosphorylated receptor results in rapid
intemalization of the agonist-receptor complex (Ouali et al., 1997; Turu et al., 2006) via
 clathrin mediated endocytosis (Thomas, 1999). Internalization occurs primarily into

endosomes for degradation, but a proportion, approximately 25%, of the internalized

receptors is recycled back to the cell surface (Griendling et al., 1987; Ullian et al., 1989).
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Signaling Effects

Figure 1.7. Regulation of the cell response by desensitization and internalization of cell
surface receptors. The following abbreviations are used: angiotensin II (Ang II); protein
kinase C (PKC); g protein-coupled receptor kinase (GRK); B-arrestin (B-Arr); adaptor
protein-2 (AP-2); and clathrin (Cla).
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1.1.5.2. Regulation of AT, Receptor Expression

Short term regulation of receptor response is accomplished through
desensitization and internalization as described, but longer term regulation of AT,
receptor expression occurs largely through transcriptional and post-transcriptional
mechanisms (Guo et al., 1994; Nickenig et al., 1994; Sandberg, 1994). Investigations of
receptor expression in rodent \}ascular and renal cells focus predominantly on ATix
receptors, as these _arev the predominant isoform in these cells (Burson et al., 1994); The
rat ATio gene contains regulatpry elements in the 5’ flanking sequence that both

positively and negatively regulate expression (Murasawa et al., 1993). Through these
elements, AT;5 receptor expression is modified at the transcriptional level. A more
predominant mechanism Iis post-transcriptional, as modulation of AT; mRNA stability

(Nickenig et al., 2001). Stability of the tréinscript is influenced by profeins that interact
with the 3’ untranslated region (Nickenig et al., 1994) to modulate degradation (Nickenig
et al., 2002). One of these RNA binding proteins, calreticulin, negatively impacts AT,
mRNA stability, reportedly through direct recruitment of RNAses or induction of RNA
conformational changes to promote RNAse association (Nickenig et al., 2002). An
increase in stability has been proposed to result from binding of factors that compete with
RNAses or induce conformational changes to inhibit RNAse association (Nickenig et al.,
2001).

In vascular smooth muscle cells, chronic stimulation of the AT, receptors by its
agonist, Ang II, decreases the receptor mRNA and protein expression (Gunther et al.,

1980; Lassegue et al., 1995; Nickenig et al., 1996). The mechanism for this

15



downregulation has been established to be decreased transcription (Lassegue et al., 1995;
Nickenig et al., 1996) and decreased transcript stability (Nickenig et al., 2002; Nickenig
et al., 2001). This downregulation of AT; receptor expression observed with Ang II
stimulation is particularly important in disease states characterized by an activated RAS.
Heart failyre and diabetes are two examples (as described in sections 1.8 and 1.9) of
states in which the RAS is activated.

In addition to Ang II, estrogen (Nickenig et al., 2000#) and EGF (Guo et al., 1994;
Nickenig et al., 1994) have been shown to downregulate AT, receptors through a
“destabilization of the mRNA transcript. EGF has also been demonstrated to impact AT,
expression through a decreased rate of transcription (Nickenig et al, 1994) and post-
translationaily through decreé.sed localization to the cell surface (Ullian et al., 2004)."

Upregulation of AT, receptors by factors such as low-density lipopfoteins (LDL;
Nickenig et al., 1997) and insulin (Takayanagi et al., 1992) has also been illustrated.
LDL treatment of rat VSMCs increased AT, transcript and protein levels (Nickenig et al.,
2000b) by increasing transcript stability (Nickenig et al., 1997). The uprégulation of AT,
- gene expression by insulin, like that of LDL, is accomplished by influencing the half-life
of the mRNA transcript (Nickenig et al., 1998). The stabilization of the mRNA by
insulin is proposed to involve MAPK proteins (Nickenig et al., 1998). Although post-
transcriptional modulation of expression is the predominant mechanism in these cases,
changes in protein expression are ultimately affected. As elaborated in subsequent
sections, changes in AT, receptor protein expression can be investigated non-invasively

in vivo using imaging modalities.
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1.1.6.  Tissue Renin Angiotensin Systems

1.1.6.1. Cardiac RAS .

In addition to the ‘classical’ systemic RAS, tissue systems have also been
identified in the heart, brain, and kidney. Cardiac tissue expresses components of the
RAS and this tissue RAS, and specifically AT, receptor activation, is particularly
important in cardiac remodelling and heart failure (HF; Opie et al, 2001).
| Angiotensinogen, renin and ACE expression have been exhibited in cardiac tissue
(Danser et al., 1994). Danser et al (1994) were also able to illustrate renin and ACE
activity in the myocardium. Myocardium also expresses AT; receptors (Chang et al.,
1991). Ang II in cardiac tissue has been detected at a much greater level than that of the
plasma (Danser et al., 1994) suggesting that this tissue system is regulated separately
from the circulating one. This separation in regulation from the circulating RAS has
particular impact on peripheral measures of RAS activity. Plasma measurements of RAS
components, particularly Ang II; could therefore be much different from those of the
myocardium. A non-invasive imaging modality could provide the opportunity to expand
the current knowledge of the RAS as a whole and within tissues with a minimal impact

on the subjects.

1.1.6.2. Brain RAS

The blood-brain barrier (BBB) prevents circulating Ang II from reaching the
brain. Despite this, AT, receptors are present in brain areas that regulate cardiovascular
function (Allen et al., 2000; Bunnemann et al., 1992). Specific regions of the brain, the

circumventricular organs, are not within the BBB and enable circulating Ang II to
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interact with the RAS in these regions to modulate blood pressure, water and salt intake
and vasopressin release (von Bohlen und Halbach et al., 2006). Furthermore, peptides
and the relevant enzymes are detected in the brain at the gene or protein ‘levelz
angiotensinogen (Stornetta et al., 1988), Ang I (Okamura et al., 1981), Ang II (Okamura
et ’al., 1981), renin (Dzau et al., 1988; .Dzau et al., 1986; Okamura et al., 1981), and ACE
(Okamura ef al., 1981; Whiting et al., 1991). A technique to study the brain RAS non-
invasively in vivo would be beneficial to broadeﬁ the understanding.of this system witﬁin

this tissue.

1.1.6.3. Renal RAS

In the kidney, components of the RAS have been found: angiotensinogen (Mento
et al., 1998), renin (Mento et al., 1998), ACE (Campbell et al., 1986), Ang II (van Kats et
al., 1997) and Ang IT receptors (Allen et al., 2000; Ardaillou, 1599). More importantly,
like the heart, this system has been shown to be regulated separately from that of the
circulating system (Mercure et al., 1998; van Kats et al., 1997). Peripheral markers of the
RAS, such as plasma Ang II levels, therefore may provide a false indication as to the
state of the system within the tissue. Furthermore, tissue measurements of the RAS
;Jomponents, particulaﬂy AT, receptors,. currently require tissue samples and are thus an
invasive technique (Northern or Western blots, RT-PCR etc.). As in cafdiac and brain
tissue, molecul‘ar‘imaging technology could be used to non-invasively investigate the

renal RAS in normal and disease states.
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1.1.6.4. Vascular RAS

Tissue-based RAS have been demonstrated in the heart, brain and kidney. The
vascular system was. shown to express RAS components. Angiotensinogen mRNA
(Campbell et al., 1986), renin mRNA (Phillips et al., 1993) and protein (Re, 1987), and
ACE mRNA (Phillips et al., 1993) have been detected in vasculature, specifically in the
aorta. A;ng I is produced in vascular tissues (Unger et al.,} 1991). Ang II secretion was
previously demonstrated in cultured vascular cells (Kifor et al., 1987). AT, receptors
were reported to be expressed in vascular tissue (Chang et al., 1991). In fact, many
studies examining the regulation of AT, receptors are conducted in vascular smooth

muscle cells as described in 1.1.5.2.

1.1.7.  Cross-Talk Between the Sympathetic Nervous System and the RAS

RAS activation can be influenced by the sympathetic nervous system (SNS) and
vice versa. In the kidney, sympathetic nerve activity (SNA) stimulates the release of
renin from the juxtaglomerular cells (DiBona, 2000). Conversely, suppression of renal
SNA has been demonstrated to oppose the antinatriuretic effects of Ang II (Lohmeier,
2001). In a rat model with increased renal SNA enhanced plasma renin activity is also
observed (Francis et al., 2001). Further to the stimulation of the RAS by the SNS, the
reverse has also been investi gated in the literature.

In vitro peripheral norepinephrine (NE) transmission in heart (Starke et al., 1970),
vascular (Cline, 1985), and kidney tissue (Kaufman et al., 1985) is augmented by Ang II.
Enhancement of the neurotransmission haé been shown in rats to result from increased
NE release (Shepherd et al.,, 1981). Ang II also inhibits NE uptake to increase

neurotransmission (Panisset et al., 1968). Several studies have also observed prolonged
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peripheral SNA with chronic exposure to Ang II (Brooks, 1995; Brooks et al., 1997,
Osborn et al., 1997; Reid, 1992). In states where both of these systems are abnormally
regulated, the interaction between these systems becomes important, such as in heart

failure (HF; Francis et al., 2001) or diabetes (Perin et al., 2001).
1.1.8. Renin Angiotensin System and HF

1.1.8.1. Cardiac Remodelling, Hypertrophy and HF

Chronic hemodynamic overload of the heart leads to acti_vation of compensatory
remodelling and hypertrophy (Dostal, 2000). These compensatory mechanisms can then
result in the progression to HF (Dostal, 2000). In addition to alterations in AT,
expression in HF, the receptors also play a role in changes associated with the disease
(Liu et al., 1998; Opie et al., 2001). ACE inhibitors and AT, receptor blockers (ARBs)
have been shown to prevent the progression of cardiac hypertrophy in ischemic HF
models (Richer et al., 1999a; Richer et al., 2001) and in patients with ischemic and non-
ischemic forms of HF as well as improving outcomes (Pfeffer et al., 2003a; Pfeffer et al.,
2003b; Solomon et al., 2005) suggesting a prominent role for the AT; receptor in the
progression of cardiac remodelling to HF. A common animal model that closely follows
the disease progression in humans is the rat myocardial infarction (MI) model by

coronary artery ligation (Gupta et al., 2007).

1.1.8.2. RAS Expression in Animal Models and Patients

Alterations in RAS components have been demonstrated in both animal models
and in patients with HF and tissue and circulating levels of these components can differ.

Early post-MI, within 6 hours, plasma renin activity and Ang II are increased (Leenen et
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al.,, 1999). The plasma Ang II levels remain elevated up to 8 weeks post-MI (Leénen et
al., 1999). Within cardiac tissue, the RAS is also activated early post-MI. At 3 days
post-MI, cardiac Ang I and Ang II levels are elevated (Leenen et al., 1999). Enhanced
Ang I persists for up to 8 weeks and Ang II remains increased for up to 7 days (Leenen et
al., 1999). At about 4 weeks post-MI, activation of thé kidney, heart and brain RAS have
been illustrated. Reﬁal levels of renin mRNA are 2-fold greater in post-MI than in
controls (Kelly et al., 1997) but renal ACE densities decrease (Tan et al., 2004). Tan et al
(2004) report increased ACE densities in heart and brain tissue at this time point.  Late
post-MI, 8 weeks following surgery, elevations in plasma Ang II (Leénen et al., 1999),
cardiac Ang I (Leenen et al., 1999), and ACE gene and protein expression in heart
(Seeland et al., 2003; Tan et al., 2004) and brain (Tan et al., 2004) are observed. The
components of this system are dynamic over the disease progression and are activated in
a tissue-specific manner.

AT, receptors post-MI, also demonstrate alterations in expression in various
tissues and over the progression of disease. In early post-MI (4 days) studies of cultured
myofibroblasts from non-infarcted myocardium, AT; mRNA expression decreased, but
the protein éxpression remained unchanged (Staufenberger et al., 2001). In the same
studies, AT} mRNA expressionbin cultured myofibroblasts from the infarct region was
unchanged while receptor density decreased (Staufenberger et al., 2001). At 30 days
post-MI, Kelly et al (1997) reported no change in cardiac AT; mRNA expression,
although Tan et al (2004) demonstrated a marked increase in cardiac AT, receptor density
at a similar time point post-MI. In the kidney, Mento et al (1998) showed significantly

increased AT receptor expression (about 97%) in glomeruli at 4-6 weeks post-MI. In the

21



same studies at 4-6 weeké post-MI, Ang II receptor expression was decreased in renal
vasculature, by about 67%, although the contribution of AT, versus AT, was not
determined (Mento et al., 1998). In studies using a similar model at 4 and 8 weeks post-
MI, Tan and colleagues (2004) demonstrated that AT, receptor densities in the renal‘ _
cortex did not change, while densities in the renal medulla decreased ét both time points'..
The lack of change in AT, receptor density observed in the renal cortex in the Tan et al
(2004) studies compared to those by Mento et al (1998) may be due to differences in
methodology between the studies (autoradiography at 4 and 8 weeks and binding assays
at 4-6 weeks respectively). Furthermore, the Mento et al (1998) studies isolated the
glomerular and vascular structures while the studies by Tan et al (2004) used whole
‘kidney slices. The differences in preparation may also contribute to this discrepancy as
whole kidney slices would contain both of the structures isolated by Mento and
colleagues.

Regulation of AT, receptor expression has been shown in animal models to be
dynamic over the process of cardiac remodelling and the progression of HF. In end-stage
human HF, the myocardium exhibits a down-regulation of AT, receptors and AT,
receptor mRNA (Asano et al., 1997, Haywood et al., 1997; Regitz-Zagrosek et al., 1997;
Regitz-Zagrosek et al.,, 1998). The expression changes observed over the course of
disease progression are limited to discrete time points, not well defined in the literature
and in the case of renal expression, conflicting. A better understanding of the regulatory
ché.nges in the RAS during HF is necessary. In vivo serial imaging of these receptors

may provide detailed information on the expression changes that occur and insight into
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the mechanisms of the progression of the disease. Advances in our current knowledge

could improve diagnostic capabilities and targets for treatment.
1.1.9. Renin Angiotensin System and Diabetes

1.1.9.1. RAS, Hyperglycaemia and Insulin Resistance

Studies have shown that elevated Ang II induces insulin resistance (Henriksen et
al.,, 2001). Conversely, reduction of Ang II signalling through ACE inhibition by
enalaprilat or AT, antagonism by losartan increases insulin sensitivity (Aksnes et al.,
- 2006; Kudoh et al., 2000). The enhancement of insulin resistance by Ang II has been
attributed to- altered insulin signalling (Bernobich et al., 2002; Ogihara et al., 2002; Wei
et al., 2006) and inactivation of the insulin receptor (Marrero et al., 2004). Exposure to
hiéh glucose leads to an induction of Ang II production in renal mesangial cells (Singh et
al., 2003; Vidotti et al., 2004). Studies in podocytes determined that high glucose
stimulated Ang II production through augmented angiotensinogén mRNA expression in
these cells (Wolf et al., 2005). These observations therefore have signiﬁcance for thgk

RAS in a diabetic milieu, particularly where glucose levels are not controlled.

1.1.9.2. Renal RAS in a Diabetic Milieu

The renal RAS is abnormally éctivate(i in diabetes (Anderson et al., 1993; Dzau et
al., 1989). Anderson et al (1993) observed increased renal angiotensinogen expression,
and renin expression and activity in diabetic rats. Renal ACE activity in these rats
decreased (Anderson et al., 1993) but renin conversion of angiotensinogen to Ang Iis
considered tﬁe rate limiting step in Ang Il generation (Robertson et al., 1992). The

increases observed by Anderson and colleagues (1993) therefore suggest activation of the
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system in a diabetic model. Interestingly, in a similar rat diabetic model, Harrisqn-
Bernard et al (‘2002) demonstrated a rise in plasma Ang Il activity that was not observed
in renal tissue. These discrepancies i.n plasma and tissue measures of RAS components
indicate a separation in the regulation of the circulating versus tissue RAS.

AT, receptor expression in whole kidney and renal cortex tissue is increased in
diabetic rats compared to controls using Western blot analysis (Harrison-Bemard et al.,
2002). In isolated glomeruli, AT, receptor expression has also been shown to be
increased in the diabetic state using rat models of this disease and similar methods

;
(Wehbi et al., 2001). AT, activation by Ang II results in the phosphorylation o'f STATI,
STAT3 and STATS, which subseque;nt]y activate early growth response genes (Bhat et
al., 1994; Darnell et al., 1994, McWhinney et al., 1998; Schindler et al., 1995) as
described in section 1.1.4.2. In vitro studies have shown that high glucose increases the
cellular responses of glomerular mesangial cells to Ang II and the extent of STAT
phosphorylation (Amiri et al., 1999a; Amiri et al., 2000; Amiri et al., 1999b), thus Ang IT
signalling in these cells. A diabetic milieu therefore could enhance the responsiveness of

cells to Ang II thus stimulating the gene expression and protein synthesis by Ang I and

lead to hypertrophy.

1.1.9.3. RAS and Diabetic Nephropathy

Nephropathy is a common chronic complication of  diabetes, affecting
approximately 30% of diabetic patients (Gruden et al., 2005). In studies using rat models
of diabetes, kidney ultrastructure is altered. Glomerular basement membrane thickness,
glomerulaf volume, and total mesangial volume aré increased in diabetes but returned to

control levels with RAS blockade (Allen et al., 1997). Blockade of AT, receptors has
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been shown to reduce proteinuria, a key predictor and component of nephropathy
(Mimran et al., 2003; Remuzzi et al., 1993). Ang If ‘increases glomerular capillary
préssure and can initiate glomerulosclérosis (Ichikawi et al, 1991). Glomerular
permeability was improved in early diabetic nephropathy (DN) with ARB treatment’
(Anderson et al., 2000). Clinical trials of ACE i-ﬁﬁibitors or ARBs have demonstrated
clinical benefit in diabetic patients with both insulin-dependent and non-insulin
dependent diabetes (Brenner et al.,, 2001; Lewis et al, 1993) with reductions in
progression to nephropathy with either treatment.

In addiﬁon to rat models, changes in RAS components have also been observed in
diabetic patients. Mezzano et al (2003) described increased renal Ang II immunostaini‘ng‘
in non-insulin dependent diabetes. In this type of diabetes when nephropathy 1is bresent,
AT, receptor density was shown to be reduced by immunohistochemistry (Mezzano et
al., 2003; Wagner et al., 1999). In renal biopsies. of patients with non-insulin dependent
diabetes and nephropathyv AT, gene expression is reducéd in relation to healthy
individuals (Mezzano et al., 2003; Wagner et al., 1999). Other groups.have reported
increased gene expression of this receptor in diabetic patients without nephropathy
(Reuter et al., 2006) but this could be a reflection of different stages of the disease. In
vivo imaging studies with an AT, radioligand could expand on current human data of AT,

expression in diabetes and progression to DN.

1.1.10. Renin Angiotensin System and Hypertenston

Control of blood pressure is one of the primary functions of the RAS.
Hyperactivity of the. RAS has been shown to lead to hypertension (Griendling et al.;

1997). Reductions in blood pressure have been repeatedly demonstrated using
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pharmacological intervention of the RAS by ACE inhibition or AT, antagonism (e.g.
Brenner et al., 2001; Brooks, 1995; Cervenka et al., 1998; Collis et al., 1981; Gohlke et
al., 2002b; Pfeffer et al., 2003a; Richer et al., 1999b). There are several animal models to
investigate this condition. Oné such model is the spontaneously hypertensive rat (SHRj,
a model of genetic ﬁypertension. In SHR plasma Ang I, Ang II and renin are shown to be
decreased at 11‘ weeks (Jessup et al., 2008). Otsuka and colleagues (1998) demonstrated
increased plasma vACE activity in these rats. ‘A,‘T‘ receptof expression in SHR are
increased in several tissues, including the brain (Reja et al., 2006), adrenal medulla (Reja
et al., 2006), renal outer medulla (Song et al., 1995), hean (Song et al., 1995), and aorta
(Otsuka et al., 1998). Furthermore, the AT, receptor expression in the brain of SHR has
been correlated to blood pressure (Reja et al., 2006).

Two further examples of rat models of hypertension are one in which both
kidneys are intact but éne kidney is clipped producing hypertension, and another model is
.developed following a pharmacological treatment. The two-kidney, one-clip (2K1C)
;nodel has been found to have increased activity of the RAS. Increases in the activity of
plasma renin (Lee et al., 2002a; Okamllra et al., 1986) and ACE (Okamura et al., 1986)
were observed in 2K1C rats. Aortic tiss;e demonstrates increases in renin and ACE
activity as well (Okamura et al., 1986). Tissue Ang Il is also enhanced in the aorta in this
model (Okamura et al., 1986).

Hypertension can be induced by NS-nitro-L-arginine methyl ester (L-NAME) in
rats. In these rats, rénin and ACE ﬁRNA were reported to be elevated in plasma (Lee ét
al., 2002a). Plasma renin activity did not change in these rats at 4 weeks post-treatment,

although plasma ACE activity increased (Lee et al., 2002b). AT, gene expression in rats

26



with L-NAME-induced hypertension is enhanced from normotensive controls (Lee et al.,
2002b). Stimulation of the RAS activity has been documented in several pathologies (as
described in this and previous sections). Investigation of the function of AT, receptors are
important to understand progression, treatment and hopeful regression of these
pathologies: heart failure, diabetic nephropathy, and hypertension. A non-invasive
method allowing examination of this system has the potential to provide substantial

information in this regard.
1.2. Positron Emission Tomography

1.2.1. General

Investigation of AT, receptors can be achieved by various methods in animal
models but very few of those methods are used in a clinical setting or efficiently
investigate the progression of human disease. One non-invasive method applied in vivo
in both animal models and humans to image receptor function and kinetics is positron
emission tomography (PET). This imaging modality yields serial imaging of subjects in
both animal (Zober et al., 2006) and human studies (Luigi Zinzani et al., 2009).

A PET tracer contains an isotope which decays through emission of positronsl.
Positrons collide with electrons, annihilate and emit two photons (Figure 1.8). These
antiparallel or so-called ‘coincidence’ photons travel to the detectors of the PET camera,
which are arranged in a ring. The lines of coincidence are calculated to determine the
point of annihilation. These points are recorded over time during the acquisition of the

PET scan. The data are then reconstructed into 3-D images. The tracers characterized
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Figure 1.8. A general overview of PET camera function. Adapted from Cherry et al.,
2001.
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here, [''C]methyl-candesartan (methyl-2-ethoxy-1-[[2’-(1H-tetrazol-5-yl)biphenyl-4-
ylJmethyl]-1H-benzimidazole-7-carboxylate) and [”C]TH4 (methyl-1-[[2’-(1H-tetrazol-
5-yl)biphenyl-4-yljmethyl]-2,3-dihydro-2-oxo-1H-benzoimidazole-7-carboxylate),

contain a carbon-11 isotope, which has a half-life of 20.38 minutes.

1.2.2.  Receptor Imaging Using PET

imaging receptors can be impacted by unlabeled compound in the tracer
formulation (Hume et al., 1998). Specific activity, the measure of labeled to unlabeled
component in the total mass of an injected tracér, therefore has influence on detectable
receptor signals. Hume et al (1998) suggest that to satisfy tracer kinetic modelling in
PET rimaging, receptor éccupancy by the tracer should be 1-5%. In cases where low
specific activity is combined with a low receptor density, this is not feasible because the
receptors can easily become | saturated by unlabeled ligand (Hume et al., 1998).
Furthermore thev signal (activity associated with the receptor) may be too low to detect
-‘and produce an image. In the RAS, normal cardiac AT, receptor density is low (Tan et
al., 2004) relétive to that of other tissues and to that of other cardiac receptors. Normal
cardiac tissue AT, expression is 2-5% that of B-adrenergic recep-tors (Dostal, 2000) and
less than 1% that of rena‘l AT, receptors (Chang et al., 1991). Cardiac AT, receptors
could be considered saturable based on the low density of receptors. | Production of high
specific activity tracers is necessary to berform PET imaging studies for evaluation of
AT, receptors in tissues with low receptor density. In addition to limitations of specific
activity, radioligands ai)plied in receptor imaging must exhibit both specific and selective
binding that is, the radioligand must bind the receptof target and only the receptor target.

Characterization of radioligands in the literature use similar techniques to demonstrate
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binding specificity and selectivity to their target (Kenk et al., 2007; Lourenco et al., 2001;

Zober et al., 2006). -

1.2.3.  Johns Hopkins AT, Radioligands

There are several carbon-11 labeled tracers that have been developed from non-
peptide ARBs: MK-996, L-159,884 (a methoxy‘analogue of MK-996), and KR31173
(Figure 1.9). ["C]MK7996 and [“C]L-lS9,884 wefe reported to have difficult syntheses
(Hamill et al., 1996). .[”C]L-159,884 was found to be readily metabolized in humans
reducing vthe feasibility of ifs application in a clini;:al setting (Hamill et al., 1996).
['"C]KR31173 has emérged as the most promising of these three tracers, with very high
kidney activity but low uptake in the heart and minimal uptake in the bfain (Zober et al.,
2006). [''CJKR31173 in a normal state is thus not feasible for cardiac or brain AT,
receptor imaging, two important sites involved in the progression of HF. Recently
however, Fukushima et al, presented prelifninary data demonstratiﬁg cardiac uptake of
[''C]JKR31173 in infarcted myocardium in a rat model of myocardial infarcfion
(Fukushima et al.,‘2009). In this study, cardiéc [''"C]KR31173 uptake was markedly
increased in the infarct versus non-infarct region, suggesting that cardiac AT, imaging is
possible in states where the RAS is upregulated_states such as post-MI. Neither the
parent compound nor this novel compound are cuneﬁtly approved by regulatory bodies
(e.g. Health Canada or the Food and Drug Administration) for human study which could
make obtaining approval for human use more difficult. The radiotracers currently
available are thus at present, not easily translated to a clinical setting to examine AT,

receptors in vivo
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A | N/
™ N/

Figure 1.9. AT, radioligands previously published in the literature (A) [''CJMK996, (B)
[''CJL-159,884 and (C) [''C]JKR31173. The asterisk indicates the location of the :
carbon-11 label.
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1.2.4.  University of Ottawa Heart Institute Novel AT, Radioligands

To attempt to improve upon current AT, radioligands, our laboratory developed
two novel AT, tracers (Hadizad et al., in press). A selective and potent, clinically used
ARB, candesartan (2-ethoxy-1-[(2’-(1 H-tetrazol-5-yl)biphenyl-4-yl)methyl}-1H-
benzimidazoline-7-carboxylic acid, CV-11974) (Vénderheyden et al., 1999) served as the
parent molecule for the developed O-methyl and désethyl derivatives. Candesartan was
selected for 3 primary reﬁsons: 1) published synthesis mechanisms; 2) known properties

-of candesartan; and 3) safety data for transition to human studies. Kubo and colleagues
(1993a,b) have published synthesis mechanisms for ester derivatives of candesartan.
These mechanisms were used.as the basis for the radiosynt}}esis for [''CJmethyl-
candesartan and [''CJTH4. Candesartan binds reversibly with high affinity (ICso of 0.66
x 107 M) and also crosses to a certain extent the BBB based on central effect blockade of
Ang I by beriphera] appli-cation (Gohlke et al., 2002a; Gohlke et al., 2001), indicating a
promising potential radiotracer. Candesartan and its metabolites are approved for use in
humans and are widely used clinically, potentially facilitating transition of the

radioligands

1.2.4.1. ["'C]Methyl-candesartan

The O-methylated derivative of candesartan, first developed by Kubo et al (1993),
may be attractive as a potential radioligand. Methyl-candesartan also binds reversibly
with similar affinity (ICso of 1.1 x 107 M) to AT, receptors (Kubo et al., 1993a; Kubo et
al., 1993b). Since candesartan is more hydrophilic than methyl-candesartan and was

shown to produce central effect (Gohlke et al., 2002a; Gohlke et al., 2001), BBB
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penetration by methyl-candesartan might also be expected. Studies have shown that
antagonist binding does not result in internalization of the receptor-antagonist complex
(Fierens et al., 1999; Fierens et al., 2000; Fierens et al., 2002). [''C]Methyl-candesartan
(Figure 1.10) could therefore be considered to provide a measure of cell surface AT,
recepfors. Furthermore, the parent compound methyl-Candesanan is based on a clinically
approved AT, receptor blocker which may facilitate épproval for use in clinical

investigation.

1.2.4.2. ['CJTH4

TH4 bis synthesized similarly to methyl-candesartan (Hadizad et al., in press),
except for the conversion of the ethoxy group to an amide derivative (Figure 1.10).
Characterization work on this compound; a carboxylic acid ester analogue, is not found in
the literature but the structure is similar to that of the inactive metabolite of candesartan, |
CV-15959, the carboxylic acid derivative (Schmidt et al., 2003). It is possible that this
compound binds AT, and also provides a measure of cell surface receptors. As with
methyl-cgndesanan, the parent compound is clinically approved and this may facilitate

approval for human use therefore expediting translation to clinical investigations.
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[“C]Methyl-Candesartan
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CV-15959 ' [''C]TH4

Figure 1.10. The parent compound candesartan, its primary metabolite CV-15959 and
two novel AT radioligands produced at the University of Ottawa Heart Institute

[''C}methyl-candesartan and [' !C]TH4. The asterisk indicates the location of the carbon-
11 label.

34



1.3.

1.3.1.

Research Objectives and Hypotheses

General Objective

The overall aim of this project was to characterize two novel radioligands,

[''C]methyl-candesartan and [''C]TH4, for non-invasive, in vivo PET imaging of the AT,

receptor with the ultimate long-term goal of application in clinical investigation and

1.3.2.

1.3.3.

" clinical use.

Hypotheses

ii.

iil.

[”C]Methyl-candesartan and/or [''C]TH4 ‘exhibits in vivo properties
favourable for use in rat studies, including binding characteristics, kinetics,
and metabolism;‘ |

A non-invasive approach using kinetic imaging of [”C]methyl-candesartan
with PET can be used to measure AT, receptors in vivo;
[''C]Methyl-candesartan exhibits favourablé dosimetry fqr potential future use

in human studies.

Specific Objectives

i.

il

Characteriie the in vivo time course of [''C)methyl-candesartan and [''C]JTH4
in rats using ex vivo methods;

Characterize the in vivo binding specificity and seiectivity of ['C]methyl-
candesartan and [''C]TH4 for ATI‘ over AT,, Mas (Ang(1-7)), B-adrenergic or
az-adrenergic receptors in rats using ex vivo methods at 15 minutes post-

injection;
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1.

1v.

Vi.

Characterize‘ the in vivo binding kinetics of [''C]methyl-candesartan in rats by
small animal PET; |
Characterize the in vivo binding specificity and selectivity of [''C]methyl-
candesartan in rats for AT; o‘ver AT, receptors using small animal PET;
Determine fhe metabolism profile of [''C]methyl-candesartan in rat plasmé,
and kidney;

Determine the dosimetry profile of [''C]methyl-candesartan using ex vivo

biodistribution in rats.
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2. MATERIALS AND METHODS

2.1 Radiochemical Synthesis of [' ! C/Methyl-Candesartan and ['' CJTH¢

The synthesis of both the [''C]-labeled and unlabeled methyl-candesartan and
TH4 is outlined in Figure 2.1. In brief, the process occurred in three overall steps:
protection of the tetrazole group using trityl chloride preventing formation of undésired
by-products; methylation by methyl iodide; and de-protection of the tetrazole group
through acid hydrolysis. The synthesis of [''C]methyl-candesartan and [''C]TH4 was a
modification for radiolabeling of a previously published method (Kubo et al., 1993a;
Kubo et al., 1993b) as described in Hadizad et al (in press). A reaction temperature of
‘65-75°C produced [''C]methyl-candesartan whereas a higher temperature (90°C) %esulted
in the formation of [''C]TH4, the des-ethyl derivative of candesartan, in which the ethoxy
groﬁp 1s converted to a cyclic-urea derivative. A proposed mechanism for this

conversion is displayed in Figure 2.2.

2.2, Animals

All experiments were conducfed in male Sprague-Dawley rats (Charles River |
Canada, Montreal) in accordance with the Canadian Council on Animal Care guidelines
and with approval from the Animal Care Committee_ at the University of Ottawa Heart
Institute. Female Sprague-Dawley rats (Charles River Canada, Montreal) were alsb used
for the dosimetry studies. Rats were housed in pairs on a 12-hour light:dark cycle.
Standard rat chow and water were provided ad libitum. Radioligand injections weré

administered directly through the lateral tail vein or via a catheter inserted to the lateral
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Figure 2.1. Proposed structures for the synthesis of methyl-candesartan. (a) TEA, Trityl
chloride, CH,Cl,; (b) [''C]Mel, K2CO3, Kryptofix, DMF, 65-70°C, 3 min; (c) HC1 (IN),
DMF, 65-70 °C, 2 min. The candesartan (1) precursor undergoes tetrazole protection (2)
followed by methylation (3) and deprotection to produce methyl-candesartan (4). The
asterisk indicates the location of the carbon-11 label. Adapted from Hadizad et al
Bioorganic Medicinal Chemistry (in press).

. 4 5 6
Figure 2.2. Proposed structures for the synthesis of TH4. The candesartan precursor (1)
undergoes a substitution reaction (1-3), tetrazole protection (4) followed by methylation
(5) and deprotection to produce TH4 (6). The substitution reaction can also occur
following the tetrazole protection. The asterisk indicates the location of the carbon-11
label. Adapted from Hadizad et al Bioorganic Medicinal Chemistry (in press).
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tail vein. Catheters, when used, were flushed with 100-200 pl of heparinized saline to

reduce residual activity in the catheter.

2.3. Ex Vivo Time Course

Rats (200-250 g) were restrained and injected intravenously (iv) with 1.5-1.7 mCi |
(at the time of first injection) of [''C)methyl-candesartan or [''C]TH4 (speciﬁé activity
300-1000 mCi/umol; corresponding to injected masses of 0.77-2.19 png methyl-
candesartan and 0.80-1.83 pg TH4). Animals were sacrificed by decapitation without
anaesthesia at 5, 15, 30, 45 or 60 minutes poét-injection of [''Clmethyl-candesartan and
at 5, 15, 30, or 60 minutes post;injection of [''CITH4 (n=3 at each time point). Trunk
blood was collected in heparinized tubes, from which 1 mL was removed and transferred
into pre-weighed gamma tubes. Tissue samples were rapidly dissected out and collected
into pre-weighgd gamma tubes: left atrium (LA), right atrium (RA), left ventricle (LV),
right ventricle (RV), septufn, aorta, renal cortex, renal outer medulla, renal inner medulla,
adrenals, hypothalamus, cerebellum, brain stem, the remainder of the brain, lung, liver
and skeletal muscle (quadriceps). Tissue and blood samples, along with injected standard
solutions, were counted for retained radioactivity using a gamma counter (Packard) and
weighed to provide the net weight for each sample. Data were expressed as a percent of

the absolute injected dose per gram of tissue or sample (%ID/g).

2.4.  ExVivo Competition

[''C]Methyl-candesartan and [''C]TH4 were evaluated for in vivo binding
selectivity for the AT, receptor over AT,;, Mas (Ang(1-7)), B-adrenergic and o5-

adrenergic receptors using previously published procedures (Kenk et al., 2007 ; Lourenco
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et al., 2001) and established saturating doses of receptor antagonists. Candesartan
(Toronto Research Chemicals) and losartan (génerously provided by Dr. F.H.H. Leenen’s
laboratory) block AT, receptors. PD123,319 (Sigma Aldrich) and A-779 (Bachem
Bioscience) antagonize AT, and Mas receptors respectively. B-adrenergic and o;-
adrenergic receptors vwere blocked by propranolol (Sigma Aldrich) and yohimbine
(Sigma Aldrich) respectively. Candesartan, losartan, PD123,319 and A-779 were injected
iv whereas propranolol and yohimbine were administered intraperitoneally (ip).
Candesartan was co-injected with the radioligands at 3, 5 or 10 mg/kg (Nossaman et al.,
2007). Losartan was injected 5 minutes prior to the tracers at 20 mg/kg or co-injected
with the tracers at 30 mg/kg (Sun et al., 2007). PD123,319 was administered 5 minutes
prior to the radioligands. [“C]Methyl-caﬁdesartan was tested using a 2 mg/kg dose
(Zober et al., 2006) or a 5 mg/kg dose (Naruse et al., 2002). [''CJTH4 was tested using
_only the 5 mg/kg dose of PD123,319. A-779 at 100 ug/kg (Béyorh et al., 2002) was
administered 5 minutes prior to the radioligands. Propranolol at 20 mg/kg (Friedman et
al.,, 2001) and yohimbine at 10 mg/kg (Munzar et al., 1999) were administered 15
minutes prior to the tracers.

Similar procedures to the time course studies (section 2.3) were employed to
assess binding selectivity of the two radioligands. Bnefly, rats (200-275g) were
restrained and injected with 1.5-1.7 mCi tracer iv (at time of first injéction) and sacrificed
by decapitation without anaesthesia 15 minutes after radioligand injection. Trunk blood
and tissue samples were collected and counted as in the time course studies. Data were

expressed as %ID/g and tissue data was normalized to that of the blood (tissue-to-blood
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ratio) to correct for any differences in tracer delivery between treatment groups. The

percent change from controls was calculated from the following equation:

(Mean Tissue : Blood),,..mem — (Mean Tissue : Blood)

control x 100%
(Mean Tissue : Blood)

control
Based on competition results, [''C]methyl-candesartan was tested in further

studies and [''C]TH4 was not.

2.5. . Plasma Protein Binding

Plasma protein binding was assessed using published procedures (Lourenco et al.,
2001) and a commercially available kit (Micon Bioseparations). Duplicate whole truhk
blood samples were collected into heparinized tubes from a male Sprague-Dawley rat
sacriﬁced' by decapitation without anaesthesia. Whole blood samples were centrifuged
for 5 minutes at 4000 rpm (Jouan). Plasma was transferred into glass culture tubes to
which 100 pl of authentic [''C]methyl-candesartan was added. The assay was then
completed in duplicate.’ A 1.0 ml aliquot of plasma with tracer was separated into a free |
tracer plasma fraction and a plasma protein fraction in an MPS Micropartition Device
(MPS No. 4010) following the manufacturer’s speciﬁcationé. Briefly, the 1.0 ml aliquot
was added to the upper chamber of the two chamber separation device. The sample was
céntrifuged for 30 miﬁut-es at 2000 xg. Free tracer in plasma passes into the bottom
chambér through the mgrhbrane separating the two chambers. The filtrate (in the bottom
chaxﬁber) and the plasma protein bound tracer: (in the upper chamber) were then
transferred to pre-weighed gamma tubes and counted in a gamma counter (Packard)

along side a 100 pl aliquot of the unfiltered plasma and tracer in a pre- weighed gamnﬁa
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tube to act as a measure of the total plasma activity. The proportion of free tracer in

plasma was calculated by the following equation:

Activity
(™ s .
frate «100%

Total activity
( /Mass)

plasma

The remaining proportion was then made up of the plasma protein-bourid radioligand.
An average of the duplicate assays was used to calculate the final proportion of plasma

protein binding.

2.6. Dosimetry

[''C]Methyl-candesartan was furthef assessed as described (Lourenco et al., 2001)
for the collection of rodent data for estimations of human radiation dose equivalents and
residence times. Briefly, restrained male and female rats (n=3 for each sex at all time
points) were injected iv with 1.5 mCi of [”C]methyl;candesartan (at time of first
injection) and were sacrificed by decapitation without anaesthesia at 5, 15, 30 or 60
minutes after [”C]methyl-candesartan injection. Brain, thymus, thyroid, heart, lungs,
pancreas, spleen, fnarrow, bone, adrenals, kidneys, liver, urine, lower large intestine
(LLI) contents, upper large intestine (ULI) contents, small intestine (SI) contents, and
stomach contents wefe dissected from every animal. Testes were removed from male
rats, and breasts, ovaries ahd uteri were removed from female rats. Trunk blood and
tissue samé]es were collected and counted as described in the previous ex vivo studies.
Activity in the carcass was also recorded for use in the calculations. All activity data was |

back corrected to the time of first injection.
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The activity at time zero was assumed to be zero. Mean activity data for each
organ were plotted versus time and integrated to calculate the residence times.
OLINDA/EXM software calculated the effective dose (ED) and effective dose equivalent
(EDE) by the MIRD method and established ICRP 60/80 protocols (ICRP, 1987; ICRP,
1998). Conversion from rat data to human data used the following equatibn (Feller et al.,

1975):

Total Body Mass N Total Body Mass
Mass of Organ ) Mass of Organ },

Gastrointestinal contents, blood, and bone masses were as reported in the Cristy and
Eckerman phantom series (Stabin et al., 1999) while the remaining tissue masses were as
described in ICRP Publication 23. The total marrow and bone values were divided into
red and yellow marrow and cortical and trabecular boﬁe respectively in equal ratios as per.
guidelines (ICRP, 1975). Estimations of the human injected dose were based on the
correction. factor described by Jagoda and colleagues (2004). Safety limits were applied
as published in FDA regulations Code of Federal Regulations Title 21, Volume 5,

Section 361.1.

2.7. Metabolism

To detect any radiolabeled métabolites present in the plasma and tissues following
administration of ''C-labeled compounds, a modification of the column-switch high
performance liquid chromatography (HPLC) methbd was employed (Hilton et al., 2000;
Kenk et al., 2008). High amounts (6-20 mCi at the timg 'of injection) of [''C]methyl-

candesartan were administered to restrained rats iv. Rats were sacrificed at 3, 15 or 20
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minutes post-injection, trunk blood was collected and the kidneys quickly dissected out.
Trunk blood was centrifuged (Jouan) at 4000 rpm for 5 minutes. Urea (Sigma Aldrich)
was édded to plasma samples to a final concentration of 1.0 g/ml to disrupt plasma
protein binding (Hilton et al., 2000). Plasma samples (approximately 0.5 ml) were
-injected onto the HPLC system. For separation of radiolabeled components, two HPLC
columns were used (Figure 2.3); a capture column (Oasis HLB VAC RC Extractipn solid
phase in a refillable cartridge) and an analytical HPLC column-(Luna C18 10 pm 100 A
250 x 4.60 mm, Phenomenex). The various components were assessed by two detectors
in series: a Waters UV detector, and a Biorad coincidence detection radiation detector.
Briefly, the column-switch procedure involved injection of the sample onto the capture
column in solvent 1 (1/99 acetonitrile/water) and passing the detectors. This initial phase
detects any lost radioactivity and the eluted macromolecules such as plasma proteins and
cellular debris. Once the UV signal had returned to baseline, flow was switched such that
Solvent 2 (35/65 acetonitrile/0.1 M ammonium formate) back-flushed the retained
compounds off the capture column and over the analytical column passing by the
detectors. Any compounds captured weré then eluted based on polarity. Chromatoéram
data (retention time and area under the curve; AUC) were analysed using PeakSimple
3.77 and corrected for noise and radioactive decay. Radioactive decay was corrected

using the following equation:

AUC s ¥ ! = Corrected AUC

~0.6931472
(( A/ 2 )x(f" ~funchanged ))

e
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1% CH,CN 1°5 CH,.CN
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35% CH,CN
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Capture Column Switch ) Re-Activation
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Figure 2.3. Flow diagram of the HPLC column-switch method for analysis of
["'C]metabolites in plasma and kidney homogenate. C1 represents the ‘capture’ column —
a refillable cartridge containing QOasis HLB sorbent. C2 represents the analytical column
—a Luna C18. Diagram adapted from Hilton et al 2000.
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Retention times were calculated from the point of back-flush onto the analytical column
(the time of switch) and activity data were expressed as the percent of the total

radioactivity signal, as in the following equation:

(Corrected AUC ) peok L 100%
X
(Corrected AUC), ’

otal

Controi samples of plasma and kidney were processed as described above, spiked with
authentic [''C]methyl-candesartan prior to processing. A plasma and kidney sample from
a rat sacrificed 15 min post-injection was also spiked with authentic [i'C]TH4 prior to
processing and processed as described. A group of rats received a 5 mg/kg co-injection
of candesartan and [''C]methyl-candesartan and sacrificed at 15 minutes post-injection to
assess for possible interactions of metabolites and the AT, receptor. Candesartan was
administered at 5 mg/kg for this and subsequent studies based on previous work from
(Nossaman et al., 2007). All samples from these rats were processed and analyzed as
described above. Sample sizes fovr the groups were as follows: control plasma n=10;
c‘ontrol kidney n=6; 3 minutes posf-injection plasma n=4; 3 minutes post-injection kidney
n=3; 15 minutes post-injection plasma and kidney n=4; 20 minutes post-injectioh plasma
n=3; 20 minutes post-injection kidney n=4; candesartan co-injection ‘plasma n=6; and

candesartan co-injection kidney n=6.
2.8.  Small Animal PET Studies

2.8.1. General Scan Protocol

Rats were injected with [''C]methyl-candesartan and underwent 60-minute list-

mode PET scans using the on-site small animal PET camera (Inveon, Siemens) under 1-
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2% isoflurane anaesthesia. A 10-minute transmission scan was performed immediately
prior to each PET scan without moving the animal to allow application of scatter and
attenuation corrections during image reconstruction (Figure 2.4). Corrections for
spillover (discussed in seétion 4.5.3) were not applied to PET data. However, spillover
effect was minimized as much as possible in generation of the ROls. Where possible, 2
animals were scanned sequentially using the same tracer formulation. When this
occurred, the PET and transmission scans were completed in reverse order to minimize
tracer decay. Animals were scanned in a supine position on a heated scanner.bed é.nd

physiological parameters were monitored for the duration of the scans.

2.8.2. Data analysis

Activity count data were reconstructed into 26 frames: twelve 10-second frames,
three 1-minute frames, and eleven 5-minute frames. All images were analyzed with
Inveon Research Workplace software (Siemens). Regions of interest (ROI) were created
on reconstructed images based on known AT, receptor expression and/or visual presence
of uptake or activity: LV éavity blood pool, LA region blood pool, liver, kidneys, and
lungs. LV cavity ROIs were created by selecting th‘e threshold of highest intensity pixels
from a 3-D elliptical shape encompassing the LV such that shapes of similar sizes were
manually generated \t\o avoid myocardium tissue as much as possible. LA region ROIs
were created similarly by selecting tfle threshold of highest intexisity pixels from a sphere |
above the LV ROI. Lung and liver ROIs were 2 spheres of 10-20 pixels placed carefully
to avqid overiap with other tissues, within each side of the lungs and in different regions
of the liver. The left and right kidney ROIs were created from 3-D elliptical shapes by

removing portions of the ellipse in close proximity to the liver to minimize spillover from
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Figure 2.4. Timeline schematics of the PET scan protocols. [''C]Methyl-candesartan
(" C]Me-candesartan) was administered iv at t, in all scans. Transmission scans (T scans;
blue) were completed either prior to or immediately following the PET scans (red). (A)
Control scans received only tracer at to. (B) Candesartan (5 mg/kg) was administered as a
co-injection with the tracer at ty. (C) PD123,319 was administered iv 5 minutes prior to
the initiation of the PET scan and [''C]methyl-candesartan injection.
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the liver. Threshold contours of the highest intensity pixels were then generated in the
remaining shape. The thresholds were manually created such that a ribbon of consistent
stze was applied to each kidney.

For all ROIs. in each scan, time course data were collected and distribution volumes
(DVs) were generated by Logan graphical analysis in the Inveon Research Workplace
software. Briefly, the DV is calculated as the slope of plots produced from the ROIs such

that the y- and x-axes are as follows:

! ©C_(7)dt
y—axis= j______C,(r)dt X — axis = j AQ
0 Cf 0 Cf

2.8.3. Initial Scan Optimization

Fourteen rats were injected with 0.4-2.4 mCi [? 'C]methyl-candesartan, scanned as
described in section 2.8.1, and the images were analysed as preliminary test data for
protocol optimization. The effects of fnjected mass, activity, specific éctivity, and dose
on DV data were investigated. In a subset of 3 rats, images were reconstructed with aﬁd
without corrections for scatter and attenuation to select appropriate reconstruction-
protocols. Using identical protocols, a subset of 6 rats underwent a second scan to assess
reproducibility and any effects of rat mass on DV data. The data from the 14 control raté
and the 6 rats that received multiple scans determined the sample size for the subsequent
treatment groups. From these initial scans the standard protocol was applied for the

subsequent candesartan and PD123,319 treatment groups.
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2.8.4. Plasma Activity Correction

To correct the whole Blood curvés for the activity in the plasma fraction over
time, the contribution of the plasma activity to that of the tétal blood was determined.
Four rats received arterial cannulation surgery under 1-2% isoflurane anaesthesia for
arterial blood sampling. Immediately prior to sampling, 2 mCi of [''Clmethyl-
candesartan was administered iv.. 200 pl blood samples were collected at 0.5, 1, 5, 10, 20,
30, 45, and 60 minutes posi-injection into EDTA-coated Microvettes. Whole blood was
transferred to pre-weighed gamma tubes, counted in a gamma-counter (Packard) and
weighed to express the count data as counts per minute per mg sample (CPM/mg). Blood
samples were then centrifuged (Jouan) at 4000 rpm for 5 minutes. Plasmé was removed -
and transferred to clean, pre—wéighed gamma tubes and counted for radioactivity decay
correcting the data to the same time as that of the whole blood. The plasma samples were
also weighed to express data as CPM/mg. The ratio of plasma CPM/mg to blood
CPM/mg was calculated for each time point. The mean ratio for all time points was
applied as a correction factor to the blood data in the Inveon Research Workplace

software in the generation of DV values from images (section 2.8.5).

2.8.5. Time Course and Competition

The initial protocol éptimization scans from the 14 rats (section 2.8.3) functioned
as the control group to generate time course data (Figure 2.4). A full kinetic study (0-60
minutes) was also completed in four rats treated with 5 mg/kg candesartan (Nossaman et
al., 2007) or six rats treated with 5 mg/kg PD123,319 (Naruse et al,, 2002). In AT;-
antagonized rats, candesartan and 1.0-2.0 mCi of [”C]methyl—candesartan were co-

injected through the tail vein at the same time as a 60-minute list-mode PET scan was
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started. PD123,319-treated (AT,-antagonized) rats were iv injected 5 minutes prior to
[! lC]met‘hyl-candesartan (0.6-2.9 mCi at time of injection). All reconstructions included
corrections for both scatter and aitenuation. - Activity data were collected from each ROI
as described above (section 2.8.2; LA region, lungs, liver, and kidneys) for the 26-frame
images. ‘Whole blood’ activity was considered to be the LA region for all scans based on
the optimization results. The activity data for the lungs, liver and kidneys were
normalized to the peak ‘blood’ activity to remove any effect of differences in injected
activity across scans. From the activity (iata, DV values were generated as described
(section 2.8.2), applying the established correction factor for plasma to whole blood
activity (section 2.8.4 and 3.6.2). The percent change from controls was calculated from

the following equation:

(Mean DV{value)mmn , ~ (Mean DV value)

control x 100%
(Mean DV value)

control

2.9.  Statistical Analysis

Ex vivo competition data were evaluated by analysis of variance (ANOV A) with
Bonferroni post-hoc analysis. Mean tissue-to-blood ratios of antagonist treated groups
were compared to that of the control gfoup. Small animal PET mean DV values of
candesartan and PD123,319 treatment groups were compared to the control gréup using a
Student’s t-test. SPSS 16.0 software was: employed for all comparisons with a p-value
less than 0.05 considered significant. Sample size requirements were calculated to detect

a 20% difference between groups with SigmaStat 3.0 software.
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3. RESULTS
3.1. Ex Vivo Time Course

311 [ 'C]Methyl-candesartan

! 1C]Me“[hyl-candesartan tissue uptake trends across tissues were generally similar
for all time points (Figure 3.1). Within tissues, over time there was more washout than
expected, reducing signal and approaching background Ievelé by 45 minutes. Throughout
the study radioligand retention in the liver was observed at a level more than 2-fold
higher than the remaining tissues and accumulated over time '(Figure 3.1). The renal
cortex and outer medulla retention was also high relative to other tissues but to a much
lesser degree than the liver (Figure 3.2). The tissue upfake of the remaining tissues was
moderate to low with very minimal uptake observed in the brain.

Tracer uptake within heart regions and within brain regions was similar. Data
were therefore expressed on a whole tissue basis for heart and brain. Liver uptake was
much more than the remaining tissues and increased over time, but as a potential site of
metabolism and excretion this is not unexpected. Additionally, the liver is not an organ
of interest in the context of future research (HF and DN). For this reason, the liver was
excluded from further figures. Contrast between the tissue and blood radioactivity was
optimal at 15 minutes following radioligand injection and was selected for the subsequent
competition studies (contrast ratio of renal cortex to blood: 12, 12, 12, 5, and 7 at 5, 15,.
36, 45 and 60 minutes; contrast ratio of outer medulla: 4.4, 4.7, 4.5, 3.1 and 3.8 at 5, 15,

30, 45 and 60 minutes).
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3.12. [''C]TH4

["'C]JTH4 retention compared to that of ["'C]methyl-candesartan but was
generally lower for all tissues with exception of the renal cortex (Figure 3.3). [''C]TH4
retentibn in the liver was higher (about 37%) than the‘\remaining tissues at 5 minutes and
accumulates to much higher levels at later time points. Similar to [''C]methyl-
candesartan, the renal cortex and outer medulla retention was high and tissue uptake of
the remaining tissues was moderate to low (Figure 3.4). Uptake in the brain was
minimal. Tracer retention was expressed on a whéle tissue basis for heart and brain, as
regional differences were not observed within these tissues. Liver uptake of this
radioligand was élso much more than the remaining tissues and similarly to [”C]mefhyl-
candesartan the liver was excluded from further figures. Optimal tissue to blood contrast
was aiso observed at 15 minutes following radioligand injection and therefore this time
point was selected for [ ""C]TH4 competition studies as well (contrast ratio of renal cortex
to blood: 19, 14, 8, and 5 at 5, 15, 30, and 60 minutes; contrast ratio of outer medulla:

2.9,5.3,4.0,and 2.5 at 5, 15, 30, and 60 minutes).
3.2.  ExVivo Competition

3.2.1. [''C]Methyl-candesartan

Fluctuations were observed in blood % ID/g values between groups for
["'C]methyl-candesartan (Figure 3.5) ‘hence, competition‘ data was normalized for .
differences in delivery. Data were expressed as a ratio of the % ID/g of the tissue to that

of the blood from the same animal. This tissue-to-blood ratio was used for all subsequent
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comparisons. Similar regional uptake in kthe heart and brain (as described in section
3.1.1) was also observed in these studies.

| Overall, high specific binding was 6bserved in the kidney regions for
[”C]ﬁlethyl-candesartan (Figure 3'6)’ The specific binding component of [''Clmethyl-
candesartan was expressed as the percent change of the AT, antagonist treatment groups
relative to controls (Table 3.1). In the renal cortex, candesartan or losartan producéd 57-
81% and 89-90% reductions in uptake respectively. The specific binding component of
[ 'C]methyl-céndesartan in the renal outer medulla with candesartan or losartan was 74-
81% and 87-90% respectively.

Competition of [''C]methyl-candesartan binding using other receptor antagonists
had minimal effects. PD123,319 (Figure 3.7) at the higher dose (5 mg/kg) significantly
decreased tissue retention in the renal cortex and outer medulla (38% and 59%.
respectively; Table 3.2) but these reductions were not observed in 2 mg/kg PD123,319
treated rats. This lower dose of 2 mg/kg has previously characterized PET AT, |
radioligand Selectivity to AT, over AT, (Zober et al., 2006). Pretreatment with A-779;
prppranolol or yohimbine did not produce significant reductions in tissue retention of

[l IC]methyl-cande:sartan.

3.22. [''C]TH4

Fluctuations in blood % ID/g values were also observed using [''C)TH4 (Figure
3.8) and data were therefore normalized as in the [''C]methyl-candesartan studies.
Similar regional uptake in the heart and brain (as described in section 3.1.2) was also

observed in these studies such that those data could be expressed on a whole tissue basis.
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High AT, specific binding of ["'CJTH4 was observed in the kidney regions
(Figure 3.9). The overall percent change of the AT, éﬁtagonist treatmeﬁt groups relative
to controls (Table 3.3; 45-70% and 72-78% for the renal cortex and 56-73% and 73-81%
for the renal outer medulla) was less than that of ['.‘C]methyl-candesartan.

Pretreatment of rats receiving [''C]TH4 with PD123,319, propranolol or |
yohimbine did not alter [''CJTH4 uptake (Figure 3.10). A-779 pretreatment, at a dose of
100 pg/kg, resulted in a significant reduction in [''C]TH4 retention in the outer medulla
(53%; Table 3.4). Although selectivity for AT, over AT, and B-adrenergic and ;-
.adrenergic receptors was demonstréted, selectivity over Mas receptors was not. Studies
involving [''C]TH4 were discontinued for this reason and the lower specific binding

proportion and further characterization was not undertaken. -

3.3. Plasma Protein Binding
Plasma protein binding was assessed in a male Sprague-Dawley rat in duplicate. The
mean proportion of activity bound to'p\lasma proteins for the duplicate measurements was

99.83%.

3.4. Dosimetry

/ ["'C]Methyl-candesartan tissue uptake at 5, 15, 30, and 60 minutes post-injection
correlate with the time course data for those tissues in common between the two studies.
Uptake data are displayed in Tables 3.5 and 3.6. Similar trends were observed for both
males and females. At S minutes post-injection, several organs and tissues show uptake:
liver, kidneys, lungs, adrenals, small intestine contents, heart, pancreas, spleen, ovaries,

urine and blood. From 15 to 60 minutes post-injection uptake levels in several of these
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tissues return much closer to baseline: ovaries, heart, pancreas, and spleen. Tissues such
as the lungs and adrenals maintain uptake above background until 30 minutes post-
injection while kidneys maintain uptake until 60 minutes post-injection. Metabolism
related tissues (liver, small intestine contents, and upper and lower intestine contents)
generally increased over time. Residence times were generally similar between the sexes
(Tables 3.7 and 3.8). The liver, in both sexes, account for more than 40% of the effective
dose (ED) and the effective dose equivalent (EDE). Liver is the limiting tissue for both’
the ED and EDE (Table 3.9). After the liver, the gonads also contributed to the overall
ED (12% in males and 7% in females) and EDE (12% in males and 7% in females).
Based on the ratio proposed by Jagoda and colleagues (2004), and assuming a 10-fold
difference in scanner efficiency between small animal and human scanners, the human
injected activity would be 33.3 times greater than that used rat, . All tissue and whole
body dose values are below the 3-5 rem safety Iimits recommende.d by the Food and Drug

Administration, even when the estimated human dose is applied.

3.5.  Metabolism |

Oasis HLB VAC RC Extraction solid phase (HLB sorbent) was shown to retain
100% of the radioactivity signal in authentic [“C]methyl-candesartan standards (Figure
3.11). When tracer was applied to unaltered control plasma or kidney tissue homogenate
(Figure 3.12) HLB sorbent was unable to completély capture aﬁthentic [“C]methyl-
candesartan. In plasma, up to 55% of the total radioactivity signal was not captured in
the initial phase of the study. In kidney, this value was lower but still substantial (17%).

Addition of urea has been shown to disrupt plasma protein binding (Hilton et al., 2000)
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Table 3.5. Tissue uptake (%ID/g) of [''C]methyl-candesartan for all time points and
tissues of female Sprague-Dawley rats (n=3 at all time points) receiving 1.5 mCi (at time
of first injection). Gastrointestinal contents were collected from the lower large intestine
(LLI), upper large intestine (ULI), and small intestine (SI).

Tissue 5 minutes 15 minutes 30 minutes 60 minutes
%ID/g %ID/g %ID/g %ID/g
Brain 0.012+£0.005  0.004+0.001 0.006+0.003  0.004+0.001
Thymus 0.052+0.005  0.028+0.003  0.031+0.010  0.017+0.003
Thyroid - 0.090+0.020  0.037+0.007  0.114%0.136  0.036+0.022
Breasts 0.077+£0.018  0.033+0.011 0.049+0.023  0.026+0.002
Ovaries 0.187+£0.049  0.048+0.006  0.050+£0.033  0.025+0.006
Uterus 0.072+0.005  0.053+0.023  0.076+0.050  0.038+0.012
Heart 0.244+0.047  0.058+0.001 0.068+0.061 0.022+0.009
Lungs 0.515+£0.113  0.127+£0.006  0.143+0.136  0.043+0.016
Pancreas 0.206+0.035  0.031+0.006  0.044+0.037  0.024+0.007
Spleen 0.169+0.029  0.030+£0.002  0.043+0.038  0.019+0.007
Marrow 0.004+0.003  0.001+0.000  0.001+0.000  0.001+0.000
Bone 0.023+£0.008  0.019+0.001 0.011+£0.006  0.008+0.001
Adrenals 0.324+0.075  0.111+0.055  0.365+0.497  0.064+0.016
Kidneys 2.569+0.275 1.021+£0.182  0.922+0.591 0.279+0.062
Liver 9.102+1.137  7.831+0.583  10.567+1.480 9.644+1.325
Urine ‘ 0.145+0.271 0.106+£0.054  0.100+£0.090  0.544+0.488
LLI contents 0.046+0.015  0.023%0.018  0.041+0.025  0.079+0.058
ULI contents 0.035+£0.003  0.035+£0.005  0.061+0.014  0.094+0.007
" SI contents 0.257+0.018  0.234+0.025  0.377+0.047  0.711x0.129
Stomach contents 0.060+£0.072  0.011+0.008  0.132+0.084  0.032+0.032
Blood 0.378+0.110 0.143+£0.170  0.042+0.020

0.059+0.007
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Table 3.6. Tissue uptake (%I[D/g) of [''C]methyl-candesartan for all time points and
tissues of male Sprague-Dawley rats (n=3 at all time points) receiving 1.5 mCi (at time of
first injection). Gastrointestinal contents were collected from the lower large intestine
(LLI), upper large intestine (ULI), and small intestine (SI).

Tissue 5 minutes 15 minutes 30 minutes 60 minutes
%ID/g %ID/g %ID/g %ID/g
Brain 0.010+0.005 0.005+0.000  0.005+0.001 0.006+0.004
Thymus 0.035+0.004  0.026+0.001 0.020+0.002  0.027+0.018
Thyroid 0.133£0.057  0.037+£0.006  0.024+0.009  0.025+0.013
Testes 0.029+0.020  0.016+0.003 0.015+0.001 0.020+0.010
Heart ©'0.192+0.052  0.052+0.010  0.031+0.016  0.031+0.022
Lungs 0.387+£0.126  0.115+0.020  0.072+0.041 0.052+0.037
Pancreas 0.167+£0.056  0.037+0.007  0.023+0.004  0.033+0.021
Spleen 0.151+0.046  0.032+0.006  0.023+0.011 0.026+0.013
Marrow 0.002+0.000  0.001+0.000  0.001+0.000  0.001%0.000
Bone 0.026+0.009  0.021+£0.003  0.012+0.008  0.012+0.005
Adrenals 0.352+0.104  0.142+0.020  0.108+0.069  0.051+0.024
Kidneys 2.151+0.366  0.936+0.069  0.396+0.118  0.232+0.176
Liver 5.604+1.105 6.340+0.293 6.495+0.593 7.8204+2.278
Urine 0.266+0.391 0.066+0.061 0.041£0.042  0.052+0.004
LLI contents 0.025+0.015 0.014+0.012  0.035+0.016  0.056%0.033
ULI contents 0.025+0.007  0.040+0.008  0.057+0.006  0.112+0.040
SI contents 0.1770.045 0.162+0.097  0.200+0.011 0.544+0.256
Stomach contents 0.032+£0.042  0.006£0.002  0.037+£0.020  0.021+0.023
Blood 0.324+0.140 0.042+0.023 - 0.055+0.052

0.061+0.014
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Table 3.7. Residence times (Bq-h/Bq) of [''C)methyl-candesartan in rats.
Gastrointestinal contents were collected from the lower large intestine (LLI), upper large
intestine (ULI), and small intestine (SI).

Tissue Males Females
Bq-h/Bq Bq-h/Bq
Brain 6.183x107 6.871x10°
Thymus 6.135x10” 4.109x10°
Thyroid 6.245x10° 7.199x10°®
Testes 1.101x10™ -
Breasts - 1.903x107
Ovaries - © 4.029x107
Uterus - 3.109x107%
Heart 3.536x107* 3.273x10*
Lungs 1.715x10™ 9.970x107
Pancreas 1.743x10™ 9.248x10”
‘Spleen 2.259x10™ 1.348x10™
Marrow 4.558x10°® 6.547x10°
Bone 1.503x107 1.342x107
Adrenals 2.425x10° 5.068x10°
Kidneys 1.381x107 1.116x107
Liver 3.290x107 5.771x10*
Urine 2.037x10°¢ 1.543x10°
LLI contents 1.537x10™ 2.521x10*
ULI contents 5.170x10™ 7.586x10
SI contents 1.990x10 7.946x107
Stomach contents 9.383x107° 6.393x10°
Blood 6.072x10* 7.800x10*
Remainder 3.201x10™ 3.069x10"
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Table 3.8. Residence times (Bg-h/Bq) of [''C]methyl-candesartan in humans calculated
from rat data. Gastrointestinal contents were collected from the lower large intestine
(LLI), upper large intestine (ULI), and small intestine (SI). In the OLINDA/EXM
software, heart is considered ‘heart wall’, urine is termed ‘urinary bladder contents’, and
blood is termed ‘heart contents’.

Tissue - Males Females
Bq-h/Bq Bq-h/Bq
Brain 1.610x10™ 1.898x10
Thymus 8.150x10°° 9.933x10°
Thyroid 2.870x107 8.279x10°®
Testes 1.068x107 -
Breasts - 1.978x10™
Ovaries - 1.281x107
Uterus o 5.450x10°
Heart Wall 4.864x10™ 4.788x10™
Lungs 2.297x10%  2.281x10°
Pancreas 1.152x10™ 9.674x107
Spleen 1.950x10™ 1.800x10™
Red Marrow 1.193x10° 1.798x107
Cortical Bone 4.6432x10*%  3.7808x10*
Trabecular Bone 1.1608x10™ 9.4520x10°7
Adrenals 2.305x107 3.109x10°
Kidneys - 7.872x107 8.367x10
Liver 1.939x10™! 3.016x10™
Urinary Bladder Contents 3.696x10° 2.537x10*
LLI Contents 1.352x10™ 2.846x10™
ULI Contents 2.729x10* 4.048x10™
SI Contents 1.443x10° 6.084x10°
Stomach contents 5.459x107 7.219x107
Heart contents 1.207x107 1.553x10°
Remainder 2.782x10™ 2.632x10!

Table 3.9. Effecti\}e dose equivalent (EDE) and effective dose (ED) for [''C]methyl-
candesartan in humans. EDE and ED were calculated from the MIRD method and ICRP
protocols 60 and 80 using OLINDA/EXM software.

Effective Dose Equivalent  Effective Dose

mSv/MBq mSv/MBq
Male 4.8x10” 3.6x107
Female 7.7x107 5.9x107
Average 6.2x10” 4.8x10”
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and this reduced lost radioactivity to less than 2% in plasma and kidney samples (Table
3.10; Figure 3.13).

Four total peaks were observed in HPLC chromatograms (Table 3.11, 3.12;
Figure 3.14). Any radioactivity not trapped by the capture column and hydrophiljc
metabolites eluting in the initial phase of the study were designated peai( 1 The peaks
eluting after the column switch were any metabolites retained by the capture column és
well as unchaﬁged ['!C]methyl-candesartan. ‘Peaks 2 and 3 eluted at 3.73 and 6.96
minutes po.st-switch respectively and corresponded to hydrophilic metabolites. The final
peak (péak 4) at 15.77 minutes post-switch was unchanged [“C]methyl-candesartan. In
samples with authentic [''C]TH4 added, peak 3 co-eluted with the [''C]TH4 peak (Figure |
3.15). |

In injected rat plasma samples, the proportion of radioactivity not captﬁred (peak
1) did not change over any timev point tested (Table 3.12). Peak 2 was observed as a very
small proportion of the total radioactivity in injected rat pla;sma or control plasma
samples and did not vary over time. The total proportion of radioactivity of peak 3, as
with the previéus 2 peaks, was generally similar over all time points (3, 15 and 20
minutes) only increasing slightly but not significantly over time (1.26% at 3 minutes to
4.17% at 20 minutes). Peak 4, unchanged ['!C]methyl-candesartan, decreases slightly.
from 3 to 20 minutes (95.23% and 90.98% respectively). Overall, the proportions of total
radioactivity for the 4 peaks in rat plasma samples varied only slightly with time.

Rat kidney homogenate samples displayed more variation than observed in
plasma samples (Table 3.12). Kidney samples had a smaller proportion of unretained

radioactivity (0.96-1.95%) compared to plasma samples (3.37-4.80%). Peak 2 is

73



200000 -
180000 -
160000 -
140000 -
120000 -
100000 -
80000 -
60000 -
40000 -
20000 -

0 == eSS osm ST

0 10 20

Time (min)

Figure 3.11. A sample chromatogram depicting the radioactive peaks with the injection
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Figure 3.12. A sample chromatogram depicting the radioactive peaks with the injection
of rat plasma (A) or kidney homogenate (B), spiked with authentic ["'Clmethyl-
candesartan prior to processing. Columns and solvents were switched at 4.01 and 4.04
minutes for plasma and kidney samples respectively.
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Figure 3.13. A sample chromatogram depicting the radioactive peaks with the injection
of rat plasma (A) or kidney homogenate (B), spiked with authentic ['C]methyl-
candesartan prior to processing. Urea at 1.0 and 0.4 g/ml was added to plasma and kidney
samples respectively to disrupt plasma protein binding. Columns and solvents were
switched at 4.2 and 5.0 minutes for plasma and kidney samples respectively.
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Table 3.10. Percent of total radioactivity signal for unretained radioactivity (Peak 1) in
plasma and kidney samples from processing with and without urea.

Concentration Urea Plasma Kidney
0 g/mL 45.9% 18.3% -
0.4 g/mL 16.6% 1.2%
1.0 g/mL 1.7% n.d.

Table 3.11. Mean retention times (+ standard deviation) of each radioactivity signal peak
in ["'C)methyl-candesartan control and injected rat plasma and kidney homogenate
samples. All times are after the flow switch. Peak 1 (unretained radioactivity) elution
occurs prior to the flow-switch, thus retention time is not applicable (n.a.). Peak 2 and 3
are hydrophilic metabolites and peak 4 is unchanged [''C]methyl-candesartan.

Peak 1 Peak 2 Peak 3 Peak 4

Retention Time
" (min)

n.a. - 3.73+£0.06 6.96 £ 0.20 15.77+ 0.30

Table 3.12, Mean Proportion of the radioactivity signal (+ standard deviation) from
chromatograms of [ 1C]me’thyl-candesaﬁan rat plasma and kidney homogenate samples.
Noise and decay corrections were applied. Peak 1 is unretained radioactivity. Peak 2 and

3 are hydrophilic metabolites and peak 4 is unchanged [''C]methyl-candesartan.

Peak 1 Peak 2 Peak 3 Peak 4

Control Plasma 1.73x2.77 0.03+0.08 1.45+1.42 96.9+3.37

3 min Plasma 3.37+3.22 0.14+0.28 1.26+£0.97 95.23+2.74
15 min Plasma 4.80+3.22 2.23+2.58 1.91+£1.98 91.05+6.83
20 min Plasma 4.32+3.99 0.52+0.91. 4.17+4.83 90.98+8.68
Control Kidney 1.17+1.89 0.0+0.0 2.63+£1.86 96.20+3.54
3 min Kidney 1.95+0.63 0.41+0.17 6.79+1.20 90.86+1.00
15 min Kidney 0.78+0.92 6.16+3.90 22.35+7.93 70.71£10.12
20 min Kidney 0.96+1.11 4.99+4 41 26.22+15.21 65.83+18.63
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Figure 3.14. A sample chromatogram depicting the radioactive peaks with the injection
of rat plasma (A) or kidney homogenate (B), 20 minutes following [”C]methyl-
- candesartan injection. Columns and solvents were switched at 6.1 and 6.4 minutes for
plasma and kidney samples respectively.
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Figure 3.15. A sample chromatogram depicting the radioactive peaks with the injection
‘of rat plasma (A) or kidney homogenate (B), 15 minutes following [”C]methyl-
candesartan injection and spiked with authentic [''C]TH4 prior to processing. Columns
and solvents were switched at 5.0 and 4.05 minutes for plasma and kidney samples
respectively.
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Figure 3.16. Proportion of total radioactivity for all metabolite peaks in plasma and
kidney at 15 minutes post-injection in control and candesartan (5 mg/kg) blocked rats.
Peak 1 is unretained radioactivity. Peak 2 and 3 are hydrophilic metabolites and peak 4 is
unchanged ['' CJmethyl-candesartan.
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Figure 3.17. A sample chromatogram depicting the radioactive peaks with the injection
of rat plasma (A) or kidney homogenate (B), 15 minutes following a co-injection of 5
mg/kg candesartan and [''C]methyl-candesartan. Columns and solvents were switched at
5.3 and 5.0 minutes for plasma and kidney samples respectively.
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observed as a small proportion of the total radioactivity, slightly higher than in injected
plasma samples, increasing marginally over tilhe. The proportions of radioactivity
measured for peak 3 increased much more over time (6.79% at 3 minutes to 26.22% at 20
minutes) and appeared at levels higher than in plasma samples. Unchanged ["'C]methyl-
candesartan proportions decreased from 90.86% at 3 minutes to 65.83% at 20 minutes.
Rat plasma and kidney samplés for rats injected with tracer alone at 15 minutes post-
injection and fats co-injected with tracer and 5 mg/kg candesartan were compared.
Chromatograms between these two groups were quite similar as well as the proportion of

radioactivity for each of the observed peaks (Figure 3.16, 3.17).
3.6. Small Animal PET Studies

3.6.1. Initial Condition Optimization

Iniﬁal scans (Figures 3.18-3.19) at injected activities varying from 0.4-2.4 mCi
produced images of sufficient quality to allow for creation of ROIs and produce time
activity as well as DV data. It was found that approximateiy 2 mCi (or more up to 2.9
mCi tested) of injected a_ctivity, however, produced images that were of higher quality
and more easily analyzed. An injected activity of 2 mCi was therefore employed as the
ideal threshold of injected activity for all studies. Since they are the target organs,
kidneys were used as the ROI to determine reproducibility.‘ Serial scans in the same
animal generated reproducible resuits in normal rats (Table 3.13) such that only a small
number of rats were needed in treatment groups.

Assessment of scan parameters, using the kidneys as the ROI, determined that
neither injected mass, specific activity, injected activity, nor injected dose impacted on

the DV values over the rahges tested (Figures 3.20-3.24; Table 3.14). Generated DV
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Figure 3.18. (A-F) Sample images from a control scan at (A) 20-30 seconds, (B) 50-60
seconds, (C) 80-90 seconds, (D) 2-3 minutes, (E) 5-10 minutes, and (F) 55-60 minutes
post-injection. (G) A coronal slice of a control scan image at 2-3 minutes post-injection
showing liver and kidney uptake.
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Figure 3.19. Mean percent of peak blood activity over time (+ standard deviation) in
- control rats (n=14) in blood, left kidney, left lung, and liver.
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Figure 3.20. Calculated DV values in the right and left kidney over mass (ug) of methyl-
candesartan injected. The LA region was considered the ‘whole blood’ input. No
corrections for plasma to blood activity were applied for the initial analyses. No effect of
injected mass on DV value was observed.
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Figure 3.21. Calculated DV values in the right and left kidney over specific activity
(mCi/umol) injected. The LA region -was considered the ‘whole blood’ input. No
corrections for plasma to blood activity were applied for the initial analyses. No effect of
specific activity on DV value was observed.
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Figure 3.22. Calculated DV values in the right and left kidney over activity (uCi)
injected. The LA region was considered the ‘whole blood’ input. No corrections for
plasma to blood activity were applied for the initial analyses. No effect of injected
activity on DV value was observed.
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Figure 3.23. Calculated DV values in the right and left kidney over dose (ug/kg) of
methyl-candesartan injected. The LA region was considered the ‘whole blood’ input. No
corrections for plasma to blood activity were applied for the initial analyses. No effect of
injected dose on DV value was observed.
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Figure 3.24. Calculated DV values in the right and left kidney over rat weight (g). The
LA region was considered the ‘whole blood’ input. No corrections for plasma to blood
activity were applied for the initial analyses. No effect of rat mass on DV value was

observed.
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Table 3.13. Mean DV values of the left kidney of serially scanned-rats and the overall
control group.

All Control DV Control Control I;X?fs ol
S Scan 1 DV Scan 2 DV [orterence
Scan 1-2
Mean 2.32 2.04 2.12 0.28
Standard 0.27 0.25 0.30 0.21
Deviation
3.0 -
25 l _L ‘I'J'
2.0 -

DV Value
&
!_1
—

0.5 -

0-0 T T T T T . 1
LV cavity LAregion KidneyR KidneyL LungR Lung L

D No Corrections Applied O Attenuation and Scatter Correction Applied

Figure 3.25. Mean calculated DV values (= standard deviation) of 3 control scan images
with and without corrections for attenuation and scatter applied to the reconstructions.

Table 3.14. R-squared values for correlations between scan parameters and the generated
DV value. Correlations were analyzed by simple linear regression.

DV vs. Injected Specific Injected Injected Rat weight
activity  activity mass dose

R’ 8.04x10" 0271 9.02x10” 5.74x10™ 0.0167

p-value 0.923 0.057 0.974 0.935 0.660
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values from images with applied corrections for scatter and attenuation were generally
less than those of the uncorrected images (to a maximum of 15%) but overall vanation
was dampened (Figure 3.25). Application of attenuation‘and scatter correction in small
animal imaging is used frequently (Kim et al., 1996; Zober et al., 2006) and in light of the

overall decrease in variability these corrections were applied for all scans.

3.6.2. Plasma Activity Correction

Five rats were injected with [''C]Jmethyl-candesartan and blood was collected. Of
those five rats, one rat was excluded due to an interstitial injection. When plotted over
time, the blood and plasma activity per mg curves had very similar shapes for the four
remaining rats (Figure 3.26). The ratio of the activity per mg in plasma to that of the |
- blood remained unchanged over time and between rats (Figure 3.27). Based on this
constant trend, an average ratio was calculated from all time points. The mean ratio of
1.58 was applied as a correction factor for the plasma input in calculation of DV values

from scan images in control and treated groups.

3.6.3. Time Course and Biodistribution

Time activity curves of the control scans (Figure 3.18-3.19) show similar trends to
those of the ex vivo time course studies (séction 3.1): the liver showed highest retention at
all time points followed by the kidney and lungs. In the initial time frames (0-120s)
vasculature, heart cavities, lungs., liver and kidneys were visualized (Figure 3.18).
Uptake in later frames was only maintained however in the kidneys and liver. Time
activity curves in treatment groups (candesartan and PD123,319; Figures 3.28-3.32) were

very similar to the control group in the blood, lungs, and liver. In rats treated with
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Figure 3.26. Activity (CPM/mg) over 60 minutes for the whole blood and the plasma
fraction from rats receiving 2 mCi of [''C]methyl-candesartan immediately prior to
sampling.
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Figure 3.27. Mean ratio for plasma to blood activity per mg (+ standard deviation) for the
full 60 minutes of sampling. At each time point n>3.
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Flgure 3.28. (A-F) Sample images from a candesartan (5 mg/kg) co-injection scan at (A)
20-30 seconds, (B) 50-60 seconds, (C) 80-90 seconds, (D) 2-3 minutes, (E) 5-10 minutes,

and (F) 55-60 minutes post-injection. (G) A coronal slice of a candesartan co-injection
scan image at 2-3 minutes post-injection showing liver and kidney uptake.
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- Figilre 3.29. Mean percent of peak blood activity over time (+ standard deviation) in rats
receiving candesartan (5 mg/kg) co-injected with [''C]methyl-candesartan (n=4) in blood,
left kidney, left lung, and liver.
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Figure 3.30. (A-F) Sample images from a PD123,319 (5§ mg/kg) treatment scan at (A)
20-30 seconds, (B) 50-60 seconds, (C) 80-90 seconds, (D) 2-3 minutes, (E) 5-10 minutes,
and (F) 55-60 minutes post-injection. (G) A coronal slice of a PD123,319 treatment scan
image at 2-3 minutes post-injection showing liver and kidney uptake.
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Figui‘é 3.31. Mean percent of peak blood aétivity over time ‘(5: standard deviation) in rats
receiving PD123,319 (5 mg/kg) 5 minutes prior to [''C]methyl-candesartan (n=6) in
blood, left kidney, left lung, and liver.
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Figure 3.32. Mean percent of peak blood activity over time (+ standard deviation) in
control rats (n=14) and rats receiving candesartan (5 mg/kg) as a co-injection
(n=4) or PD123,319 (5 mg/kg) 5 minutes prior to [''C]methyl-candesartan (n=6)
in the left kidney. o
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PD123,319, kidney activity over time was also very similar to the control group. Rats co-
ihjectéd with candesartan however displayed differences relative to the other group in the
kidney time activity. cufves. The peak kidney activity was similar between all groups
(approximately 42-50%) but in candesartan-treated rats we observed a sharp decline
approaching baseline by 15 minutes. In control and PD123,319-treated rats this washout

was prolonged to 30 minutes.

3.6.4. Competition

Time activity data were used to calculate DV values for all ROIs (Figure 3.33).
Calculated DV values for [_“C]methyl-candesartan images, were fit to the left atrium
region as the blood pool and from frames 17-26. Overall DV value trends fit wifh
previbus data (ex vivo time course section 3.1): high uptake in liver (not shown) and
kidney. No significant effect of treatment was observed in the LV cavity, lungs or liver.
In the kidney, PD123,319 pretreatment had no effect, but co~injectioh with candesartan
produced a decrease in DV relative to controls of 39 and 51% in the right and left kidney

respectively (Table 3.15).
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Figure 3.33. Comparison of DV values in control (n=14), candesartan co-injected (n=4),
and PD123,319 (n=6) treated rats. Antagonists were administered at 5 mg/kg either as a
co-injection (candesartan) or as a 5 minute pretreatment (PD123,319). '

Table 3.15. Percent change in mean DV as compared to controls with 5 mg/kg treatment
of candesartan or PD123,319. *corresponds to a significant difference from controls

(p<0.05)

Treatment LV Cavity RKidney LKidney Liver R Lung L Lung

PD123,319 -8 4 2 -20 -1 -0

Candesartan 7 39" .50 11 12 4
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4. DISCUSSION

4.1. Ex Vivo Tracer Uptake and Time Course

Radioligand retention for both [''C]methyl-candesartan and [' 'C]TH4 was highest
in AT, receptor rich tissues except the adrenals and correlates with published in vitro
studies of receptor densities in rat kidney, heart, and aorta (Chang et al., 1991). In these
studies, the density of AT; was highest in the adrenals (Table 1.1), and then kidney,
brain, aorta, aﬁd heart (Chang et al., 1‘991). Although kidney, heart and aorta uptake of

[''C)methyl-candesartan and [''C]TH4 correlate with the findings of Chang and Lotti
(1991), the adrenal uptake of the tracers was much lower than would be expected based
on their work‘ (Table 1.1). In rats, the adrenal AT, receptor density is more than 3‘-f01d
that of renal tissue (Chang ef al., 1991) but the tracer adrenal uptake observed was much
less than that of the kidney. The ATvl radioligandé described in the literature also
investigated tissue uptake by a similar method to that used to study [''C]methyl- |
candesartan and [''C]TH4 (section 2.3). |

Adrenal uptake was not investigated in [''C]JL-159,884 studies (Kim et al., 1996).
In [''C]KR31173 ex vivo biodistribution experiments in mice, adrenal uptake was shown
to be lower than the kidney initially at 5 and 15 minutes post-injection, about 50% greater
than the kidney 30 minutes post-injection and just less than double the renal uptake at the
final time point, 90 minutes post-injection (Mathews et al., 2004). Adrenal and renal AT
receptor density would be expected to show similar proportions in mice as in rats, given

- the trend across species observed (Chang et al., 1991). Adrenal uptake however in our

studies was much lower relative to other tissues than that observed in the literature.
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A possible contributor to this difference in tissue activity compared to receptor
density is iissue blood flow. Studies in rats demonstrated renal blood flow was greater
than that of the adrenals, but statistical comparisons between tissues were not made
(Nishiyama et}al., 2001). The contribution of this difference in flow cannot be
conclusively determined as blood flow was not investigated in our studies, but it does
provide insight as to a possible contributing factor, through which adrenal uptake could
be lower than expected based solely on receptor density. The increased clearance
observed with [''C]methyl-candesartan or [''C]TH4 may also contribute to the reduced
activity measured. Also, adrenal AT, receptor density is much higher in the adrenél
cortex (more than 5-fold) than the adrenal medulla (Balla et al.,, 1991) and this inner
region may be reducing the activity per mass detected for both tracers. The two regions
~ of the adrenal were not investigatéd separately in [”C]methyl-candesartan or [''C]TH4
expeﬁmeﬁts, thus confirmation of this would require further study.

Although AT, recepiors are expressed in the brain, no uptake was observed in this
tissue with either tracer. Neither radioligand appeared to cross the BBB to any significant
extent, contrary to what was hypothesized for methyl or des-ethyl derivatives of
candesartan. Previous research has shown that candesartan administered peripherally’
(0.1-10 mg/kg) has the ability to antagonize central effects of Ang II and therefore
crosses the BBB (Gohlke et al., 2002a). Th¢ dose at which this occurred was much
greater than the injectéd dose of the trac‘er (2.4-10.8 pg/kg). In these studies, it was not
indicated what proportion of the dose penetrates the BBB.

Cardiac uptake was low for both [“C]metﬁyl—candesartan and [''C]THA4.

Receptor saturation with the unlabeled compound in tracer formulations ([”C]methyl—
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candesartan total mass 0.77-2.19 ng; [''C]TH4 total mass 0.80-1.83 pg) may lower the
measurable signal (Jagoda et al., 2004; Ma et al., 2004) in tissues expressing .low receptor
densities such as the heart (Chang et al., 1991). Cardiac uptake may therefore increase
with improved specific activity of the tracer formulations. Other groups however have
observed similar low radioligand uptaké ‘in normal hearts (Zober et al., 2006) and these
studies used specific activities much higher than those produced for ["'C]methyl-
candesartan or [''C]TH4. Normal cardiac tissue AT, receptor density may in fact be too
low to image by PET. Nevertheless, iﬁ models in which cafdiac AT, receptor expression
is increased such as myocardial infarction (Tan et al., 2004), it may become possible to
visualize the increased signal in vivo using [”C]methyl-candesartaﬁ or [''C]TH4.
Recently, preliminary PET work with [”C]KR311'}3 suggested that in a post-MI rat
model cardiac uptake was sufficient to visualize and quantify (Fukushima et al., 2009).
Further study into the potential for [''C]methyl-candesartan application in AT,
upregulated states will be necessary.
In comparison to existing AT, PET radioligands in the literature, the clearance of
[''C]methyl-candesartan and [''C]JTH4 activity was more pronounced. Tracers
developed at Johns Hopkins University, [”C]KR31173 and [''C]L-159,884, were tested
‘up (t.o 90 minutes post-injection. Even at these late time points, the radioligand activity in
tissues rémained relatively high. [''C]JKR31173 renal activity at 90 minutes post-
injection was 28% of the peak kidney signal at 5 minutes post-injection (Mathews et al.,
2004). At 90 minutes post-injection, another tracer by the same group, [''C]L-159,884,
displayed 69% of the peak renal activity at 5 minutes post-injection (Kim et al., 1996).

The clearance of activity in [''C]methyl-candesartan and [''C]TH4 studies was much
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greater than the other tracers. At the latest time point tested, 60 minutes post-injection,
[''C]methyl-candesartan retention was reduced to only 6% of the peak kidney activity

whereas [''C]TH4 was reduced to 5% of the peak kidney activity.

4.2. Ex Vivo Competition

Ex vivo competition studies were completed at 15 minutes post-injection Based on
the ex vivo time course study results. Increases observed in blood &ctivity produced
predominantly in the losartan treatment group coincide with a decrease in the liver
activity, the likely cause of this increase is available activity in the blood. At 15 minutes
post-injection, tracer accumulation in the tissue displayed the maximum contrast with the
blood. [''C]Methyl-candesartan bound specifically to AT, in a high proportion and this
was shown with two different ARBs. [”C]Methyl-candesartan binding selectivity for
AT, over AT,, Mas, B-adrenergic and o,-adrenergic receptors was also demonstrated at
tracer doses (2.4-10.8 pg/kg). Although éigniﬁcant reductions occurred in the renal
cortex and outer medulla regions at a higher dose (5 mg/kg) of PD123,319, at 2 mg/kg
this was not 6bserv¢d. In the literature the 2 mg/kg dose of PD123,319 and similar
methods have been employéd for characterization of previous AT, radioligé.nds (Zober et
al., 2006). Moreover, doses reported to block the AT, receptor were less‘ than the 2
mg/kg dose used here (Barber et al., 1999; .Duke et al.,, 2005). Additionally, studies
administering a high dose of PD123,319 (10 mg/kg) have proposed a loss of functional
selectivity to the AT, receptor at this dose (Widdop et al., 1992). Ex vivo competition
studies for [''CJmethyl-candesartan and [''C]TH4 were conipleted at both 5 and 10
mg/kg (not shown) and no significant difference between these groups was observed.

The 5 mg/kg dose in our studies may then also be demonstrating some antagonistic
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activity that is not specific to AT, [''C]Methyl-candesartan selectivity for AT, over AT,
Mas,‘ B-adrenergic and ay-adrenergic receptors is therefofe not expected to be impacted at
tracer doses (2.4-10.8 ug/kg).

[''CJTH4 displayed less specific binding for AT, than [''C)methyl-candesartan.
Binding selectivity, at 15 minutes post-injection, for AT, over AT,, B-adrenergic and a5-
adrenergic receptors was shown. Selectivity for AT, over Mas receptors however was
not demonstrated. Significant reductions in [''CJTH4 retention were observed in the
renal medulla with A-779 pretreatment and a trend to reduction in the renal cortex.
Moreover, this réduction occurred at a dose (100 pg/kg) thaf approached the tracer dose
range tested for [''CJTH4. These results suggest that [”C]TH4 bound specifically to the
Mas receptor at tracer doses. Hetero-dimerization of AT, with Mas receptors (Kostenis
et al., 2005) has been demonstrated in vitro and could contﬁbute to.this interaction. The
extent of this interaction in vivo in the kidney at physiological levels is not .deﬁned in the
literature so the impact this finding may have on these results at present is unclear. The
Mas receptor has been shown to be expressed in the myocardium (Ferreira et al., 2007),
brain (Bunnemann et al., 1990; Young et al., 1988), and kidney (Young et al., 1986), all
of which are regions of interest for further study. In light of this interaction (either
through specific binding of the radioligand to the Mas receptor alone or through
interaction with a hetero-dimer) and the lower specific binding proportion in comparison
to [''C]methyl-candesartan [''C]JTH4 was not further characterized, as [''C]methyl-
candesartan displayed better kinetics and a better pharmacological profile for imaging

AT, receptors.
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Reduction in tracef retention was expected to be greater in candesartan than
losartan treated rats based on the structural similarity to the radioligands and higher
affinity of candesartan. The IDsy of candesartan cilexitil (the esterified prodrug of
candesartan; 0.069 mg/kg), determined in male Sprague-Dawley rats, was reported to be
mﬁch less than that of losartan (3.027 rﬁg/kg; Shibouta et al., 1993). There are two
factors however that may be reducing the measured antagénism of candesartan: the time
of onset of antagonistic activity and the metabolism of the compound. A delayed onset of
antagonistic activity of candesartan relative to losartan has been reported (Morsing,
1999). This may be contributing to the slight difference in the reductions in tracer uptake
between the two antagonists, particularly given the relatively short time point tested and
the co-injection protocol.

The primary metabolite of candesartan is CV-15959 is considered inactive
(Schmidt et al., 2003) therefore the affinity of CV-15959 for AT is likely to be much less
than that of candesartan although it is not specifically tested. Conversely, losartan has
been shown to be converted to an active metabolite, EXP3174 (Vanderheyden et al,,
1999). Shibouta et al (1993) report similar ICsp values in two different systems for
candesartan (2.86x10® M in rabbit aortic strips and 1.12x10” M in bovine adrenal cortex)
and EXP3174 (1.99x10® M in rabbit aértic strips and 2.22x107 M in bovine adrenal
cbrtex). Enhanced blocking with losartan was observed to the greatest extent in the liver
where losartan redﬁces retention by 91%. This reduction was not observed with
candesartan (12%). The aétive metabolite, EXP3174, may play a role in this reduction,

as the conversion from losartan occurs in the liver (Taavitsainen et al., 2000).
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4.3. Dosimetry

["'C]Methyl-candesartan tissue uptake at 5, 15, 30, and 60 minutes post-injection
correlated with the time couirse data for those tissues in common between the two studies.
The .liver, kidnéy and gastrointestinal contents contributed most Signiﬁcantly to the
overall effective dose and this is consistent with the expected excretion pathways of the
radioligand (van Lier et al., 1997). Thé effective doses calculated for [''C)methyl-
candesartan were within the range of those reported in the literature for other carbon-11
labeled PET tracers (Ribeiro et al., 2007; Wilson et al., 2002) and are well below the '
regulatory limits reported by the Radioactive Drug Research Committee guidélines.
[''C]Methyl-candesartan would therefore be within safe limits for use in human studies.
The parent molecule is approved for clinical use, facilitating human use of its analogue

[1 'Clmethyl-candesartan.

4.4. Metabolism

Authentic [''C]methyl-candesartan injections demonstrated a 100% capture of the
radioligand during the initial phase of the run (pre-switch), indicating an appropriate
- selection of the capture sorbent. Injections of biological samples spiked with
[''C]methyl-candesartan showed significant elution of radioactivity in the initiél phase.
Authentic [''C]methyl-candesartan was fully captured, therefore some component of the
biological samples was preventing trapping by the capture sorbent. The unretained
radioactivity in samples of plasma and kidney processed with authentic [''C]methyl-
~ candesartan or in injected rat samples was most likely the compounds of the other peaks
not captured due to the high extent of plasma protein binding. The extent of plasma

protein binding of methyl-candesartan has not been investigated previously, but studies

103



on the parent compound candesartan were available. Candesartan was greater than 99%
plasma protein bound (Gleiter et al., 2004; Israili, 2000). Our results display similar
findings for [''CJmethyl-candesartan (section 3.4). Hilton et al (2600) demonstrated
disruption of plasma protein binding in this protocol by addition of urea to samples prior
to injection on the apparatus. Indeed in these injections, adding urea to plasma disrupted
this binding and reduced eluted radioactivity in the initial phase to less than 2% in control
samples and less than 5% in injected rat samples. Further reductions were not possible
due to the limit of the solubility of urea. When reconstituted with urea in the solution in
both control and'inj ected rat kidney samples, unretained radioactivity was less than 2%.
The rapid reduction in activity, described in section 4.1, is in céntrast to the
known kinetics of the parent compound candesartan. Candesartan has been feported t§
have a prolonged association (dissociation time of 120 minutes) with the AT, receptor in
membrane binding studies (Vauquelin et al., 2006). As the parent compound of both
tracers, a longer residence time at the receptor,'and thus greater tissue retention over time,
was expected. The unexpectedly low uptake énd rapid washout is likely ’due to the
metabolism of the carbon-11 label through hydrolysis of the [''C]methoxy group.
Yoshimura et al (1994) demonstrated that rapidly after iv administration of rﬁethyl-
candesartan (4.8 minutes), the plasma concentration of candesartan (its metabolite) was
more than‘ 9-fold higher than methyl-candesartan. The results of this study suggested
rapid hydrolysis of methyl-candesartan when administered iv (Yoshimura, 1994). This
same hydrolysis is likely occurring in the ("'CJmethyl-candesartan and [''C]TH4 studies.
Hydrolysis of the ester group would remove the carbon-11 label aﬁd reduce the

overall detectable signal for both radioligands. Hydrolysis of the ester group would
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likely produce [''C]methanol which has been shown to be eliminated primarily through
the lungs and liver in rats (Roe, 1955). In vivo, methanol was converted to formic acid in
the liver and studies in primates demonstrated that this occurred without appreciable
release -into the blood within the time period of our studies (Mékar et al., 1976).
Production of [''C]methanol or a metabolite thereof, would be exhaled or sequestered in '
liver respectively. These proposed metabolic reactions are a possible explanation for the
reduced signal. Despite the reduction in signal, this mechanism can have a positive effect
as the hydrolysis of the label would not produce a radioactive metabolite that would
impact PET quantification due to the low mass in the formulation.

Although some investigations of unlabeled methyl-candesartan are found in the -
literature, little is found for [''C]TH4 or similar structures. The primary metabolite of .
candesartan is CV-15959 (Schmidt et al., 2003) which has a chemical structure similar to
that of [''C]TH4 (Figure 1.10). Structurally, {''C]methyl-candesartan and [''C]TH4 are
quite similar to each other and could be considered the O-methyl ester derivatives qf
candesartan and the O-methyl derivative of its primary metabolite respectively. It is
therefore possible that similar mechanisms that impact [''C]methyl-candesartan also
impact [''C]TH4, although clear evidence for this is not available at present. The
hydrolysis mechanism 'described above _however suggests a possible mechanism through
which the overall signal could be reduced for both [''C]methyl-candesartan and
[''C]THA4.

Metabolites (peaks 2 and 3) in plasma were less than 5% even at 20Jminutes post-
injection indicating that metabolite levels were neither changing over time nor collecting

in the plasma. In the kidney, labeled metabolites did accumulate over time, particularly
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peak 3. The accumulation suggests the production of metabolites within the tissue or the
trapping of them from the plasma over time. Trapping of the metabolites produced
elsewhere (the plasma or liver for example) would be accompanied by an incfeased
proportion in the plasma, or a change in proportion over time. The lack of appreciable
metabolites or change in the levels present in plasma suggest the former mechanism (in
situ production of metabolites) is mere likely.

Metabolism studies of methyl-candesartan were not found in the literature but
information on candesartan is available. A cytochrome P450, CYP2C9, has been
~demonstrated to be expressed in human liver and kidney tissue (Enayetallah et al., 2004;
Klose et al., 1999) and be involved in the metabolism of candesartan (Hanatani et al.,
2001). This isoform is eot expressed in the rat (Kobayashi et al., 2008) but another
expressed in rat tissues has been considered a functional substitute, CYP2C23 (Imaoka et
al., 2005). Imaoka et al (2005) demonstrated expression of CYP2C23 mRNA and
catalytic activity in the rat kidney. Furthermore, studies in rats using a CYP2C9
inhibitor, bucolome, demonstrated significant reduction in substrate production using this
inhibitor (Kobayashi et al., 2008). Although studies have not confirmed it, this enzyme
may therefore also play a role in the metabolism of [''C]methyl-candesartan.

Data for methyl-candesartan excretion is not available but excretion of
candesartan occurred through hepatic and renal routes (van Lier et al., 1997) and methyl-
candesartan may be eliminated in a similar fashion. When ['*C]candesartan was
administered iv, approximately 60 % of the radioactivity was excreted via renal
mechanisms (van Lier et al., 1997). The renal ir situ metabolism mechanism proposed

here without transfer to the plasma might therefore be possible. Metabolites may be
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formed within the tissue and excreted without returning to the plasma, although further
study would be required to support or refute the contribution of this mechanism.

The column-switch HPLC methods in these studies can detect presence or
absence of radiolabeled metabolites but cannot determine the identity of the metabolites
detected. Samples injected with authentic [''CJTH4 demonstrated co-retention of the
[''C]TH4 peak and the major metabolite peak (peak 3). This strongly suggests that the
major metabolite is likely to be [''C]TH4. As described previously, the structure of
["'C]TH4 is similar to the primary metabolite of candesartan (Figure 1.10). The results of
the [''C]TH4 competition studies suggests that the major metabolite peak observed in the |
kidney (putatively [“C]TH4)‘ would interact with AT, receptors ([''C]TH4 retention is
reduced by ARB treatment). Co-injection of candesartan (5 mg/kg) with [”C]methyl-
candesartan was used to determine any interaction between metabolites and the AT,
receptor. Saturation of the renal AT, receptors with blocking doses (5 mg/kg; Nossaman
et al., 2007) of candesartan would disrupt interaétions between compounds and the AT,
receptor. If interactions occur, blocking the receptors would decrease the retention of the
compound and change the proportion of the radioactivity signal associated with its peak
on the HPLC chromatogram. If there is no interaction, the signal associated with a
compound does not change. This procedure was recently reported by our group in the
characterization of another carbon-11 labeled radioligand, [“C]rolipram (Kenk et al,
2008). In the case of [''C)methyl-candesartan, no difference in the relative proportions of
both peaks was observed in either the unchanged tracer or major metabolite peak when a
blocking dose of candesartan co-injected with the tracer was administered. The

maintained proportions of the radioactivity signal in both peaks suggest one of two
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possible situations: 1) neither compound interacts with AT;; or 2) the major metabolite
and the unchanged tracer interact with the AT, receptbr to a similar extent. That neither
compound interacts is not possible, given the known properties of ["'CJmethyl-
candesartan and other results presen_ted here (section 3.2.1). The possible interaction of
the metabolite observed in these studies fits with its proposed identity, [''C]TH4, and
with previous data (section 3.2.2) demonstrating [''C]TH4 specific binding to AT,

receptors.
4.5. Small Animal PET Studies

4.5.1. Initial Condition Optimization

A maximum receptor occupancy of 1-5% is important to accurately image
receptors using PET for kinetic modelling and to prevent any physiological effect or
‘receptor saturation (Hume et al., 1998; J agoda et al., 2004). This is particularly important
for tissues where receptor density is low, as the absolute number of receptors would be
smaller relative to tissues where a receptor is modérately oi highly expressed. In the
kidney, receptor density is reported as the second highest next to the adrenals-aild more
than 350-fold higher than the heart (Chimg et al., 1991). In PET studies of
["'C]raclopride, a dopamine receptor radioligand, increaseci receptor occupancy beyond
the ideal range (as a result of lowered specific activity) reduced measured DV values
(Alexoff et al., 2003). In these studies the range of injected doses of raclopride was 0.5-
3.8 nmol/kg and increasing dose displayed decreases in the DV values generated (Alexoff
et al.,‘ 2003.). In the studies presented here, investigations of the [' lC]methyl-candesiartan
scan parameters of injected mass, dose, activity, or specific activity did not have an effect

on kidney DV values. If receptor occupancy was outside the ideal range quoted by Hume
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et al (1998) a decrease in DV values with increasing injected mass or decreasmg spec1ﬁc
actmty would be expected as was observed in the Alexoff et al (2003) studies.
Furthermore, a much wider range of doses (0.5-74 pg/kg) and specific aptivities (29-1796
mCi/umol) were tested as compared to the studies of Alexoff and colleagues (2003) and $
mg/kg candesartan was able to reduce the renal DV by 39-50%. Based on the high AT,
receptor density in the kidney, the lack of effect ‘of injected mass, and the reduction
observed in candesartan co-injection scans, it was assumed the AT, receptor occupancy
in the kidney with [' 'C]methyl-candesartan likely fell within the 1-5% threshold
describgd by Hume et al (1998) and Jagoda et al (2004). To fully establish the extent of |
receptor occupanéy, further scans would be ﬁeéded with decreasing specific activity until
changes in the 'DV are observed. This would require modifications to the current

protocols, as the maximal injected dose was obtained using the current methods.

4.5.2. Tifne Course and Biodistribution

The tissues displaying activity in control scans also displayed tissue retention in
the ex vivo time course studies. Tissue uptake observed in the PET images (lungs, heart,
liver, kidneys) corresponds to tissues known to express AT, receptors (Allen et al., 2000;
Chang et al., 1991). Rapid clearance was observed, as in the ex vivo studies (refer to
section 4.1 and 4.2). Candesartan co-injection scans demonstrated increased renal
washout compared to the renal time coufse of the control scans, indicating specific
binding in this tissu¢. Blood, liver and lung activity was similar over >time to that of the
control scans suggesﬁng that specific binding was not observed in these tissues using this.
methodology. PET imaging studies were carried out after and included more time points

than the ex vivo biodistribution studies. From the PET data it became evident that the
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time point for optimal tissue to blood ratio was earlier than the 15 minutes time point
selected from the ex vivo data. Future characterization of radioligands utilizing similar
methodologies should therefore use PET data to determine appropriate time points for ex

vivo biodistribution studies.

4.5.3. Competition

Candesartan treated rats showed similar reductions in renal DV values as were
observed with renal tissue retention trends in the ex vivo competition studies (séction 4.2).
The magnitude of the reductions was smaller (39-50%) than that of the ex vivo
competition .studies (76%) using the same dése of éandesartan. This disparity was likely,
at least in part, a factor of the two different methods to measure tissue uptake. Receptor
radioligand measurements in PET imaging are reported to exhibit less sensitivity than ex
vivo biodistribution methods with a more than 2-fold increase in variance in the PET
studies (Jagoda et al., 2004; Ma et al., 2004). Ex vivo biodistribution methods involve
removing the organ or tissue of interest from the animal and counting the activity in a
gamma counter (up to CPM), such that no other tissue or background activity interferes.
In PET imaging adjacent organs and tissues can interfere with the activity detected in the
ROI, a concept called ‘spillover’ (Fang et al., 2008). In the case of the kidney as an ROI
in the rat, there are other adjacent tissues and blood within the kidney that may impact the
measured tissue activity level. The liver is in close proximity to both kidneys and has
high traéer uptake. The high levels of activity can irﬁpact that detected for the renal ROI,
particularly for the right kidney. The liver ‘spillover’ would increase the- activity
measured in the ROI and therefore result in a smaller reduction when compared to the ex

vivo results. The blood activity within the kidneys would impact the tissue activity in the
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same fashion as the liver, increasing the measured tissue activity in the ROL In the ex
vivo studies kidney tissue is separated and blotted removing some of this blood activity.
In.the PET studies, spillover from the liver was minimized as much as possible in the
ROI generation (2.8.2). Spillover effects of blood activity within the kidney could not Be
removed from the kidney activity measured in these studies. The impact of renal blood
activity is likely to be small, as the blood actiyity for the ‘time duration selected for
analysis was at baseline.

Animals treated with PD123,319 confirmed the binding selectivity of
[''C]methyl-candesartan for AT, over AT, receptors observed in the ex vivo competition
studies. No reductions were observed in the mean DV values qf control or AT,
antagonized rats, but in ex vivo compeﬁtion studies, reductions.were observed (0-38%).
The varied effect of the drug in these studies is likely at least partially to be impacted by
the loss of sensitivity in PET imaging as compared to ex vivo biodistribution niethods
(described above).

Logan graphical analysis is most appropriate when the aﬁalysis includes a
corrected arterial plasma input function (plasma time activity curve), and is a common
method applied in the literature (e.g. Zober et él., 2006). The plasma input curve of
[''C]methyl-candesartan scans was corrected for two factors: any differences in plasma
and whole blood activity and the presence and time course of plasma nietabolites. A
correction for whole blood activity to plasma activity was applied to all scans. Serial
samples from arterial cannulations shoWed that plasma activity comprised a similar

proportion of the total blood activity over time. The correction was therefore applied as a
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scalar factor of 1.58. In plasma, the levels of all metabolites were less than 10% at all
time points tested; therefore no corrections were made for plasma metabolites.

Logan DV values are dependent on the plasma input and the tissue activities, thus
chaﬁges in blood flow within the tissue wouid impact these values. Changes in flow
would potentially alter the tissue activity Withoﬁt a subsequent change in the plasma input -
function, artificially shifting the DV. Renal tissue flow was not measured as part of the
imaging studies but information on the effects of the drug treatments on renal blood flow
can be obtained from the literature. Rats injected with PD123,319 displayed renal blood
flow similar to control animals (Lo et al.,, 1995; Macgri et al.,, 1994). The DV data from
PD123,319-treated rats could therefore be considered appropﬁate for comparison to
controls. |

The effects of candesartan on renal plasma flow are less clear. At doses similar to
those used in this study (1 mg/kg + 50 pg/kg/minute for 60 minutes) and those slightly
lower decreased renal blood flow in control rats (Ceryenka et al., 1998; Hiranyachattada
et al., 2005). Conversely, similar studies at siightly lower doses (0.2 and 1 mg/kg)
observed increased renal blood flow (Kanagawa et al.,, 1997; Takishita et al., 1994).
There is a lack of data at the dose injected in these studies (5 mg/kg) and clearly a
controversy in the literature. It is therefore ﬁnclear exactly what effect candesartan would
have (if any) on renal blood flow and what impact (if any) this would have on the
measured DV data. |

Increases in flow would overestimate the DV value-possibly generated by
Increasing tissue activity without changes in plasma input. Underestimation of the DV

would result from decreases in flow-decreasing tissue activity without changes in plasma
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input. Of these two possible effects, underestimation is the most problematic as the ‘true’
value may indicate that there is less specific binding.‘ No méasurements of renal plasma
flow were made during the blocking experiments, therefore the candesartan DV data
.should be considered in conjunction with the other results when making comparisons to
the control and PD123,319 treated groups.

Although renal flow was not measured, it is possible however to make general
comparisons across groups. From those studies which demonstrated a decrease in renal
flow, the maximum decrease observed was less than 25% (Cervenka et al.,, 1998;
Hiranyachattada et al., 2005). Assuming that renal blood flow was reduced in this way,
the reductions we observe (39-50%) are much greater than the 25% decrease reported by
Cervenka et al (1998). It is therefore‘ very likely that reductions indicating specific |
binding are present. In the case of an increase in renal blood flow demonstrated by
Kanagawa et al (1997) and Takishita et al (1994) the difference between controls and
candesartan treated rats would only be augmented, strengthening our results. When the
DV values are considered with the previous ex vivo éompetition data showing 57-81%
reductions in the renal cortex wifh candesartan treatment at 15 minutes post-injection, it
becomes clear that the reductions must at least in part have resulted from specific
binding. This effect is not seen with PD123,319. This conclusion is strengthened by the
losartan data from the ex vivo studies. Reductions of up to 90% were observed with
losartan, an ARB with a different chemical structure than that of candesartan. Moreover,
losartan has been demonstrated to have no effect on (Lo et al., 1995; Macari et al., 1994)
or to increase renal blood flow (Lo et al., 1995; Macari et al., 1994). Despite the lack of

renal flow data in the drug treatment group, it was demonstrated from these data that
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[''C)methyl-candesartan displays AT;-specific binding and selectivity for AT; over AT,
receptors in vivo. Future studies could incorporate flow measurements through

[*N]ammonia PET or by Doppler flow studies.

4.6. Overall Impact, Applications and Future Work

The ultimate goal of this research was to characterize a novel AT, radioligand in
- hopes of improving upon those radioligands currently described in the literature for
translational research from rats to humans such that clinical use of an AT, radioligand is
possible. Previously pﬁb]ished AT, radioligaﬁds have been demonstrated to have 3 main
disadvantages: little cardiac uptake in the normal condition and minimal brain uptake;
technical difficulties in radiosynthesis and metabolism; and an unknown safety profile for
human use. The thl;ee AT, radioligands currently published, [''C]MK-996, [''C]L-
159,884, and [1'C]KR31173, have minimal brain uptake and low cardiac uptake in the
baseline condition. [''CJKR31173 has recently however been demonstrated to display
appreciable cardiac uptake in an AT, upregulated state, a rodent model of MI (Fukushima
et al., 2009). [“C]MK-996 and [''C]L-159,884 have technical barriers to clinical use —
Hamill et al (1996) repﬁrted these compounds to have difficult syntheses. Although
[''C]L-159,884 has been studied in humans, the tracer is readily metabolized (Hamill et
al., 1996), necessitating more complex kinetic modelling (van den Hoff, 2005) and
reducing the feasibility of its application in a clinical setting. Although [”C]KR3}1 173,
the more recent radioligand from the literature, does not have the difficult synthesis
described for [''C]MK-996 and [''C]L-159,884, the metabblism profile in humans is
currently unknown as this radioligand has yet to be characterized in human studies. The

translation to human study may be prolonged because the radioligand would require
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approval through the appfopriate regulatory bodies for use in humans. [''C]Methyl-
candesartan and [''C]TH4 are the O-methyl analogues of the parent compound,
candesartan, which is widely used as a clinicai ARB. The safety data of the parent
compound has already received approval and could then facilitate approval of its
derivatives.

Use of AT, radioligands and PET in human studies would provide a wealth of
information in the study of disease, such as the two examples described here, heart failure
and diabetic nephropathy (sections 1.1.8 aﬁd 1.1.9). Current knowledge of the expression
changes occurring during the progression of these diseases in humans is limited
technically and practically. Expression data is collected only at discrete time points
because current techniques are limited to in vitro determination of receptor expression
which require tissue samples from biopsies or explanted tissue (Mezzano ét al., 2003;
Regitz-Zagrosek et al., 1997, Regitz—Zagrosék et al.,, 1998; Wagner et al., 1999). PET
imaging could provide the means to longitudinally study patients non-invasively. In this
way PET could be used to monitor changes in receptor expression with progression of
disease, or regression of the disease in response to therapy. To reéch clinical application,
the radioligands must be well characterized, thus the rationale for this research.

The results of the ex vivo studies were able to highlight the limitations of using
[''C]TH4 as a radioligand. [''C]TH4 demonstrated a lower specific binding proportion
comparéd to [''C]methyl-candesartan, and an unfavourable selectivity profile in that
specific binding to the Mas receptor was established. This receptor has been shown to be
expressed in several tissues, including myocardium (Ferreira et al, 2007), brain

(Bunnemann et al., 1990; Young et al., 1988), and kidney (Young et al., 1986). This

115



binding may also be due to hetero-dimerization of AT, with Mas receptors (Kostenis et
al., 2005) as this occurrence has been demonstrated in vitro. Whether the formation of
this complex occurs in vivo in the kidney and heart at physiological levels is unknown. In
light of this, [''C]TH4 was not further characterized.

[''C]Methyl-candesartan demonstrated a high sﬁeciﬁc—binding component and
selectivity to AT, receptors, suggesting potential for imaging these receptors in vivo. The
[''C]methyl-candesartan tissue signal displays similar biodistribution trends to other AT
radioligands currently published. ‘Cardiac and brain uptake were not improved over other
published radioligands but [''C]methyl-candesartan is specific and selective to AT, and
therefore comparable. Additionally renal AT, receptor imaging using [“C]methyl-
candesartan in small animal PET is possible in rodents, and speciﬁcity and selectivity
were confirmed in these studies. Specific and selective binding to AT, both in ex vivo
and imaging studies, and the ability to image renal AT, receptors demonstrate the
potential of [''C]methyl-candesartan as a radioligand for future use.

Further study would however be necessary for translation to clinicai studies. One
such avenue would be the investigation of cardiac uptake in an animal model which has
increased AT, receptor expression to assess the ability of ["'C]methyl-candesartan to
image cardiac AT, receptors in an upregulated state.  The studies presented were
completed in normal rats, so further investigation in disease models would be necessary
to assess the ability of [''C]methyl-candesartan to detect chang‘es AT, expression with
disease (such as heart failure and diabetic nephiopathy). |

Additionally, characterization of [“C]methyl-candesartan in humans would be

necessary, including biodistribution of the tracer using PET and investigation of the tracer
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metabolism. The labeled metabolite of [''CJmethyl-candesartan detected in rats (possibly |
[ lC]TH}4) necessitates the assessment of [' 1C]me:thyl-cz.mdesartan metabolism in humans.
Species differences in metabelism of the parent compound candesartan exist. The human
P450 isoform responsible for candesartan metabolism (and presumably [''C)methyl-
eandesartan) is not expressed in rats (Kbbayashi et al.,, 2008). Although a functional
substitute exists (Imaoka et al., 2005), the metabolism profile presented here could be
much different than that observed in humans. Tﬁis characterization is therefore required
to describe kinetics of metabolite formation and accumulation and adequateiy model the
binding kinetics of [”C]methyl-candesartan in humans. Presence of this iabeled
metabolite does not impede AT, receptor quantification by Logan graphical analysis as

the plasma input function can be modified to model for the changes in tracer metabolism.

S. CONCLUSIONS

Several conclusions can bedrawn from the results of the [''C]methyl-candesartan
and [''C]TH4 studies in this thesis. [''C]Methyl-candesartan and [''CJTH4 tracer
accumulation occurred to the greatest degree in certain tissues reported previously to
express AT, receptors, such as the kidney, heart and aorta. The brain uptake' was
minimal as neither [''C]methyl-candesartan nor [''C]TH4 crossed the BBB to an
appreciable extent. [''C]Methyl-candesartan was considered to perform better than
[''C]TH4 in ex vivo studies in three aspects: 1) ['!'C]methyl-candesartan displayed
specific binding to AT, receptors in the kidney, as well as the adrenals and lung; 2)
['C]methyl-candesartan binds selectively to AT, over ATz, Mas, B-adrenergic or as-

adrenergic receptors at tracer doses in the renal cortex and outer medulla regions; and 3)
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[''CJTH4 did not bind selectively, in the renal outer medulla region, to AT, over Mas
(Ang(1-7)) receptors.

[''C]Methyl-candesartan produces a labeled metébolite in rats that accounts for
approximately 26% of the total radioactivity at 20 minutes post-injection and that
interacts with the AT, receptor in the kidney. Further study is required to determine the
presence ér absence of this metaboiite in humans, and if present the contribution of this
metabolite over time.

[”C]Methyi-candesartan has potential as a possible clinical PET imaging
radioligand, as the effective dose and effective dose equivalent for [''C]methyl-
candesartan is well beléw the safe limits reported for clinically used radioligandé. Renal
small animal PET studies are possible with [''C]methyl-candesartan in rats and warrants
further use as an AT, radioligand in human PET scans. [''C]Methyl-candesartan was
able to reproducibly image renal AT, receptors. The small animal PET quantification
data alsd supported ex vivo results of selective binding to AT, ovér AT, receptors in the
kidney. Additional work. is ne’cessa)ry' to determine the ability of [''C]methyl-candesartan

to image AT, receptors in disease states.
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