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Abstract

Sirtuin 1 (SIRT1) is a class III histone deacetylase that plays significant roles in the regulation of 

lifespan, metabolism, memory, and circadian rhythms and in the mechanisms of many diseases. 

However, methods of monitoring the pharmacodynamics of SIRT1-targeted drugs are limited to 

blood sampling because of the invasive nature of biopsies. For the noninvasive monitoring of the 

spatial and temporal dynamics of SIRT1 expression−activity in vivo by PET−CT−MRI, we 

developed a novel substrate-type radio-tracer, [18F]-2-fluorobenzoylaminohexanoicanilide (2-

[18F]-BzAHA). PET−CT−MRI studies in rats demonstrated increased accumulation of 2-

[18F]BzAHA-derived radioactivity in the hypothalamus, hippocampus, nucleus accumbens, and 

locus coeruleus, consistent with autoradiographic and immunofluorescent (IMF) analyses of brain-

tissue sections. Pretreatment with the SIRT1 specific inhibitor, EX-527 (5 mg/kg, ip), resulted in 

about a 20% reduction of 2-[18F]BzAHA-derived-radioactivity accumulation in these structures. In 

vivo imaging of SIRT1 expression−activity should facilitate studies that improve the 
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understanding of SIRT1-mediated regulation in the brain and aid in the development and clinical 

translation of SIRT1-targeted therapies.

Abstract

INTRODUCTION

Class III HDAC enzymes are termed silent information regulators or sirtuins (SIRTs), first 

discovered as the yeast Sir2 homologue, and are Zn2+-independent but NAD+-dependent.1 

Seven isotypes of SIRTs (SIRT1−7) have been identified in humans and other mammals.2 

These enzymes play important roles in the epigenetic regulation of gene expression, the cell 

cycle, metabolism, apoptosis, life span,3 and circadian rhythms.4 In particular, SIRT1 has 

been recognized as a key regulator of several molecular pathways that are important in the 

development and progression of cancer,5 diabetes,6 and cardiovascular7 and neurological 

diseases.8 SIRT1 shuttles between the cell nucleus and cytoplasm and deacetylates both 

histone proteins, such as H3K9, H3K14, and H4K16, and multiple nonhistone proteins, 

including PPARγ, NF-Kβ, members of the p53 family of proteins, and others.9

Because of the biological importance of SIRT1, several small-molecule activators and 

inhibitors of SIRT1 have been developed and tested for therapies for various diseases. For 

example, resveratrol, a natural activator of SIRT1, and SRT2104, a synthetic activator, have 

undergone clinical trials for the treatment of diabetes and obesity.10 Because of the widely 

recognized role of SIRT1 in cancer, several SIRT1 inhibitors, including Selisistat (EX-527),
11 Sirtinol,12 and Tenovin-6,13 have been tested as therapies for various malignancies.14 

Also, SIRT1-targeted drugs have been tested for the treatment of various neurodegenerative 

diseases.15 However, methods for monitoring the pharmacodynamics of SIRT1-specific 

activators and inhibitors are limited because of unacceptable traumatism from invasive 

biopsies, especially in CNS. Therefore, in most clinical trials, the pharmacodynamics of 

various SIRT1-targeted drugs has been monitored by measuring SIRT1 activity in blood 

mononuclear cells or in muscle- or liver-tissue biopsies.16 Although measurements of SIRT1 

mRNA- or protein-expression levels in fixed tissues reflect the levels of SIRT1 expression, 

these methods do not provide information about SIRT1 enzyme activity. Further-more, 

measurements of SIRT1 enzyme activity in tissue lysates are performed under biochemically 

optimized conditions and do not accurately reflect the SIRT1 enzyme activity in organs and 

tissues in vivo because of differences in intracellular NAD+ levels and the absence of other 

factors that influence the enzymatic activity of SIRT1. Therefore, we aimed to develop a 

noninvasive and quantitative in vivo imaging method using a SIRT1-specific substrate-type 
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radiotracer, which should provide valuable information about SIRT1 expression−activity 

levels in different organs and tissues under physiological or pathological conditions. 

Moreover, such an in vivo imaging methodology should provide the means for the 

noninvasive monitoring of the pharmacodynamics of novel SIRT1 activators and inhibitors 

and facilitate their translation into the clinic.

Our approach to the development of a SIRT1-specific substrate-type radiotracer for PET 

imaging was based on a well-established catalytic mechanism of SIRT1 for various 

endogenous and artificial substrates.17 Previously, we successfully used this approach for the 

development of the HDAC class IIa specific substrate-type radiotracers [18F]FAHA18 and 

[18F]TFAHA.19 The current approach was based on previous reports demonstrating that 

SIRT1 is able to cleave large aromatic chemical groups, such as phenylacetyl,20 from the ε-

amine of lysine. Although other SIRT enzymes can cleave long acyl chains from lysine, they 

are not capable of cleaving aromatic-ring-containing moieties.20 On the basis of these 

reports, we synthesized a focused library of 10 compounds in which the ε-amine of lysine 

was derivatized with aromatic-ring-containing moieties (with or without halogen 

substitutions), determined their substrate efficiencies for SIRT1−7, and established structure

−activity relationships (SAR). As the result, we selected a 2-fluorobenzoyl-substituted lysine 

analogue for further radiolabeling with F-18 and in vivo imaging studies. The lead 

compound, [18F]-2-fluorobenzoylaminohexanoicanilide (2-[18F]BzAHA), demonstrated 

efficacy for PET−CT−MR imaging of SIRT1 expression−activity in the rat brain. The sites 

of increased 2-[18F]BzAHA-derived-radioactivity accumulation in the rat brain (i.e., the 

hippo-campus, nucleus accumbens, hypothalamus, and locus coeruleus) exhibited higher 

levels of SIRT1 expression− activity, as demonstrated by comparative autoradiographic and 

immunofluorescence-microscopic (IMF) analyses of rat-brain-tissue sections. Treatment of 

rats with EX-527, a SIRT1-selective inhibitor, resulted in the inhibition of SIRT1 activity, as 

manifested by a 20−22% reduction of 2-[18F]BzAHA accumulation in the nucleus 

accumbens, hippocampal CA3, and amygdala, as compared with baseline. Taken together, 

the current study demonstrated the feasibility of PET−CT−MR imaging with 2-[18F]BzAHA 

for the noninvasive and quantitative in vivo visualization of the spatial distribution of SIRT1 

expression−activity in various structures of the brain as well as for monitoring the 

pharmacodynamics of SIRT1 inhibitors.

RESULTS

Chemistry.

A focused library of compounds was developed for the in vitro assessment of SIRT1 

catalytic activity using a carbazol-lysine-aminomethylcoumarin backbone (Cbz-Lys-AMC) 

derivatized at the lysine ε-amine with various benzoyland phenylacetyl-containing 

substituents (Figure 1 and Table S1). Compounds 1−10 were synthesized using variations of 

existing methodologies for the synthesis of peptidomimetics in yields between 50 and 80% 

with chemical purities >95%, as assessed by TLC and 1H, 13C, and 19F NMR, and the 

identities of the compounds were verified by HRMS (Supporting Information). 2-

Nitrophenylaminohexanoicanilide (13) was synthesized by coupling 2-nitrobenzoyl acetyl 

chloride with phenylhexamide in a 70% yield with >95% chemical purity and used for 
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subsequent radiofluorination to produce 2-[18F]BzAHA (14) with high radiochemical purity 

>99% (Figure 1).

Enzyme-Substrate-Affinity Studies.

Enzymatic-substrate-affinity studies with a panel of recombinant SIRT1−7 enzymes 

demonstrated that Cbz-Lys(R)-AMC derivatized with benzoyl- or phenylacetyl-moiety-

containing leaving groups (R) were effectively cleaved by SIRT1 with Kcat values of (0.41 

± 0.014) × 10−3 and (0.37 ± 0.02) × 10−3 s−1, respectively, whereas other SIRT enzymes 

cleaved these moieties significantly less effectively (Figure 2 and Tables S1 and S2). As 

compared with nonsubstituted phenyl-based leaving groups, fluorine substitutions in the 2- 

and 4-positions of the benzoyl moiety resulted in about 2-fold-increased Kcat values for 

SIRT1, whereas fluorine substitution in the 3-position of benzoyl did not significantly affect 

the Kcat for SIRT1, and the 4-ethyl substitution increased the Kcat for SIRT1 but only 

minimally. Unexpectedly, the 4-iodo substitution of the benzoyl moiety resulted in a 

significant (40-fold) decrease in the Kcat for SIRT1. As compared with nonsubstituted-

phenylacetyl-moiety-containing leaving groups, both 4-fluoro and 4-iodo substitutions 

resulted in about a 3-fold decreases in Kcat values for SIRT1, whereas the 2-fluoro 

substation of the phenylacetyl moiety resulted in a 7-fold decrease of Kcat for SIRT1. The 2-, 

3-, and 4-fluoro-substituted benzoyl moieties were cleaved most efficiently by SIRT1, with 

Kcat/Km values of 26.02 ± 7.07, 63.39 ± 4.32, and 16.08 ± 1.32 M−1 s−1, respectively 

(Figure 2 and Table S2). The 2-fluorobenzoyl leaving group was cleaved 5-fold more 

effectively by SIRT1 than by any other HDAC enzyme (Figure 2B). The Cbz-Lys(2FBz)-

AMC was effective as a fluorogenic substrate for a SIRT1-enzyme-activity assay in vitro 

(Figure 2C) and for the assessment of EX-527 inhibitory activity, yielding an IC50 of 12.60 

μM for EX-527 (Figure 2D). Therefore, the 2-fluorobenzoyl leaving group was selected for 

the development of 2-[18F]fluorobenzoyl-aminohexanoic anilide (2-[18F]BzAHA) for the in 

vivo PET-imaging studies.

NMR Spectroscopy of SIRT1−2F-BzAHA-Reaction Product.

An in vitro assay of recombinant SIRT1 with 2FBzAHA monitored with 19F-NMR resulted 

in two peaks: one at −114 ppm, corresponding to the parent compound, and one at −231 ± 3 

ppm, corresponding to a reaction intermediate or product (Figures S1 and S2).

PET−CT−MR Imaging with 2-[18F]BzAHA.

Dynamic PET−CT−MR imaging of rat brain with 2-[18F]BzAHA demonstrated efficient 

crossing of the blood−brain barrier (BBB) with rapid equilibration between the blood and 

brain compartments within the first 2 min after iv injection (Figure S3). Significant transient 

accumulation of 2-[18F]BzAHA-derived radioactivity was observed in the nucleus 

accumbens, hypothalamus, hippocampus, locus coeruleus, lateral septal nucleus, caudate 

putamen, and amygdala (Figures 3, 4, and S4). In contrast, the mesencephalic structures, 

brainstem, and cerebellum showed only minimal accumulation of 2-[18F]BzAHA-derived 

radioactivity. The highest PET-signal contrast between different brain structures was 

observed at 10−20 min after the iv administration of 2-[18F]BzAHA (Figures 3 and S3). 

Patlak graphical analysis of time−activity data in the brain using the brainstem as a reference 

tissue demonstrated two phases of 2-[18F]BzAHA-derived-radioactivity accumulation with 
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different unidirectional accumulation rate constants (Ki):(a) larger Ki values 0−15 min 

postinjection and (b) smaller Ki values 15−60 min postinjection (Figure S5). This was 

consistent with the time course of the metabolic degradation of 2-[18F]BzAHA (Figure S6). 

Logan-plot analysis also demonstrated increased accumulation in regions of the brain as 

compared with in the brainstem (the reference tissue), as evidenced by a slope >1 (Figure 

S7). Treatment of rats with the SIRT1-selective inhibitor, EX-527 (5 mg/kg ip), 30 min prior 

to the administration of 2-[18F]BzAHA resulted in a statistically significant reduction 

(20−22%) of 2-[18F]BzAHA-derived-radioactivity accumulation in brain regions exhibiting 

higher levels of SIRT1 as compared with the baseline (pretreatment) levels in the same 

animals (P < 0.05, paired Student’s t test; Figure 5).

Radiolabeled-Metabolite Analyses.

The analyses of the time−activity profiles of 2-[18F]BzAHA-derived radiolabeled 

metabolites in blood plasma demonstrated the rapid degradation of 2-[18F]BzAHA with a 

monoexponential half-life of 3.8 min, resulting in a complete loss of the parent compound 

from plasma by 15 min after iv injection. The exact nature of the radiolabeled metabolites 

has not been determined. Free [18F]fluoride was not detectable, consistent with the absence 

of radioactivity accumulation in the bones (Figure S6).

Comparative Autoradiography and Immunofluorescence-Microscopy Analyses.

Comparative analysis of PET−CT−MR images of 2-[18F]BzAHA with autoradiograms of 

the corresponding brain sections, obtained at 20 min after iv administration of 2-

[18F]BzAHA (Figure S14), with the corresponding fluorescence-microscopy images of 

SIRT1 expression in adjacent brain-tissue sections demonstrated the colocalization of 2-

[18F]BzAHA-derived radioactivity with brain structures expressing high levels of SIRT1, 

such as the hippocampus, hypothalamus, lateral septal nucleus (LS), and nucleus accumbens 

(Acb, Figures 3 and S8−S14). SIRT1 expression was highest in the hippocampal CA2 and 

CA3 neurons (Figures 3, S8, and S9), the dentate gyrus (DG) hilus neurons, and the 

progenitor cells of the DG (Figure S10), whereas lower levels of SIRT1 expression were 

observed in the neurons of hippocampal CA1, the granular-layer neurons of the dentate 

gyrus, the cerebral cortex, and Acb (Figures 3 and S8−S12). Additionally, high levels of 

SIRT1 expression were observed in the neurons hypothalamic region adjacent to the third 

ventricle (Figure 4). The subcellular localization of SIRT1 in CA2 and CA3 neurons was 

both nuclear and perinuclear, which predominantly colocalized with (phospho-S47)SIRT1 

immunofluorescence (Figure S8). Strong cytoplasmic staining for SIRT1 but not for 

(phospho-S47)SIRT1 was observed in the axons of several neurons in the stratum 

pyramidale of hippocampal CA2, traveling deeper into the stratum radiatum, as well as 

axons traveling into the stratum oriens (Figure S9). In DG, SIRT1 expression was observed 

in the perikarya of the neuronal progenitors in the subgranular zone (SGZ) and in the hilus 

(i.e., in pyramidal neurons, interneurons, and mossy fiber neurons; Figure S10). In the 

cerebral cortex, SIRT1 was predominantly expressed in large pyramidal neurons (Figure 

S12), whereas the subcellular distribution of SIRT1 in Acb was more uniform (Figure S11). 

It is noteworthy that strong SIRT1 and (phospho-S47)SIRT1 expression was observed in 

pericytes associated with large and medium-sized blood vessels (Figure S13).
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DISCUSSION

Over the past decade, several molecular PET-imaging agents have been developed for in 

vivo quantitative visualization of enzyme expression and activity for different HDAC classes 

and isoforms, such as those for HDAC class IIa enzymes (i.e., [18F]-FAHA21 and [18F]-

TFAHA19) and those for HDAC1 enzymes (i.e., 11C-Martinostat22 and 18F-MGS323). 

Moreover, 11C-Martinostat has been already translated into the clinic for mapping HDAC1 

distribution in the human brain in vivo.24 PET−CT−MR imaging with these novel imaging 

agents enabled the monitoring of the pharmacokinetics (PK) and BBB penetrance of 

nonradiolabeled drug analogues, dose−occupancy studies of HDAC class I enzymes,25 and 

the dose-dependent inhibition of HDAC class IIa18,19 enzyme activity in the brain. However, 

despite the biological importance of HDAC class III enzymes, especially SIRT1, PET 

imaging of SIRT1 expression−activity has not yet been reported.

For the development of a novel substrate-type radiotracer for quantitative molecular imaging 

of SIRT1 expression−activity, we studied a focused library of substrates using the Cbz-Lys-

AMC backbone and various benzoyl and phenylacetyl leaving groups. This backbone has 

been widely used for the analysis of SIRT activity26 and was especially useful for 

preliminary screening of novel potential inhibitors and activators of SIRT1, because the 

presence of an AMC moiety enabled high-throughput screening using fluorescence-based 

quantitative methods.27 Consistent with our current results, others have also reported that a 

bulky lipophilic moiety (i.e., Cbz or Boc) in the cap group of the AMC-Lys(Ac) backbone 

aids in SIRT1 catalytic activity.28 Furthermore, the catalytic activity and substrate selectivity 

of SIRTs depends not only on the backbone and cap groups but also on the leaving group.9b 

In addition to cleaving an acetyl moiety from the ε-amino terminus of lysine, different SIRT 

isoforms are capable of cleaving larger groups, such as malonyl (SIRT5), succinyl (SIRT5), 

glutaryl (SIRT5), crotonyl (SIRT3), lipoyl (SIRT4), myristoyl (SIRT2 and −6), and palmitoyl 

groups (SIRT4).20,29

Most importantly, SIRT1 can cleave ε-amino phenylacetyllysine with 56% of the natural 

deacetylation efficiency (Figure S15).20

Current SAR studies demonstrated that the catalytic efficiency of SIRT1 is greatest with a 

benzoyl, as opposed to a phenylacetyl, leaving group. The highest degree of SIRT1 catalytic 

efficiency was observed for 2-fluorobenzoyl (2) and 3-fluorobenzoyl (3) groups with 

Kcat/Km = 26.02 and 63.39 M−1 s−1, respectively (Figure 2 and Table S2), which was similar 

to Kcat/Km = 65.29 M−1 s−1 of the SIRT1-mediated deacetylation of p53-derived 

oligopeptide Arg-His-Lys-Lys(Ac)-AMC (BPS1). Interestingly, iodine substitutions in the 

para positions of the benzoyl and phenylacetyl moieties were more deleterious to the 

catalytic efficiency of SIRT1 than fluorine substitutions. This is probably due to a larger van 

der Waals radius of the iodine atom causing steric hindrance. These SAR results for the 

SIRT1 catalytic cleavage of ε-amino-derivatized, halogen-substituted benzoyl- and 

phenylacetyl-lysine analogues are being reported herein for the first time.

Although, the 3-fluorobenzoyl leaving group (3) was cleaved ~60% more efficiently by 

SIRT1 than the 2-fluorobenzoyl leaving group (2), compound 2 was chosen as the lead 
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substrate for further development as an imaging agent because of the increased difficulty of 

radiolabeling 3. Interestingly, compound 4, containing the 4-fluorobenzoyl leaving group, 

was cleaved with the greatest effectiveness (the highest Kcat)

but with a much larger Km, thereby decreasing its catalytic efficiency, Kcat/Km, to lower than 

that of 2 (Figure 2 and Tables S1 and S2). Novel methods for the synthesis of 4-

fluorobenzoyl groups have been developed using iodonium salts30 and copper31 catalysts, 

which may be useful in the development of 3-fluorobenzoyl; however, these large salt-based 

or ethynyl leaving groups may be less effective for the meta position because of the 

increased potential for steric hindrance. In a separate study, we attempted the radiosynthesis 

of the 3-fluorobenzoyl group using a pinacol-derived boronic ester precursor, but the 

radiolabeling yield was unacceptably low (results not reported here). To facilitate clinical 

translation and routine production using an automated one-step radio-synthesis method, we 

decided to proceed with the 2-fluorobenzoyl leaving group for further studies. Furthermore, 

2 demonstrated the highest selectivity as a substrate for SIRT1 when studied in a panel of 

recombinant SIRT1−7 and HDAC1−11 isoforms. Additionally, the SIRT1-mediated 

enzymatic cleavage of 2 was effectively inhibited by EX-527 (Selisistat) with an IC50 value 

of 12.6 ± 2.1 μM (Figure 2), which was 1200-fold higher than the IC50 of 0.0103 ± 0.0025 

μM for the fluorogenic, acetylated oligopeptide substrate BPS1. Others have previously 

reported IC50 values of EX-527 for BPS1 within the same range (0.098 μM).11a These 

results suggest that 2 may also act as a competitive substrate inhibitor of SIRT1.

To create a pharmacologically optimized substrate radio-tracer, we substituted a smaller 

aminohexanoicanilide (AHA) for the larger Cbz-Lys-AMC backbone in compound 2, 

resulting in 2-fluorobenzoyl-acetamidohexanoicanilide (2-FBzAHA). Previous studies 

(unpublished) have demonstrated that the Cbz-Lys-AMC backbone is unable to effectively 

cross the BBB because of the large size and polarity of this moiety; therefore, we have 

substituted a smaller lysine-mimetic, AHA, previously used for HDAC tracers.18,19 Existing 

methods32 were adapted for radiofluorination on the 2-position of the benzoyl ring for the 

synthesis of 2-[18F]BzAHA. Initially, we developed both the 2-

nitrophenylaminohexanoicanilide (2-NO2BzAHA) and 2-trimethylamonium salt 

phenylaminohexanoicanilide precursors; however, after testing the radio-fluorination 

conditions, only 2-NO2BzAHA provided a high yield of 2-[18F]BzAHA. This is consistent 

with previous reports on radiolabeling using a nitro leaving group for the radiofluorination 

of benzoyl rings in the ortho position.33

The enzymatic cleavage of 2F-BzAHA by SIRT1 was validated using an in vitro SIRT1 

enzyme assay and 19FNMR spectroscopy for the readout. SIRT1-mediated catalysis of 2-

FPhAHA was confirmed by the presence of two peaks in the 19F-NMR spectrum of the 

reaction products: one peak at −114 ppm (Figures S1 and S2) corresponded to the parent 

compound (2F-BzAHA), and a second, broader peak with a maximum at −231 ppm (Figure 

S2) corresponded to the reaction product (or an intermediate). Although it is difficult to fully 

characterize this peak, it was presumed an intermediate because it did not match the peaks of 

potential cleavage products, such as that of 2F-benzoic acid (−113.00 ppm), 2F-

benzaldehyde (−121.32 ppm), or 2F-benzamide (−113.58 ppm, Figure S1A−D).
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The established mechanism for the SIRT1-mediated catalytic cleavage of acetylated lysine is 

by a mixed SN1− SN2 reaction resulting in the simultaneous cleavage of nicotinamide from 

NAD+ and the formation of an oxocarbenium intermediate of acetyl-lysine and the 1′ and 

2′ carbons of the ribose. Subsequent nucleophilic attack by a water molecule of the 

tetrahedral carbon of the dioxo ring results in cleavage of the acetyl moiety from the ε-

amino terminus of lysine and the formation of a 2′-O-Ac-ADPR product.34 We 

hypothesized that the mechanism of substrate cleavage by SIRT enzymes should allow for 

the 2-[18F]benzoyl group to be transferred to an adenine dinucleotide (ADN, Figure S15) 

and be at least transiently entrapped in the cell, similar to the [18F]FDG-6-phosphate and 

[18F]FLT-5-phosphate products of [18F]FDG and [18F]FLT, respectively. Also, it is 

conceivable that the transient nature of 2-[18F]BzAHA-derived-radioactivity retention in the 

cells is due to the cleavage or removal of the 2-[18F]benzoyl group from the ADN, similar to 

the previously reported cleavage of acetyl moieties from an ADN groups by esterases such 

as ARH3.34,35

Because 2-[18F]BzAHA (cLogP = 4.83) is extremely lipophilic, it freely passes through the 

BBB, as evidenced by high levels of 2-[18F]BzAHA in the brain immediately following iv 

injection (Figure S3). However, as previously noted, following the cleavage of 2-

[18F]BzAHA by SIRT1, the radiolabeled leaving group is only transiently entrapped in the 

cells following ester linkage to ADP-ribose. This allows for differential washout of 2-

[18F]BzAHA-derived radioactivity from regions of the brain with low SIRT1 expression

−activity versus the transient retention of 2-[18F]BzAHA-derived radioactivity in areas with 

high SIRT1 expression−activity (Figures 3, 4, and S3).

Analyses of radioactive metabolites in plasma after iv administration of 2-[18F]BzAHA 

demonstrated the loss of intact parent compound after 15 min of circulation in blood (Figure 

S6), which explains the results of the Patlak graphical analysis,36 which demonstrated a 

significant change in the unidirectional influx rate constant (Ki) from 15 min after iv 

administration of 2-[18F]BzAHA. This is consistent with a loss of the effective input 

function from the intact (unmetabolized) radiotracer beyond this time point. The Patlak-plot-

derived unidirectional influx rate constants (Ki) for regions of the brain with high SIRT1 

expression−activity were determined using the brainstem as the reference tissue37 (Figure 

S5), because brainstem nuclei have similar magnitudes of perfusion as thalamic nuclei but 

relatively lower levels of apparent SIRT1 expression−activity (except for the locus 

coeruleus). Although, radioactive metabolites of 2-[18F]BzAHA dominate in blood after 20 

min (Figure S6) they do not contribute significantly to the accumulation of 2-[18F]BzAHA-

derived radioactivity in specific brain regions. This was demonstrated by dynamic PET-

imaging studies using potential radiolabeled metabolites: 2-[18F]benzaldehyde and 2-

[18F]ethyl benzoate metabolized in vivo to 2-[18F]benzoic acid (Figure S16A). These 

radiotracers demonstrated significantly different patterns of radioactivity distribution in the 

brain, as compared with that of 2- [18F]BzAHA (Figure S16B). Most notably, increased 2-

[18F]benzaldehyde-derived-radioactivity accumulation was observed in the brainstem, which 

was contrary to the absence of 2-[18F]BzAHA-derived-radioactivity accumulation in this 

region (Figure S16B).
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Dynamic PET−CT−MR images acquired in normal rats using 2-[18F]BzAHA demonstrated 

significant retention of 2-[18F]BzAHA-derived radioactivity in areas of the brain with 

relatively higher SIRT1 expression (i.e., hypothalamus, hippocampus, septal nucleus, 

nucleus accumbens, and locus coeruleus). These in vivo imaging results have been validated 

by comparative in situ autoradiography and immunofluorescence-microscopy (IFM) studies 

(Figures 3, 4, and S7−S13). Autoradiography provided high-resolution (~100 × 100 μm) 

images of 2-[18F]BzAHA distribution and localization of increased radioactivity 

accumulation in the brain, whereas IFM provided confirmation of cellular and subcellular 

localization of total SIRT1 and phospho-SIRT1 expression in the corresponding brain 

regions. The results of these comparative in vivo−in situ validation studies confirmed that 

noninvasive PET imaging with 2-[18F]BzAHA accurately reflects the sites of increased 

SIRT1 expression−activity in the rat brain and are in agreement with previously published 

reports on the distribution and roles of SIRT1 expression in the rat brain using ISH and IF,38 

described in greater detail below.

High levels of 2-[18F]BzAHA-derived radioactivity and SIRT1 immunofluorescence 

observed in the hippocampus (Figures 3, S8−S10, and S14) are consistent with previous 

studies using ISH,38a IHC,38b and IF.39 SIRT1 is involved in mechanisms of learning and 

memory (both short- and long-term); it modulates synaptic plasticity through transcriptional 

regulation of a brain-derived neurotrophic factor via MeCP2 deacetylation.40 Accordingly, 

animals deficient in SIRT1 demonstrate deficits in memory formation and related cognitive 

functions.39 Our IFM analyses demonstrated increased levels of SIRT1 expression 

particularly in CA2− CA3 neurons, with lower levels of expression in CA1 neurons (Figures 

S8−S10). Within the neurons, SIRT1 exhibited mixed nuclear and perinuclear localization, 

although the perinuclear localization was more pronounced. Furthermore, increased levels of 

SIRT1 expression were observed in many pyramidal axons traveling deeper into the 

hippocampal layers, as well as axons of neurons of the inner and outer molecular layers 

traveling toward the alveus. These Schaffer collateral pathways demonstrate high levels of 

SIRT1 expression, consistent with the role of SIRT1 as a potent mediator of long-term 

potentiation.39 Evidence for the role of SIRT1 in hippocampal progenitor cells within the 

dentate gyrus has been previously reported in mice41 and is consistent with the results of our 

IMF studies (Figure S10). Also, SIRT1-mediated regulation plays an important role in the 

development of aging-associated neurocognitive decline, as demonstrated by the decreased 

degeneration of pyramidal neurons in Ammon’s horn in aging rats as a result of treatment 

with resveratrol, a naturally occurring activator of SIRT1.42 The age-related differences in 

SIRT1 activity can be linked to changes in p53 acetylation in the CA2−3 regions.43 

Decreases in SIRT1 activity within the hippocampus have also been linked to chronic stress, 

depressive behaviors,44 and Alzheimer’s Disease progression, as decreased SIRT1 

expression within the entorhinal cortex and hippocampus correlates to higher tau loads and 

amyloid-β deposits.45 Changes in SIRT1 expression may be quite dynamic in many of these 

pathological conditions, such as in the progressive decline in cognitive-memory performance 

with increasing body-mass index in animals with dietary-induced obesity; however, 

treatment with a SIRT1-targeted activator, resveratrol, ameliorates much of the hippocampal 

neuro-degeneration.46 Alternatively, increased SIRT1-expression levels have been noted in 

other neurodegenerative diseases, such as Huntington’s disease, which has led to exploratory 
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clinical trials with SIRT1 selective inhibitors, such as Selisistat (EX-527)47.15e Because of 

the pleiotropic role of SIRT1 in neurodegeneration, there is an ongoing debate in the 

literature regarding the effectiveness of SIRT1 activators versus inhibitors for the treatment 

of neurodegeneration.48 Therefore, PET imaging of SIRT1 activity with 2-[18F]BzAHA 

should facilitate the development and clinical translation of novel potent SIRT1 activators 

and inhibitors for neuroprotection, prevention, and therapy of various neurodegenerative 

diseases and age-related neurocognitive decline.

Another important finding in the current study using PET− CT−MRI with 2-[18F]BzAHA 

was the high level of SIRT1 expression−activity in the nucleus accumbens (Figures 3 and 

S11), which is consistent with previous reports of increased levels of SIRT1 expression 

demonstrated by ISH38a and IHC.38b Within the nucleus accumbens (Acb), SIRT1 was 

shown to deacetylate FOXO3a and to increase the expression of several target genes that 

enhance cocaine-addiction behaviors.49 Furthermore, chronic cocaine usage has been 

demonstrated to increase SIRT1 activity within the Acb and SIRT1-mRNA production 

through an increase in the acetylation of the gene promoter for SIRT1 transcription.50 

Therefore, PET imaging of SIRT1 expression−activity with 2-[18F]BzAHA may advance 

our understanding of mechanisms of addiction and aid in the development of new therapies 

for addictive disorders.

Increased levels of 2-[18F]BzAHA-derived radioactivity and SIRT1 immunofluorescence 

observed in the hypothalamus (Figure 4) are also consistent with previous reports using ISH,
38a IHC,38b,51 and IF.52 SIRT1 plays a key role in many important functions, such as the 

central regulation of metabolism, body temperature, feeding, and circadian rhythm. In the 

neurons of the arcuate nucleus, SIRT1 is expressed in pro-opiomelanocortin (POMC) and 

agouti-related peptide (AgRP)-expressing neurons and regulates energy expenditure.40 

SIRT1 localization to the POMC neurons in the arcuate nucleus surrounding the third 

ventricle was observed using IMF, confirming the involvement of SIRT1 in the central 

regulation of metabolism.52 Additionally, SIRT1 regulates SF1 neurons in the ventromedial 

hypothalamus to regulate energy homeostasis.53 SIRT1 is crucial to the hypothalamic 

response to glucose, insulin, and leptin54 and serves as potential target for the treatment of 

diabetes and obesity. Several studies have demonstrated that SIRT1 overexpression can 

rescue obesity-induced insulin resistance through increased levels of FOXO1 deacetylation 

in POMC neurons.55 Clinical trials have been conducted to test the ability of SIRT1-

activators (i.e., resveratrol, SRT2104, and nicotinamide riboside) as therapeutic agents for 

type-2 diabetes and obesity (i.e., NCT01677611 and NCT01150955).56 Thus, imaging of 

SIRT1 expression−activity using PET−CT−MRI with 2-[18F]BzAHA may advance the 

understanding of the mechanisms of the hypothalamic regulation of metabolism and normal 

and disease conditions and facilitate the development and clinical evaluation of novel 

SIRT1-targeted therapies for metabolic diseases.

Furthermore, our observation of high levels of 2-[18F]BzAHA-derived radioactivity in the 

locus coeruleus (LC, Figure 4) is consistent with previous reports of increased levels of 

SIRT1 expression as determined by IHC and IF.57 Because of the extremely small size of the 

LC in the rat brain (~1 mm), the partial volume effect is substantial because of the relatively 

low in-plane resolution of microPET R4 (~2 mm), which is the main reason for the low 
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intensity and asymmetry of 2-[18F]BzAHA-derived signals on PET−CT−MR images of LC 

(Figure 4). It has been demonstrated that SIRT1 plays a significant regulatory role within 

neurons of the LC, particularly in the sleep−wake cycle.40,57 Additionally, increased 

acetylation of histone core proteins H3 and H4 within the dorsal raphe nucleus and LC were 

noted in less resilient rats exposed to chronic stress as compared with in rats with increased 

resiliency. Hyperacetylation of H3 and H4 has been linked to decreased levels of SIRT1 

expression.58 Because of the extensive involvement of the LC within many brain-circuitry 

functions, including metabolism, stress, wakefulness, addiction, and neurodegeneration, the 

ability to noninvasively image and monitor SIRT1 expression−activity within this key 

structure of the brain may aid in the development of novel treatments of various neurological 

and metabolic diseases.

The absence of 2-[18F]BzAHA-derived-radioactivity accumulation in other brainstem 

structures, as seen in PET imaging, autoradiography, and IMF, is consistent with reports 

using ISH.38a Low levels of SIRT1 expression in the brainstem provide the opportunity for 

accurate quantification of 2-[18F]BzAHA-derived-radioactivity accumulation in other 

regions of the brain through the use of the reference-tissue-based Patlak graphical-analysis 

method37 between 0 and 20 min after radiotracer administration, with the parent 2-

[18F]BzAHA present in the blood (Figure S5). Also, because of the transient (reversible) 

nature of the entrapment of 2-[18F]BzAHA-derived radioactivity, the apparent volumes of 

the distribution of 2-[18F]BzAHA, reflecting the SIRT1-expression−activity product, can be 

calculated using Logan graphical analysis59 with the brainstem as a reference tissue (Figure 

S7).

Current studies also underscore the important role of SIRT1 in brain vasculature. 

Throughout the brain, there is strong expression of both SIRT1 and phospho-SIRT1 in 

pericytes (Figure S13), which supports the role of SIRT1 in the eNOS-mediated regulation 

of cerebral blood flow.60 Pretreatment of rats with a natural SIRT1-activator, resveratrol, 

prior to an ischemic event confers neuroprotection to the hippocampal pyramidal neurons.61 

Additionally, in disease conditions, SIRT1 is a direct modifier of HIF-1α, thereby stabilizing 

the protein under hypoxia to promote the transcription of many inducible gene targets, such 

as VEGF and MMP1.62 Therefore, PET imaging SIRT1 expression−activity in the brain 

may advance the understanding of SIRT1 roles in vascular maintenance and remodeling 

following ischemia−reperfusion events (i.e., atherosclerotic and other angiopathies, brain 

infarctions, or trauma).

Also, the current study demonstrated the feasibility of 2-[18F]BzAHA PET−CT−MRI for 

noninvasive, in vivo monitoring of the pharmacodynamics of the SIRT1-specific inhibitor 

EX-527 at the target level (inhibition of SIRT1 enzyme activity). A statistically significant 

decrease in 2-[18F]BzAHA-derived-radioactivity accumulation in the brain was observed 

after administration of EX-527, as compared with pretreatment levels, especially in the brain 

structures exhibiting higher levels of SIRT1 expression−activity at baseline (i.e., the 

hippocampus, nucleus accumbens, and amygdala; Figure 5). The dose of EX-527 used in 

this study was chosen to be similar to doses used in previously published reports;11a 

however, this dose demonstrated only a 20% inhibition of 2-[18F]BzAHA-derived-

radioactivity accumulation. This observation suggests that higher doses of EX-527 may be 
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required to achieve more inhibition of SIRT1 in these brain structures. Furthermore, the 

BBB penetrability of EX-527 has not yet been well established, and this may be a limiting 

factor to SIRT1 inhibition in the CNS. Using PET−MRI with 2-[18F]BzAHA, it should be 

possible to determine the IC50 doses of EX-527 and other SIRT1-specific inhibitors or 

activators in different structures of the brain by imaging the same subject after the 

administration of increasing doses of inhibitor, as reported by us previously for SAHA.21a

CONCLUSIONS

In summary, we have demonstrated that PET−CT−MRI imaging with the newly developed 

first-generation SIRT1-selective radiotracer, 2-[18F]BzAHA, can be used for noninvasive, 

repetitive, and quantitative visualization of SIRT1 expression−activity in the brain. 

Molecular imaging with PET−CT−MRI using SIRT1-specific substrate-type radio-tracers 

should improve the understanding of the many roles that SIRT1 plays in normal brain 

physiology and in various brain diseases and pathological states and will facilitate the 

development and clinical translation of novel SIRT1-specific activators and inhibitors.

EXPERIMENTAL SECTION

All solvents were purchased from Sigma-Aldrich Chemicals (Milwaukee, WI) and used 

without further purification. Boc-Lys(Ac)-AMC and Cbz-Lys-OH were purchased from 

Bachem (Bubendorf, Switzerland) and used without further purification. 6-Amino-1-

hexanoicanilide was synthesized using a previously published procedure.63 Thin-layer 

chromatography (TLC) was performed on precoated Dynamic Absorbance F-254 silica-gel 

aluminum-backed plates (Norcross, GA); flash chromatography was performed using silica 

gel (pore size 60 Å, 230−400 mesh particle size; Sigma-Aldrich, Milwaukee, WI). 1H, 13C, 

and 19F NMR spectroscopy was performed using a Mercury 400 MHz, Varian 500 MHz, or 

Agilent 600 MHz spectrometer. High-resolution mass spectra (HRMS) were obtained using 

a Waters LCT Premier/XE spectrometer (Milford, MA) with an electrospray-ionization 

(ESI) technique. The analytical high-performance-liquid-chromatography (HPLC) system 

included an Ascentis RP-Amide 4.4 × 150 mm column (Supelco, Bellefonte, PA) connected 

to a 1100 series pump, a UV detector (Agilent Technologies, Stuttgart, Germany) operated at 

254 nm, and an FC3200 radioactivity detector (Eckert and Ziegler Radiopharma, Inc., 

Berlin, Germany). The semipreparative-HPLC system included an Alltima 250 × 10 mm 

C18 column (Fisher Scientific, Waltham, MA) connected to a P4.1S pump, an Azura 2.1S 

UV detector (Knauer, Berlin, Germany) operated at 254 nm, and an FC-3500 radioactivity 

detector (Eckert and Ziegler Radiopharma, Inc., Berlin, Germany). In general, TLC and 

HRMS were used to determine the purities of synthesized nonradiolabeled compounds; 

radio-TLC and combined UV−radio-HPLC were used to determine the purities of 

radiolabeled compounds. The threshold of acceptable purity was set at ≥95%.

Chemical Synthesis.

Compounds 1−10 were prepared following previously published methods29c,64 with minor 

modifications, as shown in Figure 1. Compounds 1−10 were synthesized following 

published methods29c from commercially available Cbz-lysine with a formation of the 

corresponding acetyl chloride, which, upon reaction with AMC (2) in the presence of POCl3 
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and pyridine, provided the desired product in moderate to good yields. To synthesize 

compound 4, Cbz-Lys (1 equiv) was dissolved in a mixture of THF (5 mL) and water (5 

mL); then, sodium bicarbonate (2 equiv) and a solution of Boc2O (2.3 equiv) in THF (5 mL) 

were added. After the solution was stirred at room temperature overnight, the THF was 

removed under reduced pressure, and the resulting aqueous solution was neutralized with 2 

N HCl. The mixture was extracted with ethyl acetate, and the combined organic layers were 

washed with brine. The organic layer was dried with sodium sulfate and concentrated to a 

clear oil, which was used for further reactions, without any purification, with 2 in the 

presence of NMM/isobutyl chloroformate (Figure 2).

Benzyl (6-Benzamido-1-((4-methyl-2-oxo-2H-chromen-7-yl)-amino)-1-
oxohexan-2-yl)carbamate (1).—Compound 1 was synthesized by the method described 

above using benzoyl chloride (Sigma, Milwaukee, WI) as the reacting R group. The 

resulting product was run on a chromatograph with 5% methanol in dichloromethane. 1H, 
13C, and 19F NMR were used to determine the molecular characterization of this compound, 

and TLC and HRMS determined >95% purity. Yield: 63%, 1H NMR (CDCl3, 600 MHz): δ 
9.38 (s, 1H), 7.76 (d, 2H, J = 7.8 Hz), 7.68 (s, 1H), 7.602−7.46 (m, 3H), 7.39−7.34 (m, 7H), 

6.18 (s, 1H), 5.95 (d, 1H, J = 7.2 Hz), 5.11 (m, 2H), 4.41 (s, 1H), 3.49 (m, 1H), 2.40 (s, 3H), 

2.07−2.05 (m, 1H), 1.88−1.80 (m, 1H), 1.70−1.64 (m, 2H), 1.56−1.50 (m, 2H). 13C NMR 

(CDCl3, 600 MHz): δ 171.00, 168.24, 161.26, 156.92, 154.07, 152.46, 141.47, 136.08, 

134.25, 134.23, 131.61, 128.61 (2C), 128.25, 128.02, 126.92 (2C), 125.10, 116.04, 115.84, 

11.31, 107.30, 67.28, 55.41, 38.73, 38.60, 31.24, 29.71, 28.75, 22.26, 18.56. MS (EI): m/z 
542.6 [M + H]. High-resolution MS: calculated for C31H31N3O6 [M + Na]+ 564.2111, found 

564.2105.

Benzyl (6-(2-Fluorobenzamido)-1-((4-methyl-2-oxo-2H-chromen-7-yl)amino)-1-
oxohexan-2-yl)carbamate (2).—Compound 2 was synthesized by the method described 

above using 2-fluorobenzoyl chloride (Sigma, Milwaukee, WI) as the reacting R group. The 

resulting product was run on a chromatograph with 3% methanol/dichloromethane and 

purified by combiflash with 5% methanol/dichloromethane. 1H, 13C, and 19F NMR were 

used to determine the molecular characterization of this compound, and TLC and HRMS 

determined >95% purity. Yield: 69%, 1H NMR (DMSO-d6, 600 MHz): δ 10.51 (s, 1H), 8.29 

(s, 1H), 7.77 (brs, 1H), 7.71 (d, 1H, J = 8.4 Hz), 7.65 (d, 1H, J = 7.8 Hz), 7.54 (t, 1H, J = 7.2 

Hz), 7.50−7.47 (m, 2H), 7.38−7.31 (m, 4H), 7.24−7.17 (m, 2H), 6.27 (s, 1H), 5.03 (s, 2H), 

4.16 (m, 1H), 3.24 (q, 2H, J = 6.6 Hz), 2.40 (s, 3H), 1.72−1.66 (m, 2H), 1.56−1.38 (m, 4H). 
13C NMR (DMSO-d6, 600 MHz): δ 172.49, 164.15, 160.59, 160.28, 158.63, 156.65, 154.09, 

153.68, 142.67, 137.39, 132.66, 130.42, 128.84 (2C), 128.32 (2C), 126.41, 124.85, 116.55, 

116.40, 115.77, 115.56, 112.75, 106.19, 65.98, 56.05, 39.33, 31.74, 29.04, 23.39, 18.45.19F 

(DMSO-d6, 300 MHz): δ −114.49. MS (EI): m/z 560.6 [M + H]. High-resolution MS: 

calculated for C31 H30FN3O6 [M + Na]+ 582.2016, found 582.1989.

Benzyl (6-(3-Fluorobenzamido)-1-((4-methyl-2-oxo-2H-chromen-7-yl)amino)-1-
oxohexan-2-yl)carbamate (3).—Compound 3 was synthesized by the method described 

above using 3-fluorobenzoyl chloride (Sigma, Milwaukee, WI) as the reacting R group. The 

resulting product was run on a chromatograph with 3% methanol in dichloromethane and 
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purified by combiflash with 5% methanol/dichloromethane. 1H, 13C, and 19F NMR were 

used to determine the molecular characterization of this compound, and TLC and HRMS 

determined >95% purity. Yield: 66%, 1H NMR (CDCl3): δ 9.19 (brs, 1H), 7.67 (s, 1H), 

7.55−7.49 (m, 4H), 7.46−7.351 (m, 6H), 7.20 (t, 1H, J = 7.8 Hz), 6.56 (brs, 1H), 6.22 (s, 

1H), 5.85 (brs, 1H), 5.14 (m, 2H), 4.40 (s, 1H), 3.51 (m, 2H), 2.43 (s, 3H), 2.07−2.06 (m, 

1H), 1.88−1.80 (m, 1H), 1.72−1.60 (m, 2H), 1.56−1.52 (m, 2H). 13C NMR (CDCl3): δ 
170.56, 166.86, 163.54, 161.18, 154.11, 152.21, 141.10, 136.00, 130.32, 128.59 (2C), 

128.31, 128.06 (2C), 125.14, 122.43, 118.66, 118.52, 116.15, 115.80, 114.41, 114.27, 

113.41, 107.31, 67.36, 55.34, 38.73, 30.95, 28.61, 22.16, 18.59. 19F (CDCl3, 300 MHz): δ 
−111.60. MS (EI): m/z 560.6 [M + H]. High-resolution MS: calculated for C31H30FN3O6 

[M + Na]+ 582.2016, found 582.1986.

Benzyl (6-(4-Fluorobenzamido)-1-((4-methyl-2-oxo-2H-chromen-7-yl)amino)-1-
oxohexan-2-yl)carbamate (4).—Compound 4 was synthesized by the method described 

above using 4-fluorobenzoyl chloride (Sigma, Milwaukee, WI) as the reacting R group. The 

resulting product was run on a chromatograph with 5% methanol in dichloromethane and 

purified by combiflash with 5% methanol/dichloromethane. 1H, 13C, and 19F NMR were 

used to determine the molecular characterization of this compound, and TLC and HRMS 

determined >95% purity. Yield: 72%, 1H NMR (CDCl3): δ 9.38 (s, 1H), 7.78 (m, 2H), 7.66 

(s, 1H), 7.51−7.45 (m, 2H), 7.39−7.33 (m, 5H), 6.99 (t, 2H, 6J), 6.65 (t, 1H, J = 6 Hz), 6.15 

(s, 1H), 6.02 (d, 1H, J = 8 Hz), 5.11 (s, 2H), 4.45 (brs, 1H), 3.49−3.46 (m, 2H), 2.39 (s, 3H), 

2.01−1.88 (m, 2H), 1.71−1.67 (m, 2H), 1.55−1.50 (m, 2H). 13C NMR (CDCl3): δ 170.91, 

167.16, 165.59, 161.17, 154.1, 152.36, 141.37, 136.00, 130.38 (2C), 129.31 (2C), 129.25, 

128.60 (2C), 128.32, 128.06, 125.13, 116.12, 115.80, 115.69, 115.54, 113.40, 107.30, 67.37, 

55.38, 38.66, 30.93, 28.69, 22.17, 18.57. 19F (CDCl3, 300 MHz): δ −107.70. MS (EI): m/z 

560.6 [M + H]. High-resolution MS: calculated for C31H30FN3O6 [M + Na]+ 582.2016, 

found 582.1985.

Benzyl (6-(4-Ethylbenzamido)-1-((4-methyl-2-oxo-2H-chromen-7-yl)amino)-1-
oxohexan-2-yl)carbamate (5).—Compound 10 was synthesized by the method 

described above using 4-ethylbenzoyl chloride (Sigma, Milwaukee, WI) as the reacting R 

group. The resulting product was run on a chromatograph with 5% methanol in 

dichloromethane and purified by combiflash with 5% methanol/dichloromethane. 1H, 13C, 

and 19F NMR were used to determine the molecular characterization of this compound, and 

TLC and HRMS determined >95% purity. Yield: 77%, 1H NMR (CDCl3): δ 9.71 (s, 1H), 

7.68 (m, 3H), 7.44−7.39 (m, 2H), 7.38−7.30 (m, 4H), 7.12 (d, 2H, J = 7.8 Hz), 6.87 (s, 1H), 

6.26 (d, 1H, J = 7.8 Hz), 6.11 (s, 1H), 5.07 (s, 2H), 4.45 (brs, 1H), 3.42 (m, 2H), 2.62 (q, 2H, 

J = 7.2 Hz), 2.44 (s, 3H), 1.98−1.82 (m, 2H), 1.67−1.48 (m, 4H), 1.19 (t, 3H, J = 7.2 Hz). 
13C NMR (CDCl3): δ 171.55, 168.20, 161.40, 156.88, 153.89, 152.75, 148.11, 141.63, 

136.17, 131.90, 128.51 (2C), 128.13, 127.97 (2C), 127.89, 127.10 (3C), 125.05, 115.93, 

115.84, 113.52, 107.21, 67.14, 55.65, 39.09, 31.78, 28.89, 28.70, 22.55, 18.51, 15.27. MS 

(EI): m/z 570.7 [M + H]. High-resolution MS: calculated for C33H35N3O6 [M + Na]
+ 592.2424, found 592.2433.
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Benzyl (6-(4-Iodobenzamido)-1-((4-methyl-2-oxo-2H-chromen-7-yl)amino)-1-
oxohexan-2-yl)carbamate (6).—Compound 6 was synthesized by the method described 

above using 4-iodobenzoyl chloride (Sigma, Milwaukee, WI) as the reacting R group. The 

resulting product was run on a chromatograph with 5% methanol in dichloromethane and 

purified by combiflash with 5% methanol/dichloromethane. 1H, 13C, and 19F NMR were 

used to determine the molecular characterization of this compound, and TLC and HRMS 

determined >95% purity. Yield: 60%, 1H NMR (CDCl3): δ 9.17 (s, 1H), 7.69−7.66 (m, 3H), 

7.54−7.46 (m, 4H), 7.42−7.34 (m, 5H), 6.21 (s, 1H), 5.86 (brs, 1H), 5.12 (s, 2H), 4.38 (brs, 

1H), 3.55−3.44 (m, 2H), 2.43 (s, 3H), 2.10−2.06 (m, 1H), 1.89−1.84 (m, 1H), 1.71−1.68 (m, 

2H), 1.57−1.50 (m, 2H). 13C NMR (MeOD): δ 171.50, 166.21, 160.30, 155.42, 152.20, 

135.86, 132.30 (2C), 126.97, 126.58 (2C), 126.15, 125.96, 123.76, 122.76, 120.18, 119.09, 

118.70, 116.95, 114.96, 114.32, 110.82, 105.17, 96.01, 64.87, 54.25, 37.45, 29.90, 27.00, 

21.10, 15.70. MS (EI): m/z 667.5 [M+]. High-resolution MS: calculated for C31H30IN3O6 

[M + Na]+ 690.1077, found 690.1075.

Benzyl (1-((4-Methyl-2-oxo-2H-chromen-7-yl)amino-1-oxo-6-(2-
phenylacetamido)hexan-2-yl)carbamate (7).—Compound 7 was prepared following 

the method described above using phenyl acetyl chloride (Sigma, Milwaukee, WI) as the 

reacting R group. The resulting product was run on a chromatograph with 3% methanol in 

dichloromethane and purified by combiflash with 5% methanol/dichloromethane. 1H, 13C, 

and 19F NMR were used to determine the molecular characterization of this compound, and 

TLC and HRMS determined >95% purity. Yield: 59%, This is a known compound,29c so 

here we report MS (EI): m/z 554.6 [M − H]. High-resolution MS: calculated for 

C32H33N3O6 [M + Na]+ 578.2267, found 578.2269.

Benzyl (6-(2-(2-Fluorophenyl)acetamido)-1-((4-methyl-2-oxo-2H-chromen-7-
yl)amino)-1-oxohexan-2-yl)carbamate (8).—Compound 8 was synthesized by the 

method described above using 2-fluorophenyl acetyl chloride (Sigma, Milwaukee, WI) as 

the reacting R group. The resulting product was run on a chromatograph with 3% methanol 

in dichloromethane and purified by combiflash with 5% methanol/dichloromethane. 1H, 
13C, and 19F NMR were used to determine the molecular characterization of this compound, 

and TLC and HRMS determined >95% purity. Yield: 57%, 1H NMR (DMSO-d6): δ 10.52 

(s, 1H), 8.06 (t, 1H, J = 5.4 Hz), 7.78 (s, 1H), 7.73−7.64 (m, 2H), 7.51 (s, 1H), 7.37−7.24 

(m, 7H), 7.12−7.09 (m, 2H), 6.27 (s, 1H), 5.04 (s, 2H), 4.13 (m, 1H), 3.04 (m, 2H), 2.40 (s, 

3H), 1.68−1.33 (m, 6H). 13C NMR (DMSO-d6): δ 172.10, 169.51, 167.22, 160.38, 156.18, 

154.00, 153.68, 142.69, 137.39, 132.19, 129.14, 129.01 (2C), 128.96, 128.85 (2C), 126.45, 

124.60, 122.62, 115.79, 115.57, 115.48, 112.76, 106.19, 65.99, 55.33, 38.98, 35.74, 31.17, 

28.81, 22.85, 18.45. 19F (DMSO-d6, 300 MHz): δ −117.40. MS (EI): m/z 572.6 [M − H]. 

High-resolution MS: calculated for C32H32FN3O6 [M + Na]+ 596.2173, found 596.2180.

Benzyl (6-(2-(4-Fluorophenyl)acetamido)-1-((4-methyl-2-oxo-2H-chromen-7-
yl)amino)-1-oxohexan-2-yl)carbamate (9).—Compound 9 was synthesized by the 

method described above using 4-fluorophenyl acetyl chloride (Sigma, Milwaukee, WI) as 

the reacting R group. The resulting product was run on a chromatograph with 3% methanol 

in dichloromethane and purified by combiflash with 5% methanol/dichloromethane. 1H, 
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13C, and 19F NMR were used to determine the molecular characterization of this compound, 

and TLC and HRMS determined >95% purity. Yield: 60%, 1H NMR (MeOD): δ 7.78 (s, 

1H), 7.67 (d, 1H, J = 8.2 Hz), 7.46 (d, 1H, J = 2 Hz), 7.39−7.25 (m, 7H), 7.00−6.97 (m, 2H), 

6.22 (s, 1H), 5.12−5.11 (m, 2H), 4.26 (t, 1H, J = 5.3 Hz), 3.45 (s, 2H), 3.19 (t, 2H, J = 6.6 

Hz), 2.45 (s, 3H), 1.86−1.74 (m, 2H), 1.56−1.40 (m, 4H). 13C NMR (MeOD): δ 172.44, 

172.36, 162.70, 161.81, 161.08, 157.23, 153.91, 153.82, 141.94, 136.74, 131.58, 130.61, 

130.40, 130.35, 128.09, 127.66, 127.48, 125.27, 115.82, 115.79, 114.81, 114.76, 112.22, 

106.66, 66.40, 55.83, 42.37, 38.79, 31.46, 28.58, 22.82, 17.12. 19F (MeOD, 300 MHz): δ 
−118.40. MS (EI): m/z 574.7 [M + H]. High-resolution MS: calculated for C32H32FN3O6 

[M + Na]+ 596.2173, found 596.2173.

Benzyl (6-(2-(4-Iodophenyl)acetamido)-1-((4-methyl-2-oxo-2H-chromen-7-
yl)amino)-1-oxohexan-2-yl)carbamate (10).—Compound 10 was synthesized by the 

method described above using 4-iodophenyl acetyl chloride (Sigma, Milwaukee, WI) as the 

reacting R group. The resulting product was run on a chromatograph with 3% methanol in 

dichloromethane and purified by combiflash with 5% methanol/dichloromethane. 1H, 13C, 

and 19F NMR were used to determine the molecular characterization of this compound, and 

TLC and HRMS determined >95% purity. Yield: 72%, 1H NMR (MeOD): δ 8.11 (brs, 1H), 

7.88 (d, 1H, J = 8.4 Hz), 7.82 (s, 1H), 7.76−7.73 (m, 2H), 7.67 (d, 1H, J = 8.4 Hz), 7.61 (d, 

1H, J = 7.8 Hz), 7.54−7.48 (m, 2H), 7.40−7.31 (m, 2H), 7.09 (d, 1H, J = 7.8 Hz), 7.04 (d, 

1H, J = 8.4 Hz), 6.26 (s, 1H), 5.13 (m, 2H), 4.25 (m, 1H), 3.43 (s, 2H), 3.21 (m, 2H), 2.48 (s, 

3H), 1.89−1.74 (m, 2H), 1.56−1.48 (m, 4H). 13C NMR (MeOD): δ 172.04, 171.92, 161.87, 

154.00, 153.89, 137.31 (2C), 137.23, 135.45, 131.20, 130.80 (2C), 128.09, 127.67, 127.50, 

126.50, 125.35, 115.91, 115.86, 112.26, 106.72, 91.30, 66.41, 55.80, 41.83, 38.53, 31.45, 

28.53, 22.78, 17.15. MS (EI): m/z 680.4 [M − H]. High-resolution MS: calculated for 

C32H32IN3O6 [M + Na]+ 704.1233, found 704.1231.

2-Fluoro-phenylhexanoicanilide, 2-FPhAHA (12).—Compound 11 (0.240g, 1.163 

mmol) was dissolved in 5 mL of dichloromethane and 0.5 mL of triethylamine. The 2-fluoro 

benzoyl chloride (0.2 mL, 1.696 mmol) was added dropwise at 0°C. The reaction was stirred 

at 0°C for 30 min, then gradually warmed to RT, and stirred under argon for 3 h. The 

mixture was washed with ethyl acetate and a 4 N HCl solution. The organic layer was dried 

over magnesium sulfate and then evaporated to dryness. The resulting crude mixture was 

recrystallized with diethyl-ether overnight and then filtered by vacuum filtration before 

being dried under high vacuum. Product 12 (110 mg) was made as a white solid in 28% 

yield. 1H, 13C, and 19F NMR were used to determine the molecular characterization of this 

compound, and TLC and HRMS determined >95% purity. 1H NMR (DMSO-d6): δ 9.87 (s, 

1H), 8.31 (s, 1H) 7.54 (m, 4H), 7.25 (dt, J = 7.8 Hz, 4H), 7.01 (t, 1H), 3.24 (dd, J = 5.9 Hz, 

2H), 2.31 (t, J = 7.3 Hz, 2H), 1.62 (m, 4H), 1.35 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 
171.33, 163.47, 161.73, 159.28, 138.18, 133.15 (d, J = 9.3 Hz), 131.82, 128.86, 124.75 (d, J 
= 3.1 Hz), 124.00, 121.21 (d, J = 11.3 Hz), 119.82, 115.98 (d, J = 24.8 Hz), 77.35, 77.03, 

76.71, 39.74, 37.32, 29.17, 26.36, 25.02. 19F NMR: δ −114.64. High-resolution MS: 

calculated [M + Na]+ 329.1665, found 329.1654.
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2-Nitro-N-(6-oxo-6-(phenylamino)hexyl)benzamide (13).—A solution of 2-

nitrobenzoyl chloride (0.12 g, 0.62 mmol) in 0.5 mL of DCM was added dropwise to a 

mixture of phenylhexanamide (11, 0.10 g, 0.48 mmol) and diisopropylethylamine (DIPEA, 

0.13 mL, 0.73 mmol) in dimethylformamide (5 mL) at 0°C; then, the solution was left to stir 

at room temperature for 12 h. The solvent was then evaporated under reduced pressure; the 

crude was dissolved in EtOAc and washed with water. The organic layer was dried over 

sodium sulfate. Evaporation and purification with column chromatography (eluent of 

EtOAc) gave the desired precursor, 13, in a 70−72% yield. 1H, 13C, and 19F NMR were used 

to determine the molecular characterization of this compound, and TLC and HRMS 

determined >95% purity. 1H NMR (600 MHz, DMSO-d6): δ 9.87 (s, 1H), 8.66 (t, J = 5.5 

Hz, 1H), 8.02 (d, J = 8.1 Hz, 1H), 7.75 (t, J = 7.5 Hz, 1H), 7.67 (t, J = 7.8 Hz, 1H), 7.60 (d, J 
= 8.2 Hz, 2H), 7.57 (d, J = 7.5 Hz, 1H), 7.28 (t, J = 7.8 Hz, 2H), 7.01 (t, J = 7.3 Hz, 1H), 

3.22 (dd, J = 12.9, 6.6 Hz, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.67−1.59 (m, 2H), 1.58−1.50 (m, 

2H), 1.42−1.33 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ 171.2, 165.3, 147.0, 139.4, 

133.5, 132.8, 130.5, 129.0, 128.6, 124.0, 122.9, 119.0, 39.0, 36.4, 28.6, 26.1, 24.8. High-

resolution MS: calculated [M + Na]+ 356.1600, found 356.1598.

Radiosynthesis of 2-[18F]-Fluorobenzoyl-aminohexanoicanilide, 2-[18F]BzAHA 
(14).—The F-18 was obtained in a kryptofix/K[18F] complex in acetonitrile/water (1 mL) 

from the PET/Cyclotron Facility, Wayne State University, Detroit, MI, and transferred into a 

crimped 2 mL V-vial for azeotropic drying. Acetonitrile (0.4 mL) was added to the mixture, 

which was dried under a stream of argon at 90− 100°C. A solution of 13 (~2 mg) in dry 

dimethyl sulfoxide (0.4 mL) was added to the dried kryptofix/K[18F] and heated to 

130−140°C under argon with stirring for 12 min. After cooling, the reaction mixture was 

passed through a 900 mg Altech silica-gel cartridge (Fisher Scientific, Waltham, MA) and 

eluted with 2 mL of 10% methanol in dichloromethane (DCM). The solvent was evaporated 

under a stream of argon to remove DCM and to reduce the volume to <0.5 mL. Compound 

14 was purified by semipreparative HPLC (65% acetonitrile in water) by collecting the peak 

at 6 min. The decay-corrected radiochemical yield was 10%, and the compound purity was 

>95%, as assessed by analytical HPLC and coelution with the nonradiolabeled reference 

standard, 12.

Radiosynthesis of 2-18F-Ethylbenzoate.—A solution of kryptofix/K18F was received 

from the cyclotron and transferred into a crimped V-vial for drying. Acetonitrile (0.4 mL) 

was added to the mixture, which was dried under a stream of argon at 80°C. A solution of 2-

nitro ethylbenzoic acid (8 mg, Sigma, Milwaukee, WI) in dry acetonitrile (0.4 mL) was 

added to the dried kryptofix/K18F, and the mixture was heated to 120°C and stirred under 

argon for 20 min. The reaction was cooled, passed through a silica-gel cartridge (Alltech, 

Nicholasville, KY, 900 mg), and eluted with 30% methanol in dichloromethane (2 mL). 

Afterward, the solvent was evaporated under a stream of argon to a volume <0.5 mL, and the 

product was purified by semipreparative HPLC. The desired compound was isolated with 

50% MeCN in water at 20 min. This product was injected into an analytical HPLC with the 

authentic nonradiolabeled compound (used as purchased from Sigma, Milwaukee, WI) to 

assess the identity and purity of the desired compound. The compound was obtained in 8% 
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radiochemical yield and >95% purity as determined by HPLC. For more details, see the 

Supporting Information.

Radiosynthesis of 2-18F-Benzaldehyde.—A solution of kryptofix/K18F was received 

from the cyclotron and transferred into a crimped V-vial for drying. Acetonitrile (0.4 mL) 

was added to the mixture, and it was dried under a stream of argon at 105°C. A solution of 

2-nitrobenzaldehyde (8 mg, Sigma, Milwaukee, WI) in dry DMSO (0.4 mL) was added to 

the dried kryptofix/K18F, and the mixture was heated to 120°C and stirred under argon for 

20 min. The reaction was cooled, passed through a silica-gel cartridge (Alltech, Nicholas-

ville, KY, 900 mg), and eluted with 30% methanol in dichloromethane (2 mL). Afterward, 

the solvent was evaporated under a stream of argon to a volume <0.5 mL, and the product 

was purified by semipreparative HPLC. The desired compound was isolated with 50% 

MeCN in water at 20 min. This product was injected into an analytical HPLC with the 

authentic nonradiolabeled compound (used as purchased from Sigma, Milwaukee, WI) to 

assess the identity and purity of the desired compound. The compound was obtained in 11% 

radiochemical yield and >95% purity as determined by HPLC. For more details, see the 

Supporting Information.

SIRT-Enzyme Assay.

Recombinant SIRT1−7 enzymes and BPS1 reference substrate for SIRT1, an oligopeptide 

corresponding to 379−382 of p53 (Arg-His-Lys-Lys(Ac)-AMC) were purchased from BPS 

Bioscience (San Diego, CA). Solutions (10 mM) of all newly synthesized compounds were 

prepared in pure DMSO and then diluted to 100 μM aliquots in DMSO for further use. 

Enzyme-assay reactions were performed in black, low-binding 96-well microtiter plates 

(Nagle Nunc International, Rochester, NY). End-point assays were performed by incubation 

of the appropriate substrate, NAD, a SIRT enzyme, and inhibitor (if applicable) in enzyme-

assay buffer (50 μL final volume). Control wells without enzyme were included in each plate 

(Table S1). After 40 min at 37°C, a developer mixture (50 μL) containing nicotinamide (2 

mM) and trypsin (0.4 mg mL−1) was added, and the mixtures were incubated for 30 min at 

22°C. The intensity of cleaved 7-amino-4-methylcoumarin (AMC) fluorescence was 

measured using a Synergy H1 microplate reader (Biotek, Winooski, VT) at a 360 nm 

excitation wavelength and a 450 nm emission wavelength. The maximum excitation 

wavelengths for this compound are 340−360 nm in ethanol, and the emission-wavelength 

spectrum is 420−440 nm (Sigma, Milwaukee, WI). Experiments for the determination of 

enzyme kinetic parameters were performed by incubation of test compounds or the BPS1 

reference substrate at different concentrations with NAD+ and individual SIRT enzymes in 

an assay buffer (100 μL final volume) at 37°C for different periods of time (5, 10, 20, 30, 

and 60 min; Table S2), followed by in situ fluorophore cleavage by the addition of a 

developer mixture (50 μL) containing nicotinamide (2 mM) and trypsin (0.4 mg mL−1). 

Fluorescence was measured as relative fluorescence units (RFU) at 22°C to determine the 

initial linear rate, V0 (RFU min−1), for each concentration. Data were analyzed using 

GraphPad Prism v6.02 (GraphPad, La Jolla, CA) to afford Km (μM) and Vmax (RFU min−1) 

values. The Kcat values were calculated on the basis of the RFU versus AMC-concentration 

standard curves, and the enzyme purities and concentrations were provided by the 

manufacturer.
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NMR Analysis.

Recombinant SIRT1 (BPS Bioscience, San Diego, CA) was added to a solution of phosphate 

buffer with 50 μmol of NAD+ and 20 μmol of 2-FBzAHA with 10% DMSO-d6. The reaction 

mixture was incubated at 37°C for 30 min. The reaction mixture was then transferred to an 

NMR tube, and additional DMSO-d6 was added to the mixture to provide enough NMR 

solvent for adequate resolution. The analysis was carried out on a 500 MHz Varian NMR 

first shimmed for 1H and then run with 19F spectroscopy. Scans were run until peaks could 

be adequately resolved, and the baseline remained constant.

In Vivo Imaging Studies in Rats.

Animal care and use procedures were carried out in accordance with protocols written under 

the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals and approved by the Institutional Animal Care and Use Committee (IACUC) of 

Wayne State University (protocol #17-06-283).

MR Imaging.

The animals were anesthetized by inhalation of isoflurane (5% in oxygen for induction and 

2−2.5% for maintenance). During the imaging procedure, the animals were placed on a 

heated recirculating-water platform in order to maintain body temperature at 37°C. The 

animals were held in position using a bite bar and a home- built receive-only surface-coil 

two-element phased array was placed dorsal to the head, as described elsewhere.65 Images 

were acquired using a 7T ClinScan system (Bruker, Coventry, U.K.) operated by a Siemens 

console with Syngo software (Siemens, Knoxville, TN). A localizing scan was performed 

and adjustments to head position were made accordingly. Coronal and axial T2-weighted 

images were obtained (repetition time, TR = 3530 ms; echo time, TE = 38 ms; slice thickness 

of 0.5 mm; field of view, FOV = 3.2 × 3.2 cm; resolution of 125 μm × 125 μm × 1 mm; 

matrix of 320 × 320). Images were processed using ImageJ software (Bethesda, MD).

PET-Imaging Procedures in Animals.

Sprague−Dawley rats (200−250 g, n = 3) were anesthetized with 3% isoflurane in oxygen 

and maintained at 2% isoflurane in oxygen throughout the imaging studies. The body 

temperature was maintained using electronically controlled heating pad (M2M Imaging, 

Cleveland, OH) set at 37°C. Anesthetized rats were placed in a stereotactic head holder 

made of polycarbonate plastic (Kopf, Tujunga, CA) and attached to the bed of the microPET 

R4 scanner (Siemens, Knoxville, TN) in the supine position with the long axis of the animal 

parallel to the long axis of the scanner and the brain positioned in the center of the FOV. 

Each radiotracer (300−500 μCi/animal) was administered in saline via the tail vein in a total 

volume ≤1.25 mL as a slow bolus injection over a period of 1 min. Dynamic PET images 

were obtained over 60 min. After PET imaging, the positioning bed with the affixed 

anesthetized animal was transferred to an Inveon SPECT/CT scanner (Siemens, Knoxville, 

TN) and CT images and four overlapping frames (2 min each) were acquired covering the 

whole body using X-ray-tube settings of 80 kV and 500 μA with an exposure time of 

300−350 ms for each of the 360 rotational steps.
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Image Analysis and Quantification.

Dynamic PET data sets were truncated into multiple 1−2 min static frames, and images were 

reconstructed using the two-dimensional-ordered-subsets-expectation-maximization 

(2DOSEM) algorithm with 4 iterations and 16 subsets, as described before;19 CT images 

were reconstructed using the Shepp−Logan algorithm.66 PET−CT image fusion was 

accomplished using the Inveon Research Workplace version 3.0 software package (Siemens, 

Knoxville, TN). PET−CT and T2-weighted MR images of individual rat heads were 

manually coregistered using scull landmarks as fiducial markers in AMIDE 1.0.4 software 

(http://amide.sourceforge.net). The digital rat-brain atlas was used for the identification of 

specific structures of the brain and manual segmentation of T2-weighted MR images on the 

basis of stereotactic coordinates.67 Radioactivity concentrations in specific brain structures 

were quantified with AMIDE 1.0.4 software (http://amide.sourceforge.net) using regions-of-

interest (ROI) analysis and expressed as microcuries per gram and standard uptake values 

(SUVs). The SUV is defined as the ratio of the tissue radioactivity concentration, C (in μCi 

per gram of tissue), at a given time point postinjection, T, to the injected dose (in μCi, 

decay-corrected to the same time T) normalized by the body weight in grams. Time-activity 

curves (TAC) for different brain structures were plotted over time after radiotracer 

administration. Patlak graphical analysis with reference a tissue36 was used for quantitative 

analysis of the dynamic PET images with 2-[18F]BzAHA. The brainstem was used as the 

reference tissue because of its low levels of SIRT1 activity and the subsequent low levels of 

2-[18F]BzAHA-derived-radioactivity accumulation in this region of the brain. The brainstem 

also receives levels of perfusion similar to those of the rest of the brain tissue, thus providing 

a suitable reference tissue.

Autoradiography.

After PET imaging (or at 25 min after 300−500 μCi radiotracer iv injection), the animals 

were sacrificed, and the brains were rapidly extracted, frozen, and embedded in mounting 

medium M1 (Shandon-Lipshaw, Pittsburgh, PA). Serial 20 μm thick coronal sections of 

frozen brain tissue were obtained at −13°C using a cryo-microtome CM3050S (Leica, 

Wetzlar, Germany). Tissue sections were thaw-mounted on poly-A-lysine-coated glass slides 

and heat-fixed for 5 min at 65°C on a slide warmer (Fisher Scientific, Pittsburgh, PA). Tissue 

sections were mounted on slides and exposed to single-emulsion Carestream Kodak BioMax 

MR film (8 × 10 in., Sigma, Milwaukee, WI), without exposure to light, in cassettes for 12 

h. After tissue exposure, processing of the film was performed by an automated system 

(Kodak X-Omat, Center for Molecular Medicine and Genetics, Wayne State University).

Arterio-Venous Shunt for Blood Sampling and Analyses of Radiolabeled Metabolites.

An arteriovenous shunt was constructed by inserting two 20 cm long, PE50 catheters into the 

ends of 6 cm long, thick-walled, Masterflex Tygon L/S 13 silicone tubing (#96400–13; Cole-

Parmer, Vernon Hills, IL) and filled by a saline solution containing 10 U/mL heparin 

(PosiFlush; Beckton-Dickinson, San Jose, CA). Male Sprague−Dawley rats (n = 3) weighing 

400−500 g (Envigo, Indianapolis, IN) were anesthetized by inhalation of isoflurane (5% in 

oxygen for induction and 2−2.5% for maintenance), their lower abdominal and inguinal fur 

was shaved, and using a scalpel, two 3 cm long skin incisions were made in the inguinal 
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regions along the edge of the m. obliquus externus abdominis. The subcutaneous tissues and 

inguinal fascia were spread apart using microforceps, and a wound retractor was placed 

between the femoral ligament and the m. vastus medialis to reveal the femoral canal. 

Connective tissue and fascial layer covering the femoral neurovascular bundle were opened 

using a 90° hook, and the femoral artery and femoral vein were separated from surrounding 

tissues and lifted on 3/0 silk threads to stop the blood flow. A small incision in the wall of 

the femoral artery was made one-third of the arterial diameter at a 45° angle using 

microscissors. One end of the shunt (PE50 catheter) was introduced into the arterial lumen 

and fixed by proximal and distal 3/0 silk knots, and blood flow from the femoral artery was 

verified. Then, a small incision was made in the wall of the femoral vein, and the other end 

of the clamped shunt was introduced into the femoral-vein lumen and fixed by proximal and 

distal 3/0 silk knots. The shunt was unclamped to enable the blood flow from the femoral 

artery into the femoral vein; the shunt was flushed by an injection of 0.5 mL of saline 

solution containing 10 U/mL heparin (PosiFlush; Beckton-Dickinson, San Jose, CA) using a 

1 mL insulin syringe with a short 30 Ga hypodermic needle inserted into the thick-walled 

segment of the shunt. The contralateral femoral vein was catheterized using a PE50 catheter 

through the contralateral skin incision using similar surgical steps. Intravenous 

administration of the radiotracer was performed using a PDH Ultra digital syringe-injection 

pump (Harvard Apparatus, Holliston, MA) at a rate of 1 mL/min (1 mL total volume of 

injectate). Serial arterial blood samples (100 μL each) were obtained at different time points 

after radiotracer administration (at 1, 5, 10, 15, 30, 45, 60, and 90 min) using heparinized 1 

mL syringes with 30 Ga hypodermic needles inserted into the thick-walled segment of the 

shunt, compressed on the venous end to prevent sampling of venous blood. Each blood 

sample was centrifuged at 1000g for 5 min in heparinized 2.5 mL plastic vials to obtain 

blood plasma, and the aqueous fraction was separated from plasma proteins by 

centrifugation through a 1 mL Ultrafiltration Centrifugal Filter 4101 (Millipore/EDM, 

Billerica, MA). The aqueous fraction of the plasma was analyzed without any additional 

extraction procedures using a radio-HPLC system and a mobile phase as described for the 

quality control of 2-[18F]BzAHA radiosynthesis.

Histology and Immunofluorescence Microscopy.

Male Sprague−Dawley rats (Envigo) were anesthetized using sodium pentobarbital (50 

mg/kg) and transcardially perfused with 4% formaldehyde in phosphate buffer. After 

fixation in 4% formaldehyde and 30% sucrose, coronal brain sections (20 μm) were obtained 

using OTF5000 cryomicrotome (Hacker-Bright Instruments, Winnsboro, SC) and set up as 

floating sections in buffered saline. For fluorescence immunohistochemistry of SIRT1, the 

sections were washed in PBS with triton detergent (PBS-T, 0.1 M, pH 7.4; 3 × 3 min); this 

was followed by antigen retrieval at 70°C in sodium citrate buffer (pH 6.0) for 1 h and then 

three washes in PBS-T (3 × 3 min). The sections were heated for 5 min at 55°C, washed 

with xylenes three times for 2 min each, then rinsed in PBS (3 × 3 min). The sections were 

then incubated in 5% normal goat serum for 20 min at 20°C. Immediately following this, the 

sections were washed three times in PBS-T and set up for an 18 h incubation at 4°C in 

primary AlexaFluor488-conjugated anti-SIRT1 mouse monoclonal antibody (1:200, 

catalogue no. ab157401; Abcam, Cambridge, U.K.). Following incubation, the antibody was 

removed, and the sections were washed in PBS-T three times. The sections were mounted on 
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high-tissue-binding Superfrost Plus glass slides (Fisher Scientific, Waltham, MA) and 

coverslipped using an aqueous medium containing DAPI for the nuclear stain (Vectashield; 

Vector Laboratories, Burlingame, CA). Select sections were dual-immunostained using the 

rabbit anti-phospho-SIRT1 monoclonal antibody S47 (1:200, catalogue no. ab76039; 

Abcam, Cambridge, U.K.) incubated for 14 h at 4°C; this was followed by three 2 min 

washes in TBS and exposure to the secondary goat antirabbit polyclonal antibody 

conjugated to AlexaFluor647 (1:250, catalogue no. ab150079; Abcam, Cambridge, U.K.) for 

90 min at 4°C. Following three 2 min washes in TBS, the sections were mounted and 

coverslipped as described above. Fluorescence-microscopy images were acquired using 

EVOS FL Auto (Life Technologies, Carlsbad, CA).

Statistical Analyses.

Excel 2010 (Microsoft, Redmond, WA) and Graph-Pad Prism 6 (Graph Pad Software, La 

Jolla, CA) were used for calculations and statistical analyses of data. Data are reported as 

means ± standard deviations. Student’s t test for group mean and paired measurements was 

used to calculate P values. An α = 0.05 was considered to indicate a significant difference, 

and a two-tailed distribution was assumed. P < 0.05 was considered as statistically 

significant.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

Acb nucleus accumbens

AHA aminohexanoicanilide

AMC 7-amino-4-methylcoumarin

Bz benzoyl

DG dentate gyrus

eNOS endothelial nitric oxide

HDAC histone deacetylase

HIF1a hypoxia-inducible factor 1a

IFM immunofluorescence microscopy

LC locus coeruleus
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LS lateral septal nucleus

MMP1 metallo-metalprotease

SIRT sirtuin

NAD nicotinic adenine dinucleotide

PhAc phenyl acetyl

VEGF vascular-endothelial-growth factor
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Figure 1. 
(A) Chemical synthesis of compounds 1−10 using the Cbz-Lys-AMC backbone. (B) 

Synthesis of 2-FBzAHA (12) and precursor 2-NO2BzAHA (13) and radiosynthesis of 2-

[18F]BzAHA (14) from the aminohexanoicanilide backbone. (C) Quality-control 

chromatogram demonstrating matching elution times for both the standard compound, 12 
(blue), and the radiofluorinated compound, 14 (2-[18F]BzAHA, red).
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Figure 2. 
(A−C) Catalytic efficacy (Kcat, s−1) of compounds 1−10 with SIRT1−7 as determined by an 

enzymatic assay with a fluorescent readout. (A) Compounds 1−4 and 10 demonstrating 

differences in Kcat as a result of aromatic substitution of the fluorine atom at varying 

positions on the benzoyl moiety or the addition of a bulkier ethyl group. (B) Variations in 

Kcat due to the use of either a benzoyl or phenylacetyl moiety with para positioning of iodine 

or fluorine, demonstrating a significant increase with para-fluorobenzoyl (4) as compared 

with those of the others. (C) Comparison of ortho- and para-fluorine substitutions (6 vs 7) on 

the aromatic ring of a phenylacetyl moiety. (D) Catalytic efficacy (Kcat/Km, s−1 M−1) of 

selected compounds with recombinant SIRT1, as determined by a fluorometric assay, 

demonstrating that 2 is cleaved most efficiently by SIRT1. (E) Compound 2 selectively 

cleaved by SIRT1 with at least 3-fold greater efficacy as compared with by SIRT2−7 and 

HDAC1−11. (F) SIRT1 cleavage of 2 with increasing levels of EX-527, a selective SIRT1 

inhibitor (IC50 = 12.60 ± 2.1 μM). Error bars represent standard deviations. All experiments 

were performed in triplicate. ****P < 0.01, *P < 0.05.
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Figure 3. 
(A) PET−CT−MR coronal and axial images 20 min after iv administration of 2-

[18F]BzAHA, demonstrating increased 2-[18F]BzAHA-derived accumulation within regions 

of the brain corresponding to the hippocampus (CA1−CA3), lateral septal nucleus (LS), and 

nucleus accumbens (Acb). (B) Maps of the brain corresponding to the PET images. (C) 

Autoradiography performed for matching sections of the brain at 20 min after iv 

administration of 2-[18F]BzAHA demonstrating increased radioactivity within regions of the 

hippocampus, nucleus accumbens, and lateral septal nucleus. (D) Immunofluorescence of 

corresponding slices of the brain demonstrated increased levels of SIRT1 expression in the 

hippocampus (Alexafluor488-conjugated anti-SIRT1, green), especially CA2 and CA3, 

overlaid on DAPI nuclear stain (blue).
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Figure 4. 
(A) PET−CT−MR image of the hypothalamus taken at 20 min after iv administration of 2-

[18F]BzAHA. (B) PET image overlaid on an atlas map of the corresponding brain region 

demonstrating the colocalization between areas of increased 2-[18F]BzAHA-derived 

radioactivity and the hypothalamus region as shown on the map. (C) PET−CT−MR image 

demonstrating increased 2-[18F]BzAHA-derived accumulation within regions of the locus 

coeruleus. (D) PET image overlaid on the atlas map of the corresponding brain region, 

demonstrating colocalization between areas of increased 2-[18F]BzAHA-derived 

radioactivity and the locus coeruleus region as shown on the map.
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Figure 5. 
(A) PET−CT−MR images at 20 min after iv administration of 2-[18F]BzAHA. (B) PET−CT

−MR images at 20 min after iv administration of 2[18F]BzAHA and 50 min after 

pretreatment with the SIRT1 selective inhibitor, EX-527 (ip; 5 mg/kg). (C) SUV values for 

the ROI at 20 min after iv administration of 2-[18F]BzAHA with (gray) and without (black) 

pretreatment with EX-527. Error bars represent standard deviation (n = 2). *P < 0.05.
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