
Pharmacokinetics and
tolerability of SRT2104, a
first-in-class small molecule
activator of SIRT1, after
single and repeated oral
administration in man
Ethan Hoffmann,1 Jeff Wald,2 Siva Lavu,1 John Roberts,1

Claire Beaumont,3 Jon Haddad,1 Peter Elliott,1 Christoph Westphal1

& Eric Jacobson1

1Sirtris, a GSK Company, Cambridge, MA, 2GlaxoSmithKline Pharmaceuticals, Research Triangle Park,

NC, USA and 3GlaxoSmithKline Pharmaceuticals, Ware, UK

Correspondence
Mr Ethan Hoffmann, Sirtris, a GSK
Company, 200 Technology Square, Suite
300, Cambridge, MA 02139, USA.
Tel.: +1 617 252 6920
Fax: +1 617 252 6924
E-mail: ethan.2.hoffmann@gsk.com
-----------------------------------------------------------------------

Keywords
activator, microtracer, pharmacokinetics,
SIRT1, sirtuin, SRT2104
-----------------------------------------------------------------------

Received
12 January 2012

Accepted
12 May 2012

Accepted Article
Published Online
23 May 2012

AIM
SRT2104 is a novel, first-in-class, highly selective small molecule activator of the
NAD + dependent deacetylase SIRT1. SRT2104 was dosed to healthy male and
female volunteers in a series of phase 1 clinical studies that were designed to
elucidate tolerability and pharmacokinetics associated with oral dosing to aid in
dose selection for subsequent clinical trials.

METHODS
In the first-in-human study, there was both a single dose phase and 7 day repeat
dose phase. Doses used ranged from 0.03 to 3.0 g. A radioactive microtracer
study was subsequently conducted to determine systemic clearance,
bioavailability and preliminary metabolism, and a crossover study was
conducted to determine the effect of gender, formulation and feeding state on
SRT2104 pharmacokinetics.

RESULTS
SRT2104 was well tolerated in all of these studies, with no serious adverse
reactions observed. SRT2104 displayed a dose-dependent, but sub-proportional
increase in exposure following single dose and repeated dose administration.
Accumulation of three-fold or less occurs after 7 days of repeat dosing. The
mean bioavailability was circa 14% and the mean clearance was circa
400 ml min-1. Although there were no substantial effects on exposure resulting
from gender or formulation differences, a notable food effect was observed,
manifested as up to four-fold increase in exposure parameters.

CONCLUSIONS
In the absence of an optimized formulation of SRT2104, the food effect can be
used to maximize exposure in future clinical studies. Combined with the good
tolerability of all doses demonstrated in these studies, the favourable selectivity
profile of SRT2104 allows for the use of this SIRT1 modulator for target
validation in the clinic.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT?
• Resveratrol is a putative small molecule

activator of SIRT1, but also possesses
significant off-target activity and has been
found to be poorly bioavailable. Validation
of SIRT1 as a clinical target requires a probe
with acceptable pharmacokinetics and
selectivity,and is critical to advancing the
understanding of SIRT1 biology in humans.

WHAT THIS STUDY ADDS?
• This manuscript provides a comprehensive

understanding of SRT2104
pharmacokinetics in humans and will serve
as the foundation for future clinical studies.
As the field of SIRT1 science matures, the
data shown in this manuscript provide a
critical component for determining
appropriate doses of SRT2104 to evaluate
SIRT1 activation in a clinical setting.
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Introduction

The sirtuin class of deacetylases plays important regula-
tory roles in numerous physiological pathways with exam-
ples in all three sub-cellular compartments: nuclear,
cytosolic and mitochondria [1, 2]. Of the seven mammalian
sirtuin isoforms, the biology of SIRT1 is the most well char-
acterized and its drug discovery platform is also the most
advanced [3]. Studies that involve SIRT1 over-expression in
mammalian cellular models [4, 5] as well as those that
involve the use of transgenic SIRT1 over-expressing mice
have demonstrated significant SIRT1-dependent improve-
ments to pathological phenotypes [6–8]. Furthermore, the
efficacy induced by small molecule SIRT1 activators in pre-
clinical models of metabolic, inflammatory, cardiovascular
and neurodegenerative disease [9–13] suggests that phar-
macological activation of SIRT1 may be beneficial for
human health. For example, small molecule SIRT1 activa-
tors have shown efficacy in ob/ob and diet-induced obesity
(DIO) mouse models [9] with significant effects on weight
control, glucose homeostasis and insulin. Moreover,
notable observations in additional animal models have
included decreased production of inflammatory markers,
reduced steatosis, and increased exercise endurance and
muscle function, a convergence of effects that promote
improved overall health [14–17]. There have been contra-
dictory data published in the literature that link sirtuins to
cancer, with both beneficial effects of increased expression
[18] and inhibition or reduced expression [19, 20] of SIRT1
as cancer therapy strategies.

Although the full extent of the biological activity of
SIRT1 has yet to be determined, the extraordinary breadth
of the pharmacological potential presented by SIRT1
modulation can be more fully appreciated by considering
that it has more than 70 known sub-cellular protein sub-
strates, prominent examples of which include p53, PGC1a,
FOXO, ACS1 and p65-NFkB, as well as a host of other
nuclear and cytosolic proteins with established roles in
numerous disease states [21–26] that generally are respon-
sive to periods of cellular stress. Acetylation and deacetyla-
tion cycles associated with post translational modification
of proteins have been implicated in critical control of cel-
lular processes. Beyond serving as an on/off functional
switch, deacetylation can alter protein stability [27],
protein–protein interactions [28] and sub-cellular localiza-
tion [29], thereby controlling downstream biological
effects at multiple levels. Furthermore, the unique enzy-
matic reaction carried out by sirtuins involves NAD+ as a
co-substrate, coupling cellular energy status to the regula-
tory mechanisms. A relatively comprehensive expression
analysis of sirtuins in human tissues indicates a high level
of SIRT1 expression in skeletal muscle, brain, kidney,
thymus and reproductive tissues [30, 31]. Classical drug
discovery has predominantly targeted protein classes such
as GPCRs, kinases, nuclear receptors, ion channels and
enzymes with a narrow, specific function. Their upstream

modulation of several protein classes at once makes sirtuin
enzymes unique targets for drug development. As such,
pharmacological activation of sirtuins has emerged as an
approach with great potential for the discovery of thera-
peutics in multiple disease indications.

The first small scale screen [32] for SIRT1 activators
identified a narrow hit series comprised mostly of polyphe-
nols.The most prominent and well-known hit was resvera-
trol, a stilbene abundantly available from sources such as
grape skin, peanuts and roots of Polygonum cuspidatum.
Resveratrol has been investigated in several exploratory
studies in man [33, 34] although its lack of selectivity for
SIRT1, significant metabolic liabilities and extremely low
inherent bioavailability [35, 36] limit its use as a drug tar-
geting SIRT1. Furthermore, some recent studies have pro-
posed alternate mechanisms for the pharmacology of
resveratrol [37] as well as its potential impact on SIRT1
expression levels [38, 39], assertions that are difficult to
refute unambiguously. In order to address some of these
issues, a search was undertaken for compounds with a
high degree of selectivity for SIRT1, and that had improved
potency, physiochemical pharmacokinetic properties and
no chemical relationship to resveratrol led to SRT2104, a
first-in-class activator of SIRT1. Following pharmacology
and toxicology assessments, a series of phase 1 clinical
studies in normal healthy volunteers were designed to
characterize the pharmacokinetics of SRT2104, and to
assess whether there were any deleterious effects of
dosing a SIRT1 activator in humans. The overall goal of
these studies was to identify appropriate doses of SRT2104
for use in future clinical trials designed to probe its safety
and efficacy.

Methods

Study designs
SRT2104 was evaluated in four phase 1 clinical studies
designed to characterize its safety, tolerability and phar-
macokinetics. All of the protocols were approved by a local
medical ethics committee and all studies were conducted
at Simbec Research Ltd (Wales, UK) following Good Clinical
Practice (GCP) guidelines. The protocols for the first-in-
human (FIH) study, the food/gender effect study and the
second food effect study were approved by South East
Wales Research Ethics Committee (Cardiff, UK) and the pro-
tocol for the bioavailability study was approved by Inde-
pendent Ethics Committee, Plymouth (Devon, UK). All
subjects were deemed eligible based on medical history,
physical examination and standard clinical laboratory
parameters. Subjects gave written consent to participate.
The FIH study was a randomized, double-blind, placebo-
controlled, dose escalation study in which seven cohorts
were given single doses of 0.03 g, 0.1 g, 0.25 g, 0.5 g, 1.0 g,
2.0 g or 3.0 g of SRT2104 as an oral suspension [1%
hypromellose acetate succinate (HPMC-AS) in water] fol-
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lowed by a 7 day repeat administration of the same dose
after a 1 week washout period. The starting dose for this
study was selected to be more than 100-fold lower than
the no observable adverse effect level (NOAEL) of the most
sensitive toxicological species (female rats), which
achieved an exposure of 33 mg ml-1 h following 28 days of
consecutive dosing at 1.0 g kg-1. Each dose escalation in
this study occurred following a review of safety parameters
(including physical examination findings, vital signs, ECG
studies, adverse events and laboratory values) and phar-
macokinetic data by the study director, the sponsor and an
independent medical monitor. The second study con-
ducted was a single dose bioavailability study to estimate
the relative contribution of systemic clearance and drug
absorption to the SRT2104 pharmacokinetic (PK) profile in
humans. The study design for the bioavailability study
called for subjects to be given a single 0.25 g dose of
SRT2104 as an oral suspension (1% HPMC-AS in water)
followed at or near tmax (2.75 h after oral dosing) by a
15 min intravenous (i.v.) infusion containing 100 mg of 14C-
SRT2104. This microtracer [40] design allowed simultane-
ous determination of absolute bioavailability and i.v.
pharmacokinetic parameters together with preliminary
information on the human metabolism of SRT2104. The
third study (food/gender effect study) was a four-way
crossover study where two cohorts of subjects (male and
female) were given 0.5 g of SRT2104 as either a suspension
or capsule formulation, in both the fed and fasted states.
Subjects in the fed state were administered SRT2104
30 min following a standardized meal consisting of
602 kcal (18.3% protein, 30.4% fat and 45.3% carbohy-
drates). The final study (second food effect study) was a
single dose and repeat dose study in male volunteers to
assess the food effect at the 2.0 g dose. This study was
conducted to provide assurance that the magnitude of the
food effect observed at the 0.5 g dose would be similar at
2.0 g, and that exposure in future studies at this dose could
be accurately predicted if administered in the fed state. A
single cohort of subjects was given one dose of 2.0 g
SRT2104 as a capsule in the fed state. Following a 1 week
washout period, a 2.0 g dose of SRT2104 was administered
for 7 consecutive days in the fed state to the same indi-
viduals, utilizing the standardized meal described above.

Clinical assessments
Clinical safety was evaluated throughout the studies by
monitoring vital signs, physical examinations, 12-lead elec-
trocardiograms (ECGs), continuous cardiac telemetry, bio-
chemistry, hematology, coagulation and urinalyses, as well
as recording treatment emergent adverse events.

Bioanalysis and pharmacokinetics
For all four clinical trials, plasma samples were obtained for
pharmacokinetic analysis, pre dose and at 0.25 h, 0.5 h, 1 h,
2 h, 4 h, 8 h, 12 h and 24 h after dosing. Studies subsequent
to the FIH clinical trial contained additional pharmacoki-

netic time points. For the bioavailability study, additional
post dose time points included 3 h, 5 h, 6 h, 10 h, 18 h, 48 h
and 72 h. Both the food/gender effect study and the
second food effect study contained additional post dose
time points including 0.75 h, 1.5 h, 2.5 h, 3 h, 5 h, 6 h, 10 h,
15 h, 36 h (bioavailability study only), 48 h, 72 h and 168 h
(second food effect study only). In studies which contained
a multiple dose component, pre dose samples were taken
on all days in which study drug was administered, and time
points listed above were taken on day 1 and day 7 of the
dosing period. For the 100 mg 14C-SRT2104 i.v. infusion,
plasma samples were taken before the start of the infusion,
at 5 min and 10 min during infusion and at the end of
infusion. Post infusion plasma samples were taken at
5 min, 10 min, 20 min, 30 min and 45 min as well as 1 h, 2 h,
3 h, 4 h, 6 h, 8 h, 10 h, 12 h, 15 h, 21 h, 45 h and 69 h. All
blood samples were collected in vacuum tubes containing
lithium heparin and were separated by centrifugation at
1500 g with a temperature of 4°C for 10 min. SRT2104
plasma concentrations were determined by a validated
liquid chromatography method with tandem mass spec-
trometry (LC-MS/MS) using d8-SRT2104 as a stable label,
internal standard. Assay performance was evaluated using
four quality control (QC) concentrations: 0.5 ng ml-1,
2.1 ng ml-1, 42.5 ng ml-1 and 425 ng ml-1. Intra- and inter-
batch QC samples showed accuracy ranging from 90.8% to
103.2% and the coefficient of variation did not exceed
8.0%.The upper limit of quantification was 500 ng ml-1 and
the lower limit of quantification was 0.5 ng ml-1. Samples
with concentrations outside of the quantitation limits were
reported as below the limit of quantitation (BLQ) if less
than 0.5 ng ml-1 and were diluted and reanalyzed if above
500 ng ml-1. Dilution integrity up to 50 mg ml-1 was dem-
onstrated during method validation. Quantification of 14C-
SRT2104 was performed by utilizing accelerator mass
spectrometry (AMS) which traces low abundance 14C for
high isotopic specificity, but detects carbon atoms with
mass spectrometry for high sensitivity [41]. The lower limit
of quantification for 14C-SRT2104 was 6.4 pg ml-1.

Preliminary metabolism
Plasma and urine samples from the radiolabelled micro-
tracer study (bioavailability study) were analyzed by AMS,
liquid chromatography-mass spectrometry (LC-MS) and
nuclear magnetic resonance spectroscopy (NMR) to char-
acterize and quantify the metabolites present.

Two plasma pools representative of the AUC(0,3.25 h)
and AUC(4.25,21.25 h) after the start of the i.v. infusion for
all subjects together with a pool representative of the
AUC(0,24 h) after the oral dose were prepared using
plasma volumes in proportion to the nominal time interval
between individual samples, performed according to the
method described by Hop et al. [42]. Pooled urine was pre-
pared by combining proportional volumes (circa 1.5% of
total volume) from the 0-24 h collections from each vol-
unteer to supply a representative 0–24 h pool across all
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subjects. The AUC(0,3.25 h) and AUC(4.25,21.25 h) repre-
sentative plasma pools together with the urine pool were
assayed for radioactivity using AMS to provide metabolite
profiles for the i.v. dose route.The plasma pool representa-
tive of the AUC(0,24 h) after oral dosing and urine pool
were analyzed by LC-MS and fractionated by semi-
preparative high performance liquid chromatography
(HPLC) prior to proton NMR to provide structural informa-
tion on the metabolites. In addition, relative concentra-
tions of SRT2104 and the major plasma and urine
metabolites after oral dosing were estimated from the
proton NMR data by integration of a suitable proton in a
manner similar to that described by Dear et al. [43]. Abso-
lute levels of observed drug-related material in urine, fol-
lowing oral administration, were also estimated by
comparison of the proton NMR integrals with a standard of
known concentration.

Data evaluation and statistics
Standard non-compartmental pharmacokinetic param-
eters, including AUC(0,t), AUC(0,t), Cmax, and tmax were
derived from the concentration–time data for all oral
doses. Additional parameters, including clearance (CL) and
steady-state volume of distribution (Vss) were derived from
the concentration-time data for the i.v. dose.

Results

Study population, tolerability and safety
In the four phase 1 pharmacokinetics studies described, a
total of 55 male and 10 female subjects received at least
one dose of SRT2104 via oral administration. Eight subjects
also received a 100 mg i.v. dose of SRT2104 labelled with
14C. Adverse events (AEs) that occurred in three or more
individuals are shown in Table 1. AEs reported in three or
more subjects receiving SRT2104 in these studies included
headache (18 subjects, 28%), flatulence (nine subjects,
14%), infusion site pain (five subjects; 8%), nausea (five sub-
jects, 8%), diarrhoea (four subjects, 6%) and nasopharyngi-
tis (four subjects, 6%). One severe AE was reported

(headache), and the remaining AEs were of mild to mod-
erate severity and self-limiting.There was no dose relation-
ship to the observed AEs. There were no clinically relevant
changes in laboratory parameters or ECG recordings
observed in any of the trials. In general, the incidence of
AEs was comparable between subjects receiving SRT2104
and those receiving placebo.

Pharmacokinetics
Following a single dose, SRT2104 concentrations exhibited
a monophasic rise (Figure 1), with median tmax occurring
1–3 h post dose. Concentrations then exhibited a gradual
decline with a half-life of 8–24 h. Median tmax after 7 days of
consecutive dosing was similar at 1 to 2 h post dose, while
mean half-life ranged from 12–20 h. For both single and
repeat dose administration, tmax and half-life showed dose
independence. The pharmacokinetic parameters meas-
ured indicate that SRT2104 exhibits a dose-dependent
increase in Cmax and AUC(0,t) following single doses
(Figure 2, Panel 1) and daily doses for 7 days. However, the
increase in exposure was less than proportional to dose.
Accumulation of SRT2104 was observed on day 7 as com-
pared with day 1. The average accumulation ratio (RA)
ranged from 1.5 to 2.0 over the dose range 0.03-2.0 g,
which is consistent with the observed half-life of up to
24 h.There was no obvious relationship between dose and
RA. Overall, high inter-subject variability in the plasma con-
centration vs. time profiles and derived pharmacokinetic
parameters was observed. The percent coefficient of varia-
tion of geometric mean AUC(0,t) from the FIH study
ranged from 57%–143%. Pharmacokinetic parameters for
the repeat dose phase are shown in Table 2 (see Table S1
for that of the single dose).

Absolute oral bioavailability was calculated using a
100 mg i.v. 14C-labelled microdose as a reference (Table 3),
administered concurrently with a 0.25 g oral dose of a sus-
pension in the fasted state.SRT2104 was found to be 13.8%
bioavailable (2–27%). The mean clearance of 14C-SRT2104
was 404 ml min-1 and ranged from 287-493 ml min-1.

The dose-normalized AUC(0,t) (AUC in ng ml-1 h
divided by dose in mg) from the single ascending dose

Table 1
Adverse events occurring in three or more subjects

*Preferred term
Placebo 0.03 g 0.10 g 0.25 g 0.50 g 1.0 g 2.0 g* 3.0 g All SRT2104
(n = 16) (n = 4) (n = 4) (n = 12) (n = 24) (n = 5) (n = 12) (n = 4) (n = 65)

Headache 1 (6%) 0 1 (25%) 0 8 (33%) 1 (20%) 6 (50%)† 2 (50%) 18 (28%)
Flatulence 3 (19%) 2 (50%) 0 0 3 (13%) 2 (40%) 2 (17%) 0 9 (14%)

Infusion site pain 0 0 0 5 (42%) 0 0 0 0 5 (8%)
Nausea 1 (6%) 0 1 (25%) 0 2 (8%) 0 1 (8%) 1 (25%) 5 (8%)

Diarrhoea 0 3 (75%) 0 0 1 (4%) 0 0 0 4 (6%)
Nasopharyngitis 0 0 0 0 2 (8%) 0 1 (8%) 1 (25%) 4 (6%)

MedDRA. Expressed as count (% of total). *The only AEs occurring in three or more subjects in the fed state were headaches. †Headache occurred in three subjects in the fasted
state and three in the fed state.
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study ranged from 8.2-0.5 and decreased with increasing
dose, demonstrating limited absorption at higher doses. In
this study, SRT2104 was administered as an oral suspen-
sion. The food/gender effect study compared exposures
from suspension formulation with those from powder in
capsule formulation in both the fed and fasted states
(Table S2). In the fasted state, dose normalized AUC(0,t) of
the suspension and capsule formulations was 2.8 and 2.1,
respectively, and in the fed state was 12.1 and 10.7 respec-
tively. Although a slight decrease in exposure was

observed from the drug-in-capsule presentation, the effect
was not sufficient to preclude use of capsules in future
studies. The effect of dose administration in the fed state,
however, was dramatic (Figure 2, Panel 2). An approximate
four-fold increase in AUC(0,t) was observed in individuals
receiving 0.5 g of SRT2104 immediately following a meal,
regardless of formulation. A food effect similar in magni-
tude was also observed following a 2.0 g dose (Figure 3,
Panel 3), with a dose normalized AUC(0,t) in that study of
4.4 compared with 1.2 in the fasted state.
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In these studies, the data were consistent with gender
having minimal impact in overall exposure to SRT2104. In
the fasted state, the AUC ratio of females to males is 2.2 for
the suspension formulation and 2.4 for capsule administra-
tions. However, this apparent increase in exposure for
females reduces to 1.1 and 1.2 in the fed state for suspen-
sion and capsule formulations, respectively.

Further to the pharmacokinetic parameters, some
insights into metabolism were obtained from the micro-
tracer study. Mean AUC(0,t) for total radioactivity was
approximately 2.5 times greater than the corresponding
AUC for parent 14C-SRT2104 as shown in Figure 3, indicat-
ing the presence of drug metabolites.The parallel half-lives
for total radioactivity and parent 14C-SRT2104 after i.v.
dosing indicated that radiolabelled metabolites of 14C-
SRT2104 are likely to be formation rate-limited and thus
are not expected to accumulate more than parent drug.

Approximately 30 metabolites were identified by
LC-MS and proton NMR in plasma and urine using the high
concentrations of drug-related material present after oral
dosing, with unequivocal structures proposed for more
than 10 of these metabolites. The peaks in the urine and
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Table 2
Summary of pharmacokinetic parameters for SRT2104 after oral administration to healthy human volunteers for 7 consecutive days (FIH and the second
food effect study)

Parameter
Fasted Fed

0.03 g 0.1 g 0.25 g 0.5 g 1.0 g 2.0 g 3.0 g 2.0 g

n 4 4 4 4 4 4 4 8
Cmax (ng ml-1) 50.1 (40) 127.3 (77) 218.7 (81) 293.3 (37) 452.7 (55) 536.8 (55) 261.2 (78) 1873.6 (28)

tmax (h) 1.5 (1.0–2.0) 1.5 (1.0–4.0) 2.0 (2.0–8.0) 1.0 (1.0–4.0) 1.5 (1.0–4.0) 2.0 (1.0–4.0) 2.0 (1.0–2.0) 3.0 (2.5–5.0)
t1/2 (h) 12.7 (20) 12.1 (33) 21.6† (79) 20.0 (26) 17.7* (2) 14.2† (27) 14.6 (31) 25.4 (23)

AUC(0,t) (ng ml-1 h) 247 (57) 602 (171) 1191 (143) 1878 (59) 3087 (82) 3665 (86) 1573 (132) 13 690 (23)
RA§ 1.6 1.5 1.9 1.6 2.1 1.5 1.0 1.5

dnAUC¶ 8.2 6.0 4.8 3.8 3.1 1.8 0.5 6.8

Data are mean (%CV), except tmax which is median (range) and AUC which is geometric mean (%CV). *n = 2. †n = 3. §RA = AUC(0),t)/AUC(0,t). ¶Dose normalized AUC
(AUC(ng ml-1 h)/Dose (mg)) expressed as mean.

Table 3
Mean � SD values of pharmacokinetic parameters for SRT2104 (Bioavailability study)

Parameter
0.25 g SRT2104 Oral dose (n = 8) 100 mg 14C-SRT2104 15 min i.v. infusion (n = 8)
SRT2104 Total 14C 14C-SRT2104

Cmax (ng ml-1) 132 � 90.2 1.42 � 0.239 1.23 � 0.282
tmax (h) 2.00 (1.00–3.03)* 0.267 (0.250–0.333)* 0.250 (0.167–0.333)*

AUC(0,t) (ng ml-1 h) 1219 � 1057 7.98 � 1.80 2.95 � 0.757
AUC(0,•) (ng ml-1 h) 1192 � 1211† 8.90 � 2.50§ 3.41 � 0.835§

t1/2 (h) 25.5 � 6.45† 28.0 � 3.93§ 23.7 � 9.37§
CL (ml min-1) – – 404 � 92.6§

Vss (l) – – 428 � 152§
Fabs (%) 13.8 � 10.6 (n = 5)¶ – –

*Median (range). †n = 7. §n = 6. ¶n = 5.
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plasma radio profiles, constructed from the AMS data, were
identified with the aid of drug-related material derived
from the oral dose and as far as could be assessed, the
routes of metabolism for SRT2104 after oral and i.v. admin-
istration were qualitatively similar, involving both phase 1
and phase 2 mechanisms. The major drug-related compo-
nent in plasma was unchanged SRT2104 following both
dosing routes with nine metabolites identified. The
major metabolite accounted for 20–30% of drug-related
material.

Urinary excretion of drug-related material was a minor
route of elimination, accounting for approximately 2% and
13% of the oral and i.v. doses, respectively, with drug-
related material eliminated primarily as metabolites.
Unchanged SRT2104 was minor and accounted for less
than 2% of the urinary elimination following both dosing
routes.

Discussion

Pharmacological activation of the human SIRT1 enzyme
provides a novel therapeutic strategy with potential in a
variety of indications including metabolic, inflammation
and neurodegenerative diseases. Currently, there exists no
validated biomarker to assess directly SIRT1 activation in
humans. As such, the dose selected for human efficacy
studies will be the dose that achieves the highest exposure
whilst maintaining an excellent tolerability profile. The
objective of this approach is to maximize the chance of
observing a beneficial clinical signal while demonstrating

the safety of dosing a SIRT1 activator. The phase I clinical
plan reflects the demands of this approach: four separate
trials to elucidate safety/tolerability, dose linearity and
exposure after single and 7 day repeat dosing as well as
formulation/gender/food effect, i.v. PK parameters and
absolute bioavailability.

The initial dose escalation study indicated that
SRT2104 was poorly absorbed following oral dosing as a
suspension. Although some accumulation was observed
from 1 to 7 days, there was concern that the drug concen-
trations achieved might be insufficient to generate a phar-
macological response. At that time, it was not known
whether the poor exposure was due primarily to poor
absorption, high first pass metabolism or a combination of
the two. It should be noted, however, that while SRT2104
demonstrates greater than 20 mg ml-1 solubility in simu-
lated gastric fluid (SGF), the solubility in simulated intesti-
nal fluid (SIF) drops to less than 2 mg ml-1 (unpublished
data). As such, one explanation for the exposure variability
in humans is that it is associated with the variability of
gastric emptying times in the fasted state. Regardless, it
was assumed that the poor solubility profile in intestinal
fluid adversely affected the absorption of SRT2104, and
that an optimized formulation, particularly one that
improved the intestinal fluid solubility or that was retained
for an extended period in the stomach (thereby maximiz-
ing drug dissolution in the acidic environment and releas-
ing into the duodenum the dissolved drug over an
extended period), might be a viable way to increase expo-
sure and reduce variability. Furthermore, SRT2104 is cur-
rently characterized as Biopharmaceutics Classification
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Plasma concentration–time curves for SRT2104 co-administered as an oral dose (0.25 g) and an i.v. microdose (100 mg). (Bioavailability study). �, 0.25 g oral
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System (BCS) II, suggesting that solubility, not permeability,
is the greatest barrier to absorption.

It was important to determine to what extent clearance
of SRT2104 prevented exposure. In the absence of a pre-
clinical toxicology package supporting i.v. administration
of SRT2104, an i.v. microdose of 100 mg SRT2104 fortified
with 14C-SRT2104 was used. A common criticism of micro-
dose studies is that due to the very small dose, transporters
and enzymes involved in the disposition of the drug, which
might otherwise be saturated at a pharmacological dose,
can exert an influence on the pharmacokinetic param-
eters. Sirtris employed a microtracer design whereby sub-
jects were administered a 0.25 g oral dose of SRT2104
followed by the microtracer at approximately tmax, thus
minimizing the potential for bias resulting from the small
i.v. dose. As shown in Table 3, SRT2104 exhibits low to mod-
erate clearance, suggesting that improving the presenta-
tion of the drug through formulation would not be made
irrelevant by clearance. Further need for an improved for-
mulation was identified when a substantial food effect was
observed following a single dose of 0.5 g SRT2104. Indeed,
an approximately four fold increase in AUC(0,t) and Cmax

was observed following a meal. Thus, further investigation
into the causes underlying this observation could lead to
an enhanced and improved formulation.

The goal of this phase 1 programme was to determine
a dosing strategy to maximize exposure and it has been
demonstrated that the food effect and repeat dose accu-
mulation can contribute to such a strategy. The FIH study
showed that maximal exposure was observed at the 2.0 g
dose and that a further increase in dose provided no addi-
tional exposure. SRT2104 was well tolerated after dosing
2.0 g of SRT2104 in the fed state for 7 days, suggesting
that this could be an appropriate dosing strategy for
further early stage studies. Furthermore, the absence of a
substantial gender effect suggests that this can be appro-
priately used in a mixed gender population. Although
there was some evidence of increased exposure in females
in the fasted state, this may have been primarily due to
variability, which was substantially higher for males in the
fasted state in this study (one male subject showed no
meaningful exposure after being dosed with SRT2104 in
the fasted state). Regardless, the variability and sample size
prevents definitive conclusions with regard to gender
effect on exposure, but the data suggests that any gender
differences would be minimal. Finally, SRT2104 in a capsule
does not greatly impact exposure (compared with a sus-
pension formulation), allowing a more facile drug product
to be utilized in larger studies.

In general, the use of a 2.0 g dose for target validation in
the clinic presents a risk that pharmacological effects
resulting from interaction with targets other than SIRT1
could confound any SIRT1-specific efficacy signals that
might be observed. In the absence of a valid biomarker for
SIRT1 activation, one approach to discharge the liability of
a large dose with respect to target engagement in vivo is to

evaluate extensively the selectivity of SRT2104. Indeed,
SRT2104 displays minimal non-SIRT1 related activity as
assessed by an in vitro profiling study including over 180
targets representing kinases, GPCRs, nuclear recptors, ion
channels, enzymes and transporters (unpublished results).
In vitro characterization of this favourable selectivity
profile, along with its safety and tolerability profile in
healthy volunteers, suggested the evaluation of high doses
of SRT2104 in exploratory clinical trials in patient popula-
tions is acceptable.

The clinical development for SRT2104 will include
studies designed to demonstrate that administration of
this compound can exert a pharmacological effect in
humans and help to validate SIRT1 as a target of therapeu-
tic value. Increased SIRT1 activity by overexpression of
both the gene and protein has been reported to have ben-
eficial effects in inflammation and metabolic disease [10,
44, 45]. Preclinical testing (unpublished data) has shown
SRT2104 to be efficacious in murine models of inflamma-
tion [lipopolysaccharide (LPS)-induced tumour necrosis
factor-alpha (TNF-a) production, dextran sulphate sodium
(DSS) and trinitrobenzesulphonic (TNBS) acid-induced
colitis, caecal ligation and puncture-induced sepsis, experi-
mental autoimmune encephalomyelitis (EAE)] and diabe-
tes (improved glucose and insulin homeostasis in DIO mice
and ob/ob mice). The potential for SRT2104 to exert an
anti-inflammatory signal could be assessed in human sub-
jects with LPS-induced endotoxaemia. Intravenous injec-
tion of LPS can activate multiple inflammatory cascades
resulting in a potent pro-inflammatory response [46–49].
Attenuation of the immune response can be evaluated
through the measurement of cytokines and other pro-
inflammatory markers, as well as by clinical assessment of
symptoms known to be associated with acute LPS admin-
istration (fever, headache, generalized malaise, and
myalgia) [50]. While a favourable result in this setting does
not necessarily ensure a clinical benefit, it does provide
confidence in the anti-inflammatory potential of SRT2104.
Such a result could be followed up with studies in patients
with psoriasis, ulcerative colitis, Crohn’s disease and a
variety of other diseases known to be mediated by inflam-
mation. Further to inflammation, there exists preclinical
rationale for beneficial SIRT1 activation in the areas of dia-
betes [51–54], exercise tolerance and disuse atrophy [55],
all of which could be assessed in a series of small, focused
exploratory medicine studies.

The current formulation of SRT2104 is extremely
minimal and does not circumvent the inherently poor
physical properties of the molecule. Of particular concern
is the low bioavailability and the significant inter-subject
variability in exposure. Although there appears to be
opportunity for formulation optimization, this may be a
significant challenge should a high dose be required. In
addition, reliance on a food effect to maximize exposure,
while useful in exploratory studies, would present some
challenges later in development since patients would be

Pharmacokinetics and tolerability of SRT2104

Br J Clin Pharmacol / 75:1 / 193



required to take SRT2104 with food. In fact, some patient
populations (type II diabetics, ulcerative colitis patients)
may be unable to comply with instructions to take
SRT2104 following a standardized meal based on dietary
restrictions. Despite these issues, the remarkable pharma-
cology associated with SIRT1 modulation in preclinical
models makes assessment of this target in humans of para-
mount importance. Indeed, SRT2104 is the first, highly
selective small molecule activator of SIRT1 to progress to
human subjects. Demonstration of pharmacological activ-
ity in humans, and correlation of this activity with preclini-
cal efficacy data, will provide support for the tractability of
SIRT1 as a drug target. Despite some of the challenges
highlighted above, SRT2104 is well-tolerated and has
limited non-SIRT1 activity, making it a useful molecule for
interrogating SIRT1 activation in the clinic during early
stage development. Future clinical studies, with compre-
hensive pharmacokinetic assessments, may allow for
detection of a clinical signal as well as associated pharma-
codynamic drivers, thereby allowing for a better under-
standing of the biological impact of selected SIRT1
activation in a variety of human diseases.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1
Summary of pharmacokinetic parameters for SRT2104
after oral administration to healthy human volunteers (FIH
and second food effect study)
Table S2
Summary of pharmacokinetic parameters for SRT2104
after oral administration of a 0.5 g dose to healthy human
volunteers (Food/gender effect study)
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