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ABSTRACT: The medicinal chemistry and preclinical biology
of imidazopyridine-based inhibitors of diacylglycerol acyltrans-
ferase 2 (DGAT2) is described. A screening hit 1 with low
lipophilic efficiency (LipE) was optimized through two key
structural modifications: (1) identification of the pyrrolidine
amide group for a significant LipE improvement, and (2)
insertion of a sp3-hybridized carbon center in the core of the
molecule for simultaneous improvement of N-glucuronidation
metabolic liability and off-target pharmacology. The preclinical
candidate 9 (PF-06424439) demonstrated excellent ADMET
properties and decreased circulating and hepatic lipids when orally administered to dyslipidemic rodent models.

■ INTRODUCTION
Globally, 39% of adults are estimated to have hyper-
cholesterolemia.1 Reduction of low-density lipoprotein (LDL)
cholesterol via statin therapy has been demonstrated to
decrease adverse cardiovascular events in both the primary
and secondary prevention settings.2 As a class, statins have been
effective, but there remains significant residual risk for
cardiovascular events in patients unable to achieve LDL
treatment target with current therapies.3 More recently, it has
been proposed that plasma triglyceride (TG) levels causally
associate with coronary artery disease; however, the cardiovas-
cular benefit of pharmacological TG lowering, in isolation of
other lipid parameters, has not been established.4 Dietary TGs
are transported on chylomicrons, whereas TGs released and
secreted from the liver are carried on very-low density
lipoprotein (VLDL). In addition to the role of VLDL in
hepatic TG secretion, VLDL is the primary metabolic precursor
of LDL. One potential mechanism to reduce both circulating
TG and LDL would be the blockade of hepatic VLDL
secretion. However, therapies that directly target this pathway
have limited therapeutic utility due to concerns over the
accumulation of excess liver fat and gastrointestinal toleration.5

Diacylglycerol acyltransferases (DGAT) catalyze the terminal
step in the synthesis of triacylglycerol (TG) through the

esterification of diacylglycerol (DAG) with fatty acyl Coenzyme
A (CoA).6 In mammals, two structurally unrelated DGAT
enzymes, DGAT1 and DGAT2, have been characterized.
DGAT1 is abundantly expressed in the intestine, where it
plays a critical role in the absorption of dietary lipid.7 DGAT2 is
found in the liver and adipose tissue and, unlike DGAT1,
exhibits exquisite substrate specificity for DAG.8 Extensive
medicinal chemistry efforts have led to the development and
characterization of selective small-molecule inhibitors of
DGAT1.9 Although these molecules exhibited an attractive
preclinical profile, clinical development has been hindered by
significant gastrointestinal side effects.10,11 Nevertheless,
Novartis’s DGAT1 inhibitor LCQ908 (pradigastat) remains
in phase III trials for familial chylomicromia syndrome.
Targeted disruption of the murine Dgat2 gene results in
postnatal lethality and, as a result, much of our understanding
of the physiological function of DGAT2 is derived from
preclinical studies using antisense oligonucleotides (ASO) and
overexpression.12 These studies consistently demonstrated that
ASO-mediated knockdown of hepatic DGAT2 resulted in
decreased VLDL secretion, lower plasma cholesterol and TG
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levels, and reduced hepatic lipid burden.13 Improved hepatic
insulin resistance and glycemic control were also reported.13a

Although the precise molecular mechanisms underlying these
observations are not clear, it was hypothesized that inhibition of
DGAT2 led to suppression of de novo lipogenesis and
induction of oxidative pathways as a result of a transient
increase in lipid intermediates.13a,c Thus, the inhibition of
DGAT2 is an attractive therapeutic hypothesis which, if
successful, would lead to improved plasma lipid profile,
decreased hepatic fat accumulation, and improved glycemic
control in patients with metabolic disease.
To date, several small-molecule DGAT2 inhibitors have been

reported, but most have suffered from weak to modest in vitro
potencies, and no in vivo evaluations disclosed.9b,14,15 We
sought to identify an orally bioavailable, potent, and selective
small-molecule DGAT2 inhibitor that would (1) allow us to
evaluate the physiological function of DGAT2 in vivo in
preclinical models and (2) ultimately lead to a candidate with
the potential to evaluate the clinical utility of DGAT2 inhibition
in patients. Herein we describe the medicinal chemistry efforts
to achieve these objectives, culminating in the discovery of the
preclinical candidate 9 (PF-06424439).

■ CHEMISTRY

The C2-aryl and C2-alkyl imidazopyridines described in this
work were synthesized by the general methods shown in
Scheme 1. The piperidine-3-carboxamides A, readily prepared
from N-protected piperidine-3-carboxylic acid, were reacted
with chloro-nitropyridine B under SNAr conditions to provide
the diaminonitropyridine C. Several methods were used to
convert intermediate C to the fully functionalized imidazopyr-
idine core E. In one step, diaminonitropyridine C was
transformed directly to imidazopyridines (R)-1, (S)-1, 2, and
3 by reductive cyclization with aldehydes R3CHO using sodium
dithionite.16 Alternatively, in a multistep sequence, diaminoni-
tropyridine C was reduced and monoprotected in situ as a tert-
butyl carbamate. Amidation with carboxylic acid R3CO2H,
followed by Boc deprotection and cyclization, afforded the
imidazopyridine product such as compound 7. In an alternative
two-step sequence, diaminonitropyridine C was first reduced to

triaminopyridine D by hydrogenation. The free base of D was
prone to air oxidation, which was mitigated by immediate use
of the free base or by isolation of the dihydrochloride salt that
was stable upon storage. Imidazopyridine products E were
formed by reaction of triaminopyridine D with either
aldehyde,17 carboxylic acid,18 or imidate reagents, as shown in
Scheme 1. Imidazopyridine 1 was synthesized by cyclization of
triaminopyridine D with aldehyde R3CHO. Imidazopyridine 6
was accessed by treatment of D with carboxylic acid R3CO2H in
a two-step amidation−cyclization sequence. Imidazopyridines
5, 8, and 9 were prepared by condensation of D with imidates
R3C(NH)OEt.
The cyclopropyl-substituted pyrazole carboxylic acid and

imidate intermediates used in the synthesis of compounds 7, 8,
and 9 were prepared as shown in Scheme 2. Bis-alkylation of

the acetate ester or acetonitrile with 1,3,2-dioxathiolane-2,2-
dioxide or 1,2-dibromoethane formed the cyclopropyl inter-
mediate G.19 Cleavage of the ester G (Y = CO2tBu) afforded
acid H, while imidate I was derived from the corresponding
nitriles G (Y = CN) via sodium ethoxide addition.
Exploration of SAR of the piperidine carboxamide group via

parallel synthesis required a change in the order of steps to
allow for late-stage amidation of intermediate K as shown in

Scheme 1. General Synthetic Routes to Compounds 1−9a

aConditions: (a) Et3N, CH3CN, or DMSO, 80−110 °C; (b) H2, Pd/C, EtOH, (HCl); (c) R3CHO, Na2S2O4, EtOH−H2O, 110 °C; (d) (i) H2, Pd/
C, Boc2O, (ii) R3CO2H, T3P, NMM, THF, reflux, (iii) MsOH, HOAc, then NaOAc; (e) R3CHO, sulfur, DMF, toluene, 85 °C; (f) (i) BOP, NMM,
DMF, 50 °C, (ii) NaOMe, MeOH, iBuOH, 110 °C; (g) R3C(NH)OEt, HOAc, Et3N, EtOH, 100 °C.

Scheme 2. Synthesis of Pyrazole Intermediatesa

aConditions: (a) for Y = CO2tBu, LiHMDS, THF, 1,3,2-dioxathiolane-
2,2-dioxide, −78 to 23 °C, or for Y = CN, NaH, 1,2-dibromoethane,
DMSO, 0−23 °C; (b) TFA, DCM; (c) sodium metal, EtOH, 70 °C.
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Scheme 3. In analogous fashion to the routes described in
Scheme 1, piperidine-3-carboxylic acid was reacted with
chloropyridine B under SNAr conditions, followed by reduction
of the nitro group to afford triaminopyridine J. Reaction of J
with the appropriate aldehyde afforded the parallel synthesis
substrate K. For example, compound 4 was synthesized in a
library of amidation products derived from acid K.

■ IN VITRO PHARMACOLOGY

DGAT2 activity was determined by measuring the incorpo-
ration of the [1-14C]decanoyl moiety into triacylglycerol using
[1-14C]decanoyl-CoA and 1,2-didecanoyl-sn-glycerol as sub-
strates. After partitioning by the addition of a phase partition
scintillation fluid, the generated product [14C]tridecanoyl-
glycerol was quantified from the upper organic phase. We
have utilized a DGAT2 membrane fraction prepared from an
Sf9 insect cell expression system as a source of DGAT2
enzyme. In this system, we observed that the host cells
possessed an enzyme activity that efficiently hydrolyzed
[14C]acyl-CoA to [14C]fatty acid and CoA. The generated
[14C]fatty acid products readily partitioned into the organic
layer along with the DGAT2 reaction product [14C]-
triacylglycerol, which precluded accurate quantitation of
DGAT2 activity without further separation steps. Furthermore,
under these conditions, [14C]acyl-CoA substrate concentration
decreases as the reaction proceeds. Others have previously
observed the hydrolyzing activity while running DGAT1−2 and
MGAT1−3 assays, where the quantitation of the TG/DAG
products was achieved after a separation step, typically by
TLC.20

We have speculated that this acyl-CoA hydrolytic enzyme
activity is likely due to thioesterase(s) which belong(s) to the
serine hydrolase family of enzymes. We therefore assessed a
general serine hydrolase inhibitor methyl arachidonyl fluo-
rophosphonate (MAFP) and found that MAFP at 0.1−1 μM
indeed inhibited the thioesterase activity completely without
affecting DGAT2 activity. As expected, the IC50 values for
DGAT2 inhibitors were not affected by MAFP. Inhibition of
this endogenous thioesterase activity by MAFP allowed us to
carry out the DGAT2 assay by phase partitioning and
quantitation of TG in the upper organic layer without
separation steps in a 384-well plate format as described under
the Experimental Section. Similarly, we have observed that
MAFP inhibited endogenous thioesterase activity without
affecting DGAT1 and MGAT1−3 activity and thus utilized
MAFP in these assays that were used for selectivity assessment
of DGAT2 inhibitors. The membranes prepared from Sf9 cell
expression system were utilized as sources of these
acyltransferases.21

Substrate concentrations for acyl-CoA and DAG (or
monoacylglycerol (MAG)) in DGAT1−2, and MGAT1−3
assays were established at (or near) the Km values for DGAT2

and all other acyltransferase assays. When the Km value for
DAG (or MAG) was greater than its solubility limit, the highest
substrate concentration of the substrate achievable without
precipitation was chosen as the final assay condition. Each
preparation of the enzyme was titrated, and the reaction time
course was analyzed to ensure that the final reaction conditions
were chosen from the linear range of the reaction.
Mechanistic studies revealed that some but not all DGAT2

inhibitors from the imidazopyridine series described herein are
reversible, time-dependent inhibitors. These inhibitors bind to
DGAT2 through a rapid equilibrium followed by a much slower
isomerization of the initial enzyme−inhibitor complex to form a
much higher affinity complex. On the basis of this mechanism,
IC50 values were determined after a 120 min preincubation of
DGAT2 with inhibitors.21

■ RESULTS AND DISCUSSION
Initial hit compound 1 (Figure 1) was identified through
screening a subset of the Pfizer compound collection.

Compound 1 is a reversible inhibitor of DGAT221 and showed
modest inhibitory potency for DGAT2, with >10-fold
selectivity against MGAT2 and DGAT1. Compound 1
exhibited a less than ideal profile as a starting point, with low
lipophilic efficiency (LipE = pIC50 − cLogP)22 and high
intrinsic clearance in human liver microsomes (HLM), which
was consistent with its high lipophilicity (cLogP = 4.8).
However, we hypothesized that a compound design strategy
emphasizing physicochemical property improvement, coupled
to the large chemical space that could be rapidly accessed from
the parallel synthesis-enabled scaffold of 1, would provide an
opportunity for rapid hit optimization. Initial structure−activity
relationship (SAR) examinations around 1 revealed that (1)
removal of the diethyl amide group on the piperidine ring of 1
led to a significant decrease in potency (data not shown), (2)
the (R)-enantiomer was the eutomer (DGAT2 IC50 = 873 nM

Scheme 3. Synthesis of Carboxylic Acid K for Parallel Synthesis Variation of the Piperidine Amidea

aConditions: (a) (i) iPr2NEt, DMF, 80 °C, (ii) Zn, HCO2NH4, DMF, 45 °C; (b) HOAc, DMF, 60 °C.

Figure 1. Profile of screening hit 1 and its truncated analogue 2.
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and 19.9 μM for (R)-1 and (S)-1, respectively), and (3)
truncation of the diethyl amide to the corresponding dimethyl
amide retained potency (2, Figure 1). On the basis of this SAR,
the initial medicinal chemistry effort focused on decreasing the
lipophilicity of the most hydrophobic region of 2, the meta-
OCF2H-Ph group.
Table 1 summarizes key SAR from the optimization of

compound 2. With slightly increased lipophilicity and
comparable potency, the meta-cyclopropyl-phenyl analogue 3
possessed similar LipE to that of 2. Examination of heteroaryl
analogues of the phenyl ring showed that pyrimidine 4,
although somewhat less potent than the phenyl analogue 3,
provided a substantial reduction in lipophilicity; its significantly
improved LipE reflected a good balance of properties and,
importantly, the decreased lipophilicity also translated to
improved HLM stability. Compound 4, with its relatively low
cLogP, became the next starting point for LipE-guided potency
optimization. Considering the importance of the carboxamide
group for DGAT2 inhibition in this series (vide supra), it was
reasoned that small changes in the amide substituents might
significantly influence DGAT2 potency. Maintaining the
cyclopropyl-pyrimidine of 4 and limiting cLogP < 3 in order
to minimize possible increases in clearance, a small set of amide
groups was examined. Among those tested, tertiary amides
exhibited the highest potency; cyclic derivatives such as
pyrrolidine amide 5 demonstrated substantially improved
LipE and absolute potency. Compound 5 showed higher
metabolic turnover in HLM relative to 4, however, likely due to
increase in lipophilicity from 4 and the introduction of the site
of metabolism (pyrrolidine ring). On the basis of its good
physicochemical properties and attractive potency, compound 5
was selected for further characterization (Table 2).
Compound 5 exhibited an excellent selectivity profile against

other acyltransferases (MGAT2, DGAT1). Broader off-target
selectivity screening (CEREP panel, PDE selectivity panel)

revealed several weak, but undesired off-target activities, notably
in a subset of PDEs (Table 2, footnote b). Metabolically, high
turnover in both HLM and human hepatocytes was also
observed. To determine the contribution of glucuronidation
pathway to overall metabolism of 5, follow-up studies using
alamethicin activated HLM with UDP-glucuronosyltransferase
(UGT) enzyme cofactors (HLM-UGT CLint assay)24 were
employed. It was revealed that 5 was rapidly metabolized in the
presence of the UGT cofactor uridine diphosphate-glucuronic
acid (UDPGA), which implicated an unanticipated phase II
metabolism via presumed N-glucuronidation25 on the imida-
zopyridine ring (HLM-UGT CLint,app = 316 μL/min/mg, Table
2).

Table 1. Optimization of Compound 2

aHuman DGAT2 potency reported as the geometric mean of at least three replicates. Numbers in parentheses are 95% confidence interval. bTested
as a formate salt. cData of single experiment.

Table 2. Profile of Compound 5

MW 417, eLogD23 2.4, TPSA 91

DGAT2 IC50 ± SEM (nM)a 18 ± 2
MGAT2/DGAT1 IC50 (μM)a >40/>50
HLM CLint,app (μL/min/mg) 50
Human hepatocytes CLint,app (μL/min/million cells) 71
HLM-UGT CLint,app (μL/min/mg) 316
off-target activities >50% at 10 μM
(CEREP panel/PDE selectivity panel)

8 hitsb

aHuman DGAT2, MGAT2, or DGAT1 potency reported as the
geometric mean of at least three replicates. SEM = standard error of
the mean. bAdenosine-A2A Ki = 3700 nM; muscarinic M1 Ki = 4500
nM; histamine H1 agonism, 50% effect at 10 μM; alpha 1a agonism,
62% effect at 10 μM. PDE IC50s (nM): 3300 (1B), 1980 (5A), 9410
(6A), 1490 (11).
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To address both the off-target pharmacology and the N-
glucuronidation liabilities, a single design strategy was
employed by increasing three-dimensional shape of the core
of the molecule through introduction of an sp3-hybridized
carbon center (Figure 2). The added three dimensionality was
expected to improve off-target selectivity.26 With regard to
metabolism, we hypothesized that increased steric bulk around
the likely sites of N-glucuronidation (imidazole N−H) might
diminish interaction with the UGT enzyme(s).27 It was deemed
important to limit the increase in lipophilicity from the sp3-
center in order to mitigate increased CYP-mediated metabo-
lism. To balance the desired steric bulk with undesired
lipophilicity (and to avoid introducing another stereocenter),

cyclopropyl was selected as the spacer between the
imidazopyridine and the terminal heteroaromatic ring (Figure
2, highlighted in blue). It was envisioned that variation of the
heteroaromatic ring would enable the fine-tuning of phys-
icochemical properties and potency. The SAR for selected
compounds within the scope of this design hypothesis is
summarized in Table 3.
Among initial heteroaromatic derivatives synthesized, the 2-

pyridyl analogue 6 showed no detectable turnover in the HLM-
UGT CLint assay, providing validation for the hypothesis of
mitigating N-glucuronidation by means of three-dimensionality
from the cyclopropyl ring. Pyridine 6 showed a 10-fold decrease
in DGAT2 potency but moderate clearance in HLM. The N-

Figure 2. Design strategy for simultaneous optimization of off-target selectivity and N-glucuronidation.

Table 3. Optimization of Heteroaromatic Groups in Imidazopyridines with Cyclopropyl Spacers

aHuman DGAT2 potency reported as the geometric mean of at least three replicates. Numbers in parentheses are 95% confidence interval. bNot
determined.
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linked pyrazole analogue 7 was examined as a structural mimic
of the 2-pyridyl analogue 6, with the expectation that its lower
lipophilicity would diminish metabolic turnover in HLM. While
the potency of pyrazole 7 did not increase as compared to that
of pyridine 6, its improved LipE, low metabolic turnover in
HLM, and relatively low lipophilicity prompted us to examine
further substitution on the pyrazole. By focusing on
substituents that were likely not to be metabolically labile, we
hoped to achieve a >10-fold increase in potency while
maintaining an acceptable clearance profile. The fluoro- and
chloro-pyrazole analogues 8 and 9 exhibited promising
combinations of potency and clearance properties. Chloro-
pyrazole 9 possessed the highest potency and LipE among
analogues tested while maintaining an acceptable clearance
profile in HLM and no measurable turnover in the HLM-UGT
CLint assay.

28 Furthermore, compound 9 did not show any
significant off-target activity (<50% effect at 10 μM) in the
CEREP and PDE selectivity panels, confirming the improve-
ment in promiscuity over the prototype 5. On the basis of
positive attributes mentioned above, compound 9 was further
profiled in a series of in vitro assays (Table 4).

Compound 9 inhibited DGAT2 of different species (human,
rat, and dog) with similar potency. Among related acyltrans-
ferases, no significant inhibition was observed for compound 9
(up to 50 μM) against human MGAT2 or MGAT3, DGAT1,
or mouse MGAT1, indicating a high selectivity (>2000-fold)
against these enzymes. To determine the effect of 9 on TG
synthesis in a cellular system, freshly isolated human
hepatocytes were cultured in the presence of [1,3-14C]-glycerol
and the incorporation of radiolabel into TG was monitored
using TLC. To monitor DGAT2 activity, a selective DGAT1
inhibitor {trans-4-[4-(4-amino-5-oxo-7,8-dihydropyrimido[5,4-
f ][1,4]oxazepin-6(5H)-yl)phenyl]cyclohexyl}acetic acid (PF-
04620110, 3 μM)29 was added to completely inhibit
endogenous DGAT1 activity. In this cell-based system,
DGAT1 appeared to play a redundant role and it was not
possible to consistently measure DGAT2 activity in the absence

of a DGAT1 inhibitor. The DGAT1 inhibitor (PF-04620110)
reduced [14C]glycerol incorporation into TG by ∼30%. The
addition of 9 on top of a DGAT1 inhibitor further lowered TG
synthesis by ∼40−50% (data not shown). In this assay,
compound 9 showed potent inhibitory activity with an IC50 of
1.3 nM.
A crystalline form of 9 was obtained as a methanesulfonic

acid salt (basic pKa of 9 = 4.1), which exhibited excellent
thermodynamic solubility in FaSSIF (simulated fasted intestinal
fluid with bile salts) (0.83 mg/mL). The high solubility,
coupled with reasonable metabolic stability and high passive
permeability, prompted evaluation of the in vivo pharmacoki-
netic properties of 9 (Table 5). Compound 9 showed moderate

clearance in rat and dog following intravenous administration,
consistent with the moderate metabolic stability observed in
liver microsomes of the respective species (CLint,app [μL/min/
mg] in rat and dog liver microsomes = 20 and 26, respectively).
Moderate steady-state volume of distribution (Vdss) resulted in
a short-to-moderate half-life. High solubility and high passive
permeability of 9 translated into high oral bioavailability (F ∼
100%) in both species.
On the basis of its excellent in vitro pharmacological profile

and favorable in vivo pharmacokinetic properties, compound 9
was selected to evaluate the acute effects of DGAT2 inhibition
on hepatic secretion of TGs in male Sprague−Dawley rats
(Figure 3). Dose-dependent reductions in plasma TG were
observed after an oral administration of 9, with a maximal effect
of >50% reduction in plasma TG relative to vehicle control.
The magnitude of the effect on plasma TG reduction correlated
with the plasma free drug levels of 9 (Figure 3). In contrast to
isolated human hepatocytes (vide supra), the observed changes
in TGs were achieved in the absence of DGAT1 inhibitor in
this setting.
To evaluate the effects of DGAT2 inhibition in a

dyslipidemia rodent model, low-density lipoprotein receptor
knockout mice (Ldlr−/−) were treated with 60 mg/kg/day
(administered as 30 mg/kg BID) 9 for 3 days. When
maintained on standard laboratory chow, Ldlr−/− mice exhibit
elevated plasma triglycerides and cholesterol, however, when
fed a high-fat, high-cholesterol diet (HFHC), these animals
develop pronounced hyperlipidemia with total plasma choles-
terol levels in excess of 1500 mg/dL (Figure 4). Treatment of
Ldlr−/− mice on a HFHC diet with 9 resulted in 61% (p <
0.001) and 34% (p < 0.001) reductions in plasma TG and
cholesterol levels, respectively (Figure 4A,B). The HFHC diet-
induced increase in circulating TG levels was completely

Table 4. Summary of Pharmacology and ADME Data for
Compound 9

MW 440, eLogD23 2.2, TPSA 83, pKa = 4.1 (basic)

DGAT2 IC50 ± SEM (nM) (human/rat/dog) 14 ± 1/38 ± 4/16 ± 1
IC50 (MGAT1−3, DGAT1) (μM) >50
fresh human hepatocytes IC50 ± SEM (nM) 1.3 ± 0.5
CEREP panel <50% at 10 μM
HLM CLint,app (μL/min/mg) 24
HLM-UGT CLint,app (μL/min/mg) <1.9
human hepatocytes CLint,app
(μL/min/million cells)

9.1

RRCK Papp (cm/s) 33.9 × 10−6

thermodynamic solubility
(methanesulfonic acid salt)

0.83 mg/mL

FaSSIF (simulated fasted intestinal
fluid with bile salts)

f u,p (human/rat/dog) 0.154/0.117/0.111

Table 5. in Vivo Pharmacokinetic Profile of 9 in Rat and
Doga

species
dose

(mg/kg) route
t1/2
(h)

CL,p
(mL/min/kg)

Vdss
(L/kg) F (%)

rat 1b,f iv 1.39 18.4 1.16 NAh

rat 5c,g po 2.37 NA NA ∼100
dog 1e,f iv 1.15 18.4 2.01 NA
dog 5d,g po 1.65 NA NA ∼100

aFor rat PK studies, male Wistar-Han rats were utilized. For dog PK
studies, male beagle dogs were used. All data reported here are means
of two experiments. bVehicle was 10% DMSO/90% of 40% SBECD in
water. cVehicle was 0.5% methylcellulose/0.1% Tween 80. dVehicle
was 0.5% methylcellulose. eVehicle was 10% PEG200/90% of 12%
SBECD in water. fFree base of 9 was dosed. gCrystalline,
methanesulfonic acid salt of 9 was dosed. hNA = not applicable.
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inhibited by 9 (Figure 4A). Nonsignificant decreases in
circulating lipids were also observed following treatment of
chow-fed animals with 9 (Figure 4A,B). To characterize the
effects of 9 on lipoprotein distribution, plasma samples from
HFHC-fed mice were subjected to fast protein liquid
chromatography (FPLC) fractionation. As previously de-
scribed,30 the vast majority (>90%) of circulating cholesterol
was carried in the VLDL and intermediate-density lipoprotein
(IDL)/LDL fractions. Treatment with 9 for 3 days resulted in a
dramatic decrease in VLDL-associated cholesterol. Decreases in
IDL/LDL cholesterol were also apparent (Figure 4C). Because
blockade of hepatic VLDL secretion has been associated with
hepatic lipid accumulation,31 hepatic lipid content was assayed.
Treatment with 9 in HFHC-fed Ldlr−/− mice resulted in a
significant decrease (32%, p < 0.05) in hepatic TG content.
Having demonstrated favorable in vivo efficacy in both acute

and subchronic settings, compound 9 was also profiled in a
panel of standard advanced in vitro safety assays. Compound 9
did not show significant hERG (human ether-a-go-go related
gene) inhibition (patch clamp IC50 = 95 μM; >300-fold
selectivity over DGAT2 IC50). Little or no reversible inhibition
of major cytochrome P450s (CYP2B6, 2C8, 2C19, 2D6, 3A4/
5) was observed up to 30 μM (IC50s > 30 μM), indicating a low
drug−drug interaction risk from reversible inhibition of these
CYPs. No genetic toxicology risks were identified, with negative
findings in an Ames mutagenicity assay and an in vitro
micronucleus assay in TK6 cells, both in the presence and
absence of the metabolic activation. On the basis of its favorable
overall profile, compound 9 (PF-06424439)32 was selected as a
preclinical candidate for evaluation in regulatory toxicology
studies.

■ CONCLUSION
In summary, the first class of small-molecule DGAT2 inhibitors
suitable for in vivo testing has been identified by optimization
of a hit from high-throughput screening. The first round of
optimization afforded a potent DGAT2 inhibitor such as 5 with
significant improvement in LipE. The strategic introduction of
an sp3-carbon spacer to simultaneously improve both N-
glucuronidation and off-target selectivity was a key design
element leading to the discovery of the preclinical candidate 9
(PF-06424439). To our knowledge, PF-06424439 was the first
orally bioavailable small-molecule DGAT2 inhibitor evaluated
in vivo, demonstrating favorable effects on hepatic and
circulating lipid levels in rats.15 More detailed in vitro and in
vivo pharmacological characterization of PF-06424439 will be
described in future publications.

■ EXPERIMENTAL SECTION
General Experimental Methods. All chemicals, reagents, and

solvents were purchased from commercial sources and used without
further purification unless otherwise noted. 1H NMR data are reported
relative to residual solvent signals and are reported as follows: chemical
shift (δ ppm), multiplicity, coupling constant (Hz), and integration.
The multiplicities are denoted as follows: s, singlet; d, doublet; t,
triplet; q, quartet; sept, septet; m, multiplet; br s, broad singlet; app,
apparent. Silica gel chromatography was performed using a medium
pressure Biotage or ISCO system and columns prepackaged by various
commercial vendors including Biotage and ISCO. Whatman precoated
silica gel plates (250 μm) were used for analytical thin-layer
chromatography (TLC). The terms “concentrated” and “evaporated”
refer to the removal of solvent at reduced pressure on a rotary
evaporator with a water bath temperature not exceeding 60 °C. Purity
of final compounds was assessed by reversed-phase HPLC with UV
detection at 215 nM; all tested compounds were >95% purity unless
otherwise noted. Safety note: Sodium hydride and DMSO can react
explosively, please take appropriate precautions in using this reagent/
solvent combination.

(R)-(1-(2-(2-Cyclopropylpyrimidin-4-yl)-3H-imidazo[4,5-b]pyridin-
5-yl)piperidin-3-yl)(pyrrolidin-1-yl)methanone (5). Step 1: (R)-tert-
Butyl 3-(pyrrolidine-1-carbonyl)piperidine-1-carboxylate. To a solu-
tion of (R)-1-(tert-butoxycarbonyl)piperidine-3-carboxylic acid (50.6 g,
221 mmol, 1 equiv) in anhydrous tetrahydrofuran (552 mL) at 2 °C
was added 1,1′-carbonyldiimidazole (77.6 g, 460 mmol, 2.1 equiv).
The mixture was stirred at room temperature for 2 h then cooled to 10
°C, whereupon pyrrolidine (74.0 mL, 890 mmol, 4.0 equiv) was added
slowly. The reaction mixture was stirred at room temperature for 18 h.
The solvent was removed under reduced pressure, and water (200
mL) was added to the residue. The mixture was extracted with ethyl
acetate (2×). The combined organics were washed sequentially with
1N aqueous hydrochloric acid (4 × 200 mL) and with a saturated
aqueous solution of sodium bicarbonate (2 × 200 mL). The organics
were dried over magnesium sulfate, filtered, and concentrated under
reduced pressure to afford (R)-tert-butyl 3-(pyrrolidine-1-carbonyl)-
piperidine-1-carboxylate as a white solid (58.8 g, 94%). The compound
was used in the next step without further purification. 1H NMR (400
MHz, CD3OD) δ 1.38−1.57 (m, 10H), 1.59−1.67 (m, 1H), 1.69−
1.77 (m, 1H), 1.80−2.05 (m, 5H), 2.52−2.62 (m, 1H), 2.67−2.94 (m,
2H), 3.33−3.46 (m, 2H), 3.51−3.66 (m, 2H), 3.98−4.12 (m, 2H). MS
(M + H)+ = 283.3.

Step 2: (R)-Piperidin-3-yl(pyrrolidin-1-yl)methanone hydrochlor-
ide. To a solution of (R)-tert-butyl 3-(pyrrolidine-1-carbonyl)-
piperidine-1-carboxylate (58.8 g, 208 mmol, 1 equiv) in anhydrous
dichloromethane (100 mL) was added hydrogen chloride in 1,4-
dioxane (4M, 260 mL, 1040 mmol, 5.0 equiv). The reaction mixture
was stirred vigorously at room temperature for 1 h. The solvent was
removed under reduced pressure, and the residue was left standing
overnight at room temperature. The residue was triturated with diethyl
ether (250 mL). The diethyl ether was decanted and dichloromethane
was added, followed by sonication in a warm water bath. The solvent

Figure 3. Acute effects of 9 on plasma triacylglycerol levels. Dose-
dependent effects of 9 on plasma TG levels in sucrose-fed rats.
Triglyceride (TG) levels were determined in blood drawn from the tail
vein 2 h after oral administration of the indicated dose of 9 or vehicle
(0.5% methylcellulose, n = 8 per group). TG levels in untreated
animals were 77.4 ± 6.9 mg/dL. Relationship between plasma free
drug levels and the pharmacodynamic effect (TG lowering). Data are
expressed as percent change from the vehicle-treated group and were
analyzed using one-way ANOVA followed by Dunnett’s multiple
comparison test. *p < 0.05, **p < 0.001, ***p < 0.0001 compared to
vehicle-treated animals. The values shown adjacent to the individual
data points indicate the dose group (mg/kg). Plasma concentrations of
9 that were below the lower limit of quantification using LC-MS/MS
were eliminated from the analysis.
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was removed under reduced pressure, and the resulting solid was
placed under high vacuum at 40 °C for 1 h to afford (R)-piperidin-3-
yl(pyrrolidin-1-yl)methanone hydrochloride (48.41 g, >100%). The
material was used in the next step without further purification. 1H
NMR (400 MHz, CD3OD) δ 1.75−2.05 (m, 8H), 3.04−3.17 (m, 2H),
3.19−3.28 (m, 3H), 3.35−3.66 (m, 4H). MS (M + H)+ = 183.3.
Step 3: (R)-(1-(6-Amino-5-nitropyridin-2-yl)piperidin-3-yl) (pyrro-

lidin-1-yl)methanone. To a suspension of (R)-piperidin-3-yl-
(pyrrolidin-1-yl)methanone hydrochloride (208 mmol, 1.1 equiv)
from step 2 in anhydrous acetonitrile (200 mL) at 10 °C was added
triethylamine (50.0 mL, 358 mmol, 1.9 equiv). The suspension was
poured into a 2 L three-neck flask equipped with a thermometer and a
magnetic stirrer. The original flask was rinsed with anhydrous
acetonitrile and triethylamine (80.0 mL, 573 mmol, 3.0 equiv), with
sonication. The suspensions were combined and cooled to 10 °C, and
6-chloro-3-nitropyridin-2-amine (32.9 g, 190 mmol, 1 equiv) was
added. The bright-yellow solution was stirred under nitrogen, while
the temperature was increased gradually to 80 °C over 1 h. The
reaction mixture was then cooled to room temperature. The resulting
suspension was filtered, and the solids were rinsed with ethyl acetate.
The filtrate was concentrated under reduced pressure. A saturated
aqueous solution of ammonium chloride (500 mL) was added to the
residue, and the mixture was extracted into ethyl acetate (2×). The
combined organics were washed with brine, dried over magnesium
sulfate, filtered, and concentrated under reduced pressure, and the
resulting residue was dried for 18 h under high vacuum to afford (R)-
(1-(6-amino-5-nitropyridin-2-yl)piperidin-3-yl)(pyrrolidin-1-yl)-
methanone as a yellow foam (63.5 g, > 100%), which was used without
further purification. 1H NMR (400 MHz, CD3OD) δ 1.47−1.64 (m,
1H), 1.71−2.07 (m, 7H), 2.50−2.70 (m, 1H), 2.98−3.04 (m, 2H),

3.33−3.46 (m, 2H), 3.45−3.55 (m, 1H), 3.60−3.70 (m, 1H), 4.41 (br
s, 1H), 4.68 (br s, 1H), 6.23 (d, J = 9.6 Hz, 1H), 8.05 (d, J = 9.6 Hz,
1H). MS (M + H)+ = 320.4.

Step 4: (R)-(1-(5,6-Diaminopyridin-2-yl)piperidin-3-yl)(pyrrolidin-
1-yl)methanone dihydrochloride. Into a Parr bottle was added 10%
palladium-on-carbon (50% wet, 1.49 g) followed by ethanol (10 mL)
which was previously bubbled with nitrogen and cooled to 0 °C. (R)-
(1-(6-Amino-5-nitropyridin-2-yl)piperidin-3-yl)(pyrrolidin-1-yl)-
methanone (10.6 g, 33.2 mmol, 1 equiv) in ethanol (84 mL), and a
solution of concentrated hydrochloric acid (8.59 mL, 99.6 mmol, 3.0
equiv) in ethanol (10 mL) was added to the Parr bottle under a
nitrogen atmosphere. The reaction mixture was purged with nitrogen
and evacuated (3×). The mixture was submitted to a hydrogen
atmosphere (45 psi). A drop in pressure was observed, and hydrogen
pressure was increased to 46 psi. This process was repeated several
times over a period of 30 min. The mixture was shaken for a total of 1
h and filtered through Celite rinsing with ethanol (0.7 L) and
methanol (1.5 L). The filtrate was concentrated, and the resulting solid
was dried under high vacuum to afford the title compound (12.0 g,
99%). The material was used without further purification. 1H NMR
(400 MHz, CD3OD) δ 1.71−1.81 (m, 2H), 1.88−1.95 (m, 3H), 1.98−
2.12 (m, 3H), 2.89−2.95 (m, 1H), 3.38−3.55 (m, 5H), 3.66−3.72 (m,
1H), 3.97 (d, J = 12.7 Hz, 1H), 3.98 (dd, J = 13.7, 3.7 Hz, 1H), 6.39
(d, J = 9.3 Hz, 1H), 7.63 (d, J = 9.0 Hz, 1H). MS (M + H)+ = 290.2.

Step 5: 2-Cyclopropylpyrimidine-4-carbonitrile. To a solution of 2-
cyclopropylpyrimidine-4-carbaldehyde (29.1 g, 197 mmol, 1.0 equiv)
in N,N-dimethylformamide (200 mL) was added hydroxylamine
hydrochloride (13.9 g, 197 mmol, 1 equiv) and a solution of
triethylamine (35.0 mL, 250 mmol, 1.3 equiv) in N,N-dimethylforma-
mide (40 mL) at room temperature. A 50% solution of 1-

Figure 4. Effects of 9 on plasma and hepatic lipids in LDLr knockout mice (Ldlr−/−). Male Ldlr−/− mice were maintained on regular chow or high-
fat, high-cholesterol diet (HFHC) for 2 weeks prior to treatment with either 60 mg/kg/day (30 mg/kg BID) 9 or vehicle (0.5% w/v
methylcellulose) for 3 days. (A) Plasma TG. (B) Total plasma cholesterol. (C) Plasma lipoprotein profiles were generated on plasma from HFHC
diet-fed mice as described in the Experimental Section. Lipid values were corrected for recoveries of total plasma lipid from combined fractions.
VLDL, IDL/LDL, and high-density lipoprotein (HDL) are defined as fractions 4−11, 12−30, and 31−52, respectively. (D) Hepatic TG content.
Data are mean ± SEM from 6−8 animals and were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test.
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propanephosphonic anhydride in N,N-dimethylformamide (140 mL,
230 mmol, 1.2 equiv) was added, and the reaction mixture was stirred
at 110 °C for 18 h. The mixture was cooled to room temperature, and
a saturated aqueous solution of sodium bicarbonate and ethyl acetate
was added. The mixture was stirred vigorously, and solid sodium
bicarbonate was added. The mixture was filtered to remove
undissolved solids, and the layers were separated. The aqueous layer
was extracted with ethyl acetate (3×). The combined organics were
washed with water and brine, dried over sodium sulfate, filtered, and
concentrated under reduced pressure, and the resulting residue was
dried under high vacuum to afford 2-cyclopropylpyrimidine-4-
carbonitrile (21.0 g, 73%). The material was used without further
purification. 1H NMR (400 MHz, CDCl3) δ 1.15−1.22 (m, 4H),
2.28−2.35 (m, 1H), 7.36 (d, J = 4.8 Hz, 1H), 8.76 (d, J = 4.8 Hz, 1H).
Step 6: Ethyl 2-cyclopropylpyrimidine-4-carbimidate. To a solution

of 2-cyclopropylpyrimidine-4-carbonitrile (20.97 g, 144.5 mmol, 1
equiv) in ethanol (100 mL) was added a solution of sodium ethoxide
(prepared from sodium metal (1.8 g, 78.9 mmol) in 30 mL of ethanol,
0.55 equiv). The reaction mixture was stirred at room temperature for
30 min. Diethyl ether (300 mL) and a saturated aqueous solution of
ammonium chloride (50 mL) were added sequentially. The mixture
was extracted with diethyl ether (3 × 100 mL). The combined
organics were washed with brine (2 × 50 mL), dried over magnesium
sulfate, filtered, and concentrated under reduced pressure, and the
resulting residue was dried under high vacuum. The material was used
without further purification. 1H NMR (500 MHz, CDCl3) δ 1.06−1.13
(m, 2H), 1.16−1.22 (m, 2H), 1.41 (t, J = 7.1 Hz, 3H), 2.27−2.35 (m,
1H), 4.40 (q, J = 7.2 Hz, 2H), 7.48 (d, J = 5.1 Hz, 1H), 8.72 (d, J = 4.9
Hz, 1H) 9.26 (br s, 1H).
Step 7: (R)-(1-(2-(2-Cyclopropylpyrimidin-4-yl)-3H-imidazo[4,5-

b]pyridin-5-yl)piperidin-3-yl)(pyrrolidin-1-yl)methanone (5). To a
suspension of (R)-(1-(5,6-diaminopyridin-2-yl)piperidin-3-yl)-
(pyrrolidin-1-yl)methanone dihydrochloride (1.0 g, 2.8 mmol, 1.0
equiv) and acetic acid (2.5 mL, 43 mmol, 15 equiv) in ethanol (7 mL)
was added triethylamine (1.5 mL, 10.8 mmol, 3.9 equiv) and a solution
of ethyl 2-cyclopropylpyrimidine-4-carbimidate (530 mg, 2.8 mmol, 1
equiv) in ethanol (3 mL). The reaction mixture was heated under
reflux for 1 h and cooled to room temperature. The solvent was
removed under reduced pressure, and ethyl acetate (100 mL) was
added to the residue followed by water (10 mL) and a saturated
aqueous solution of ammonium chloride (50 mL). The layers were
separated, and the organics were washed sequentially with a saturated
aqueous solution of sodium bicarbonate (75 mL) and brine (50 mL),
dried over magnesium sulfate, filtered, and concentrated under
reduced pressure. To the resulting residue was added dichloromethane
(4 mL) and methyl tert-butyl ether (35 mL). The mixture was stirred
at 40 °C until it was homogeneous. The solution was cooled to room
temperature and stirred for 18 h. The resulting solids were filtered and
rinsed with ether to afford 5 (1.02 g, 62%). 1H NMR (400 MHz,
CDCl3) δ 1.10−1.17 (m, 2H), 1.18−1.23 (m, 2H), 1.57−1.70 (m,
1H), 1.82−2.05 (m, 7H), 2.27−2.34 (m, 1H), 2.63−2.72 (m, 1H),
2.97−3.07 (m, 1H), 3.14−3.22 (m, 1H), 3.43−3.54 (m, 3H), 3.58−
3.67 (m, 1H), 4.37 (d, J = 13.7 Hz, 1H), 4.53 (d, J = 12.9 Hz, 1H),
6.76 (d, J = 9.0 Hz, 1H), 7.82−7.90 (m, 2H), 8.67 (d, J = 5.3 Hz, 1H),
10.27 (br s, 1H). MS (M + H)+ = 418.5.
(R)-(1-(2-(1-(4-Chloro-1H-pyrazol-1-yl)cyclopropyl)-3H-imidazo-

[4,5-b]pyridin-5-yl)piperidin-3-yl)(pyrrolidin-1-yl)methanone (9).
Step 1: 1-(4-Chloro-1H-pyrazol-1-yl)cyclopropanecarbonitrile. Safety
note: Sodium hydride and DMSO can react explosively, please take
appropriate precautions in using this reagent/solvent combination.
Into a four-neck, 2 L round-bottom flask, previously dried with a heat
gun under high vacuum, was added DMSO (175 mL). The flask was
placed in a 10 °C bath, and sodium hydride (60% oil dispersion, 17.0
g, 300 mmol, 4.2 equiv) was added portionwise with stirring under
nitrogen. The resulting suspension was stirred for 10 min before a
solution of 2-(4-chloro-1H-pyrazol-1-yl)acetonitrile (10.0 g, 70.6
mmol, 1 equiv) and 1,2-dibromoethane (18.3 mL, 213 mmol, 3.0
equiv) in DMSO (175 mL) was added dropwise over a period of 30
min. The internal temperature was kept between 13 and 20 °C during
the addition process. The reaction mixture was stirred for 5.5 h while

keeping the internal temperature at or below 20 °C, followed by
stirring for an additional 1 h at room temperature. The mixture was
cooled to 10 °C, and then a saturated aqueous solution of ammonium
chloride (600 mL) was slowly added. The mixture was stirred at 10 °C
for 15 min and extracted with ethyl acetate (3 × 1 L). The combined
organics were washed with brine, dried over sodium sulfate, filtered,
and concentrated under reduced pressure. The crude material was
purified via flash chromatography (10−100% dichloromethane in
hexanes), and the resulting residue was crystallized from a mixture of
hexanes/diethyl ether to afford 1-(4-chloro-1H-pyrazol-1-yl)-
cyclopropanecarbonitrile (7.65 g, 65%). 1H NMR (400 MHz,
CDCl3) δ 1.77−1.82 (m, 4H), 7.45 (s, 1H), 7.60 (s, 1H). MS (M)+

= 167.
Step 2: Ethyl 1-(4-chloro-1H-pyrazol-1-yl)cyclopropanecarbimidate.

To a solution of 1-(4-chloro-1H-pyrazol-1-yl)cyclopropanecarbonitrile
(17.3 g, 103 mmol, 1 equiv) in ethanol (50 mL) was added sodium
ethoxide (prepared from sodium metal (3.2 g, 139 mmol) in 150 mL
of ethanol, 1.3 equiv). The reaction mixture was stirred at 70 °C for 2
h t o a ff o r d e t h y l 1 - ( 4 - c h l o r o - 1H - p y r a z o l - 1 - y l ) -
cyclopropanecarbimidate, which was used for the next step without
further purification. An aliquot of the solution was concentrated for
analysis. 1H NMR (400 MHz, CDCl3): δ 1.24 (t, J = 7.24 Hz, 3H,
obscured by residual ethanol), 1.42−1.48 (m, 2H), 1.69−1.74 (m,
2H), 4.15 (q, J = 7.0 Hz, 2H), 7.50 (s, 1H), 7.51 (s, 1H).

Step 3: (R)-(1-(2-(1-(4-Chloro-1H-pyrazol-1-yl)cyclopropyl)-3H-
imidazo[4,5-b]pyridin-5-yl)piperidin-3-yl)(pyrrolidin-1-yl)methanone
(9). To a solution of (R)-(1-(5,6-diaminopyridin-2-yl)piperidin-3-
yl)(pyrrolidin-1-yl)methanone dihydrochloride (5.50 g, 15.2 mmol, 1
equiv) and acetic acid (17.4 mL, 305 mmol, 20 equiv) in ethanol (20
mL) was added a solution of ethyl 1-(4-chloro-1H-pyrazol-1-
yl)cyclopropanecarbimidate (3.25 g, 15.2 mmol, 1.0 equiv) in ethanol
(30 mL) followed by triethylamine (12.7 mL, 91.2 mmol, 6.0 equiv).
The resulting mixture was purged with nitrogen. The reaction mixture
was stirred at 100 °C for 18 h. The mixture was cooled to room
temperature, and the solvent was removed under reduced pressure.
The residue was partitioned between a saturated aqueous solution of
ammonium chloride (50 mL) and dichloromethane (50 mL). The
aqueous layer was extracted with dichloromethane (50 mL). The
combined organics were washed with a saturated aqueous solution of
sodium bicarbonate, and the resulting aqueous layer was extracted with
dichloromethane (50 mL). The organics were combined, washed with
brine, dried over sodium sulfate, filtered, and concentrated under
reduced pressure. The crude material was purified via flash
chromatography (0−5% methanol in dichloromethane) to afford 9
(6.33 g, 94%). 1H NMR (500 MHz, CDCl3) δ 1.55−1.70 (m, 1H),
1.72−2.05 (m, 11H), 2.60−2.70 (m, 1H), 2.90−2.95 (m, 1H), 3.03−
3.10 (m, 1H), 3.42−3.50 (m, 3H), 3.56−3.62 (m, 1H), 4.20−4.25 (m,
1H), 4.38−4.44 (m, 1H), 6.62−6.68 (m, 1H), 7.59 (s, 1H), 7.63 (s,
1H), 7.66−7.72 (m, 1H). MS (M + H)+ = 440.

(R)-(1-(2-(1-(4-Chloro-1H-pyrazol-1-yl)cyclopropyl)-3H-imidazo-
[4,5-b]pyridin-5-yl)piperidin-3-yl)(pyrrolidin-1-yl)methanone Meth-
anesulfonate (9·MsOH). To a solution of 9 (56.5 g, 128 mmol, 1
equiv) in acetonitrile (130 mL) was added methanesulfonic acid (8.33
mL, 128 mmol, 1.0 equiv). The mixture was stirred at room
temperature for 18 h. The mixture was filtered, and the solids were
rinsed with acetonitrile. The solids were collected and dried under
high vacuum for 1 h to afford 9·MsOH (62.5 g, 90%). 1H NMR (400
MHz, CDCl3) δ 1.65−1.75 (m, 1H), 1.84−2.13 (m, 11H), 2.75−2.85
(m, 1H), 2.87 (s, 3H), 3.28−3.35 (m, 1H), 3.39−3.57 (m, 4H), 3.65−
3.72 (m, 1H), 4.02−4.09 (m, 1H), 4.11−4.17 (m, 1H), 6.73−6.82 (m,
1H), 7.55 (s, 1H), 7.76 (s, 1H), 8.13 (d, J = 9.0 Hz, 1H). MS (M +
H)+ = 440; mp = 212−214 °C. Anal. Calcd for C22H26ClN7O·
CH4O3S: C, 51.53; H, 5.64; N, 18.29; Cl, 6.61; S, 5.98. Found: C,
51.28; H, 5.65; N, 18.19; Cl, 6.56; S, 5.96.

DGAT2 Assay and Determination of IC50 Values. DGAT2
activity was determined by measuring the incorporation of the
[1-14C]decanoyl moiety into triacylglycerol using [1-14C]decanoyl-
CoA and 1,2-didecanoyl-sn-glycerol as substrates. The final assay
mixture contained 50 mM Hepes−NaOH, pH 7.4, 6 μM [1-14C]-
decanoyl-CoA (50 mCi/mmol, PerkinElmer, Waltham, MA), 25 μM
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1,2-didecanoyl-sn-glycerol (Avanti Polar Lipids, Alabaster, AL), 10 mM
MgCl2, 100 nM methyl arachidonyl fluorophosphonate (MAFP,
Cayman Chemical, Ann Arbor, MI), 0.01% BSA (fatty acid free,
Sigma-Aldrich, St. Louis, MO), 5% DMSO, 2.5% acetone, and 0.1 μg
of the detergent-solubilized DGAT2 membrane. The reactions were
carried out in 384-well white Polyplates (PerkinElmer) in a total
volume of 20 μL. To 1 μL of compounds dissolved in 100% DMSO
and spotted at the bottom of each well, 5 μL of 0.04% BSA was added
and the mixture was kept at room temperature for 20 min. To this
mixture, 10 μL of the detergent-solubilized DGAT2 membrane
fraction (0.01 mg/mL) diluted in 100 mM Hepes−NaOH, pH 7.4, 20
mM MgCl2 containing 200 nM MAFP (dried from ethyl acetate stock
solution under argon gas and dissolved in DMSO as 5 mM stock) was
added. After this mixture was preincubated at room temperature for
120 min, DGAT2 reactions were initiated by the addition of 4 μL of
substrates containing 30 μM [1-14C]decanoyl-CoA and 125 μM 1,2-
didecanoyl-sn-glycerol dissolved in 12.5% acetone. The reaction
mixtures were incubated at room temperature for 40 min, and the
reactions were stopped by addition of 5 μL of 1% H3PO4. After the
addition of 45 μL of MicroScint-E (PerkinElmer), plates were sealed
with Top Seal-A covers (PerkinElmer) and phase partitioning of
substrates and products was achieved using a HT-91100 microplate
orbital shaker (Big Bear Automation, Santa Clara, CA). Plates were
centrifuged at 2000g for 1 min and then were sealed again with fresh
covers before reading in a 1450 Microbeta Wallac Trilux scintillation
counter (PerkinElmer). DGAT2 activity was measured by quantifying
the generated product [14C]tridecanoylglycerol in the upper organic
phase. Background activity obtained using 50 μM of (1R, 2R)-2-({3′-
fluoro-4′-[(6-fluoro-1, 3-benzothiazol-2-yl)amino]-1,1′-biphenyl-4-yl}-
carbonyl)cyclopentanecarboxylic acid (US 20040224997, example 26)
for complete inhibition of DGAT2 was subtracted from all reactions.
Inhibitors were tested at 11 different concentrations to generate IC50

values for each compound. The 11 inhibitor concentrations employed
typically included 50, 15.8, 5, 1.58, 0.50, 0.16, 0.05, 0.016, 0.005,
0.0016, and 0.0005 μM. The data were plotted as percentage of
inhibition versus inhibitor concentration and fit to the equation, y =
100/[1 + (x/IC50)

z], where IC50 is the inhibitor concentration at 50%
inhibition and z is the Hill slope (the slope of the curve at its inflection
point).
Determination of IC50 Values for DGAT1 and MGAT1/2/3

Inhibition. Enzyme activity for DGAT1 and MGAT3 was determined
by measuring the incorporation of the [1-14C]decanoyl moiety into
TG using [1-14C]decanoyl-CoA and 1,2-didecanoyl-sn-glycerol as
substrates. Enzyme activity for MGAT1 was determined by measuring
the incorporation of the [1-14C]decanoyl moiety into DAG using
[1-14C]decanoyl-CoA and 2-oleoylglycerol as substrates. MGAT2
activity was determined by measuring the incorporation of the
[1-14C]decanoyl moiety into DAG using [1-14C]decanoyl-CoA and 1-
decanoyl-rac-glycerol as substrates. All assays were performed in 384-
well Polyplates in a total volume of 20 μL. The final assay mixture
contained 50 mM Hepes−NaOH, pH 7.4, 10 mM MgCl2, the
indicated concentrations of substrates (below), 100 nM MAFP, 0.01%
Triton X-100, 5% DMSO, 2.5% acetone, and the indicated amount of
each enzyme. The final substrate concentrations in the assay were 7.5
μM [1-14C]decanoyl-CoA and 10 μM 1,2-didecanoyl-sn-glycerol for
DGAT1, 2 μM [1-14C]decanoyl-CoA and 20 μM 2-oleoylglycerol
(Sigma-Aldrich) for MGAT1, 4 μM [1-14C]decanoyl-CoA and 25 μM
1-decanoyl-rac-glycerol (Nu-Check Prep Inc., Elysian, MN) for
MGAT2, 2 μM [1-14C]decanoyl-CoA and 35 μM 1,2-didecanoyl-sn-
glycerol for MGAT3. All compounds were preincubated with each
enzyme for 30 min before initiating reactions by addition of substrates.
Typically, 1 μg of DGAT1 microsomal fraction was required for each
reaction per well. MGAT1, MGAT2, and MGAT3 reactions required
0.12, 0.006, and 0.05 μg of the detergent-solubilized membrane
fractions, respectively, for each reaction per well. Typical reaction
times were 30−70 min at room temperature. The radioactive DAG
and TG products generated were quantified by scintillation counting
following reaction quenching and phase partitioning as described in
the DGAT2 assay above. Background activity, typical dose response

range, and data analysis for IC50 determinations were identical to those
described in the DGAT2 assay.

Determination of IC50 Values for TG Synthesis in Fresh
Human Hepatocytes. Fresh human hepatocytes (Triangle Research
Laboratories, Research Triangle Park, NC, Celsis IVT, Baltimore, MD,
or Life Technologies, Grand Island, NY) (50000 cells per well) were
seeded into collagen I coated 96-well plates (BD Biosciences, Woburn,
MA) and maintained overnight in Williams’ E media prior to
determination of DGAT2 activity. Media was aspirated and the cells
incubated with 400 μM sodium dodecanoate (Sigma-Aldrich, St.
Louis, MO) in Williams’ E media for 40 min prior to the addition of a
selective DGAT1 inhibitor {trans-4-[4-(4-amino-5-oxo-7,8-
dihydropyrimido[5,4-f ][1,4]oxazepin-6(5H)-yl)phenyl]cyclohexyl}-
acetic acid (PF-04620110, 3 μM) and eight concentrations of
compound 9 ranging from 0.0003 to 1 μM. Both compounds were
dissolved in dimethyl sulfoxide (DMSO), and the final concentration
of DMSO in each well was kept constant at 0.25% volume/volume (v/
v). After a further 20 min incubation, 5 μL of [14C]glycerol (American
Radio Chemicals, St. Louis, MO) (0.2 μCi) was added to each well
and mixed by gentle pipetting. The plate was returned to the incubator
(37 °C, 5% carbon dioxide) for 3.5 h prior to aspiration of the media
and addition of 100 μL of isopropyl alcohol:THF (9:1). The plate was
shaken for 15 min, centrifuged at 3000 rpm for 5 min, and 50 μL of
supernatant from each well applied to TLC lane (Whatman LK6D
Silica Gel Plates). Radiolabeled lipids were resolved using a two-
solvent system. Solvent 1 contained a 100:100:100:40:36 mixture of
ethyl acetate:isopropyl alcohol:CHCl3:MeOH:0.25% KCl and solvent
2 a 70:27:3 hexane:diethyl ether:acetic acid mix. The TLC plate was
dried under nitrogen for 30 min and [14C]-calibrators added to a
vacant lane. Bands were visualized and quantitated using a Molecular
Dynamics’ Storm 860 PhosphorImager system following 18−36 h
exposure to a PhosphorImager screen. The IC50 was determined using
GraphPad Prism (GraphPad Software, Inc., La Jolla, CA).

Acute Effects of Compound 9 on Plasma Triacylglycerol
Levels. Male Sprague−Dawley rats (∼200 g, Harlan Laboratories,
Inc., Madison, WA) were fed a high-sucrose, low-fat diet (TD.03045,
Harlan Laboratories, Inc.) 2 days prior to the study. On the day of the
study, animals were fasted for 4 h prior to treatment. Immediately
before dosing, blood was drawn from the lateral tail vein into a
dipotassium ethylenediaminetetraacetic acid (K2 EDTA)-containing
tube (Microtainer, Becton Dickinson, Franklin Lakes, NJ). Following
centrifugation, the plasma was transferred to a fresh tube for the
determination of TG levels using a Roche Hitachi Chemistry analyzer
(Roche Diagnostics Corporation, Indianapolis, IN). Animals were
dosed with 0.01, 0.03, 0.1, 0.3, 1, 3, 10 mg/kg po compound 9 as a
solution in 0.5% w/v methylcellulose (10 mL/kg dosing volume).
Vehicle-treated animals received 0.5% methylcellulose alone. After a
further 2 h, blood was drawn and TG determined as described above.
Data were expressed as percent change from vehicle-treated animals.
The level of 9 was determined in these plasma samples using LC-MS/
MS.

Effects of Compound 9 on Plasma and Hepatic Lipids in
LDLr Knockout Mice (Ldlr−/−). Male low-density lipoprotein
receptor (LDLR) knockout mice (B6.129S7-Ldlrtm1Her/J) were
obtained from The Jackson Laboratory (Bar Harbor, Maine) at 7−8
weeks of age and maintained on either standard laboratory chow
(PicoLab Rodent Diet 20 no. 5053, LabDiet, St. Louis, MO) or a high-
fat, high-cholesterol diet (HFHC, D12108, Research Diets Inc., New
Brunswick, NJ) which contains ∼40 kcal% from fat and 1.25% w/w
cholesterol for 2 weeks prior to treatment. Animals were dosed with
either 60 mg/kg/day (30 mg/kg BID) of 9 or vehicle (0.5% w/v
methylcellulose) for 3 days (total of five doses). On the final day, food
was withdrawn at 06:00, and the animals were dosed at 10:00 and
sacrificed 2 h later. All animals were sacrificed by carbon dioxide
asphyxiation, and blood for lipoprotein analysis was collected by
cardiac puncture. Livers were excised, immediately frozen in liquid
nitrogen, and held at −80 °C until analysis. Plasma TG and cholesterol
were determined as described above. Plasma lipoproteins were
separated by FPLC essentially as described elsewhere.33 Briefly, 200
μL aliquots of plasma pooled from eight mice were injected inline to
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two Superose 6 columns (GE Healthcare Biosciences, Pittsburgh, PA)
connected in tandem at a flow rate of 0.2 mL/min and fractions were
collected. Cholesterol was determined by standard enzymatic assay.
Lipid values, nmol/fraction, were corrected for recoveries of total
plasma cholesterol from combined fractions. Total lipids were
extracted from the livers using the Folch method.34 All extraction
solvents contained 50 μM butylated hydroxytoluene as antioxidant.
Neutral lipids were isolated from the total lipid extracts using
aminopropyl solid phase extraction columns as previously described.35

The neutral lipid fraction was in turn dried down under nitrogen and
resuspended in isooctane:isopropyl alcohol (98:2). Neutral lipids were
separated and detected using normal phase cyanopropyl high-
performance liquid chromatography (HPLC) and a charged aerosol
detector.36 Data are expressed as mg/g wet weight of liver.
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