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ABSTRACT: Diacylglycerol O-acyltransferase 2 (DGAT2) inhibitors have been
shown to lower liver triglyceride content and are being explored clinically as a
treatment for non-alcoholic steatohepatitis (NASH). This work details efforts to find
an extended-half-life DGAT2 inhibitor. A basic moiety was added to a known inhibitor
template, and the basicity and lipophilicity were fine-tuned by the addition of
electrophilic fluorines. A weakly basic profile was required to find an appropriate
balance of potency, clearance, and permeability. This work culminated in the discovery
of PF-07202954 (12), a weakly basic DGAT2 inhibitor that has advanced to clinical
studies. This molecule displays a higher volume of distribution and longer half-life in
preclinical species, in keeping with its physicochemical profile, and lowers liver
triglyceride content in a Western-diet-fed rat model.
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Non-alcoholic fatty liver disease (NAFLD) is considered
to be the most common liver disease in Western

countries and is characterized by an excess of triglycerides in
the liver.1,2 Non-alcoholic steatohepatitis (NASH) is a more
severe form of NAFLD, which also includes inflammatory-
driven liver injury and often fibrosis. In the liver, two enzymes
catalyze the majority of triglyceride synthesis from fatty acyl-
CoA and diacylglycerol, termed diacylglycerol O-acyltransfer-
ase 1 and 2 (DGAT1 and DGAT2).3 While these two enzymes
share identical catalytic functions, they differ in tissue
distribution, with DGAT1 being highly expressed in the
small and large intestines. In clinical studies, DGAT1
inhibition impaired lipid absorption, leading to diarrhea and
gastrointestinal discomfort. DGAT2, which is enriched in
hepatocytes, has minimal intestinal expression, and thus,
clinical inhibition of DGAT2 has not caused the gastro-
intestinal side effects observed with DGAT1 inhibition.4

Furthermore, these two acyl transferases utilize different lipid
sources: DGAT2 prefers de novo-synthesized fatty acids, while
DGAT1 prefers fatty acids derived from diet and lipolysis.3 It is
hypothesized that by inhibiting DGAT2, liver fat content can
be reduced and the progression of NASH can be slowed.5−7

There are currently no approved therapies for NASH, although
several mechanisms are in advanced clinical development.8

DGAT2 inhibitors have been previously described (Figure
1)9−15 and shown to reduce hepatic steatosis in human
subjects.16 At least one small-molecule DGAT2 inhibitor,
ervogastat (PF-06865571),17 is currently in clinical studies, as

well as LG203003.18 In addition, an antisense therapy,
ION224, designed to decrease levels of DGAT2 protein, is
under clinical investigation for NASH.19,20

The goal of this discovery effort was to find a DGAT2
inhibitor with a longer predicted human half-life (t1/2) as a
backup to the clinical candidate ervogastat, which showed a
human half-life of approximately 1.5−5 h in the single
ascending dose phase 1 study.4 Extending half-life can have
certain advantages in some cases, such as reducing the daily
tablet burden, improving patient compliance, and reducing the
peak-to-trough ratio.21,22 This last attribute may have
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Figure 1. Structures of clinical candidate DGAT2 inhibitors.
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advantages when considering selectivity over off-targets, safety
margins, and the drug−drug interaction potential.
Our work to extend the predicted half-life began with the

clinical DGAT2 inhibitor ervogastat. This is a neutral
molecule, which accordingly has a moderate volume of
distribution in preclinical species (Vss = 0.71 and 0.91 L/kg
in rat and monkey, respectively). Our approach to extending
the half-life within this chemotype was to increase the volume
of distribution by adding a basic center.23 Basic compounds
generally have higher volumes of distribution than acidic or
neutral species, and this is hypothesized to occur due to their
low affinity for plasma albumin and their electrostatic
attraction to negatively charged phospholipid membranes.21

Since the half-life is directly proportional to the steady-state
volume of distribution (Vss) according to eq 1,

t Vln(2) /CL1/2 ss= (1)

this can be a successful strategy if a basic center is tolerated in
the target binding site and clearance (CL) is controlled. Bases
can also show greater solubility compared to neutrals. Other
strategies to increase half-life by focusing on reducing clearance
(eliminating soft spots, deuteration, and increasing LipMetE)
were pursued but did not result in success.
Based on the previous structure−activity relationship (SAR)

explorations during the discovery of ervogastat, the amide
vector offered the most productive optimization options.
Hence, the initial effort to install a basic center on this scaffold
was focused on the amide vector (Table 1). All analogues were
synthesized according to the methods shown in Scheme 1 and

the Supporting Information.24 As in previous publications, a
biochemical assay using human DGAT2 was used as the
primary driver to explore potency. Compounds 1−5 include
several unsubstituted pyrrolidine and piperidine amides. While
these analogues were less potent, they did confirm that a basic
nitrogen was somewhat tolerated, and the large decrease in
logD compared to that of ervogastat may be partly responsible
for the loss of potency. Each of these pyrrolidines and
piperidines have pKa > 9 and, as expected, displayed poor
passive permeability. Consistent with its basicity and as shown
in Table 3, 2 did have a higher volume of distribution and
longer half-life in rat compared to ervogastat (2, Vss = 4.1 L/kg
and t1/2 = 1.9 h; ervogastat, Vss = 0.91 L/kg and t1/2 = 0.3 h)
when dosed intravenously.
Measurable potency and the proof of concept that increased

volume of distribution leads to increased half-life were
encouraging first steps. Further efforts to alter pKa were
undertaken to determine whether optimal properties could be
found within this basic series. Modification of the pyrrolidine

Table 1. SAR of Strongly Basic Amines

aIC50 values are reported as the geometric mean of n ≥ 3 with the 95% confidence interval (CI) in parentheses, except where otherwise noted.
bExperimental pKa.

clogD measured with the shake-flask method.34 dApparent intrinsic clearance (CLint,app) obtained from human hepatocyte
cells.35 ePermeability determined from an assay using low-efflux MDCKII cells.36 fCLint,app obtained from human hepatocyte cells using the relay
method for low-clearance compounds.37 gn = 2. hNT = not tested.

Scheme 1. Synthesis of Analogues 1−13a

a(a) Amidation conditions include HATU, DMC, or T3P; (b) where
needed, Cbz deprotection using HCl or Boc deprotection using TFA.
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and piperidine motifs was straightforward using readily
available substituted building blocks. While the unsubstituted
pyrrolidines were more potent than the corresponding
piperidines, the greatest optimization potential was found
with 3-aminopiperidines. Optimization of the piperidine motif
with fluorine substitution is shown in Table 2. Fluorine
substitution is known to alter the pKa of a nearby nitrogen
atom and can offer the advantage of improving permeability
and metabolic stability in certain cases.25

The addition of an α-trifluoromethyl group (6) lowered the
pKa by ∼5 units and raised the logD by ∼2.5 units compared
to unsubstituted comparators 4 and 5. A significant improve-
ment in DGAT2 potency was observed, along with increased
permeability. Unfortunately, human hepatocyte clearance was
markedly increased. Difluorination of the β-position (7)
relative to the basic center increased the pKa, and γ-

difluorination (8) increased the pKa further, relative to 6.
These analogues showed relatively lower lipophilicity,
permeability, and clearance, with each of these properties
trending with basicity.
To further improve potency and reduce clearance,

monofluoro substitution was also examined. Compounds 9
and 10 include isomers with γ-substitution. These inhibitors
showed the expected higher pKa and lower lipophilicity relative
to the difluoro version. Biochemical potency was improved,
especially for 9, and both isomers showed lower clearance and
good permeability. Examining the β-substituted monofluoro
isomers (11−13), the basicity was moderately reduced and the
lipophilicity was moderately increased, on average, as expected
compared to the more distal γ-fluorinated analogues 9 and 10.
There are also notable differences in basicity between β-
substituted monofluoro isomers. Presumed axially substituted

Table 2. SAR of Weakly Basic Amines

aIC50 values are reported as the geometric mean of n ≥ 3 with the 95% CI in parentheses, except where otherwise noted. bExperimental pKa.
cExperimental logD using the shake-flask method at pH 7.4.34 dApparent intrinsic clearance (CLint,app) obtained from human hepatocyte cells.35
ePermeability determined from an assay using low-efflux MDCKII cells.36 f6 is the more potent cis enantiomer; stereochemistry arbitrarily assigned.
g7 is the more potent enantiomer; stereochemistry arbitrarily assigned. h8 is the more potent enantiomer; stereochemistry arbitrarily assigned.
iCLint,app obtained from human hepatocyte cells using the relay method for low-clearance compounds37
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fluorine enantiomers 12 and 13 are more basic than the
presumed equatorial racemic mixture of 11. This has also been
observed previously25−30 and is likely due to the antiparallel
dipole interaction that stabilizes the protonated form in only
the axial case. It is noticeable that metabolic clearance and
permeability showed some correlation with the observed pKa
of the piperidine, with markedly higher values for both
parameters as pKa moved below physiological values. However,
the correlation of potency with pKa was much less clear,
suggesting more subtle influences of specific fluorine place-
ment. The S,S isomer, 12, also showed excellent potency
(>300-fold improvement relative to 2), displayed very low
hepatocyte clearance, and had acceptable permeability. This
isomer was selected for further characterization.
Potency was also assessed in cryopreserved human

hepatocytes by measuring [14C]glycerol incorporation into
triglycerides using thin-layer chromatography. A selective
DGAT1 inhibitor was added to this cellular assay to enhance
the window to observe DGAT2-mediated triglyceride syn-
thesis. In this assay, 12 showed an IC50 (95% CI) of 11 nM
(8.6−15 nM). Compound 9 was somewhat less potent in the
cryopreserved human hepatocyte assay with an IC50 (95% CI)
of 23 nM (19−28 nM), strengthening the decision to pursue
12. Selectivity was demonstrated by testing 12 against related
acyltransferases (DGAT1, MGAT1, MGAT2, and MGAT3: all
IC50 > 50,000 nM) and a broad off-target panel (Table S1).
Table 3 shows the pharmacokinetic parameters observed in

both rat and monkey after iv administration of both 12 and
ervogastat as a comparison. The observed volume of
distribution of weakly basic 12 is 2- to 3-fold higher than
that observed for neutral ervogastat in both rat and monkey. In
addition, since the clearance appears comparable across
compounds, this leads to a longer half-life for 12 in the
species examined: 0.9 h in rat and 1.4 h in monkey. The
bioavailability of 12 is 2- to 3-fold lower in rat and monkey
compared to ervogastat, likely due to the lower in vitro passive
permeability of 12.
In keeping with the Extended Clearance Classification

System (ECCS)31 class 4 designation of 12, hepatic
metabolism and renal clearance are predicted to be major
clearance mechanisms. Preliminary human clearance for 12
was estimated by scaling the in vitro CLint,app in human
hepatocytes (Table 2) using the well-stirred model. Renal
clearance in humans was estimated using simple allometry
from rat and dog.32 The human volume of distribution of 12

was estimated to be moderate (2.3 L/kg) utilizing the Rogers
and Rowland33 tissue Kp calculation with predicted preclinical
Vss being within 2-fold of the observed value using the same
method. Single-species scaling across preclinical species
predicted a moderate Vss (1.5−2.4 L/kg). In comparison, for
ervogastat, the Rogers and Rowland tissue Kp calculation
predicted a Vss of 1.2 L/kg, and single-species scaling predicted
a low to moderate Vss (0.7−1.5 L/kg). For 12, along with
adequate oral absorption, a projected human half-life of
approximately 8 h was considered acceptably longer than
ervogastat to progress to further preclinical characterization.
Compound 12 was next examined for metabolic effects in

vivo. The rat DGAT2 in vitro potency was similar to that of
human (rat DGAT2 IC50 (95% CI) = 17 nM (9.1−33 nM)).
Rats placed on a high-fat, high-sucrose, high cholesterol
(Western) diet were treated orally twice daily for 8 days with
12. An observed dose-dependent reduction in plasma and liver
triglycerides resulted, as shown in Figure 2, with the high dose
achieving a 71% reduction in plasma triglycerides and 48%
reduction in liver triglycerides. While plasma triglycerides
returned to chow-vehicle control levels at the top doses, a
partial reduction was observed for hepatic triglycerides, similar
to results observed with ervogastat in this same assay.12 The
partial reduction of hepatic triglycerides could be due to the
inhibition of lipoprotein secretion from blunted hepatic
SREBP signaling, a known regulator of lipoprotein secretion
that we have demonstrated to be suppressed with DGAT2
inhibition.16 Compound 12 also reduced multiple SREBP
target genes (Table S2), which also contributes to reduced de
novo lipogenesis. Dose-dependent reductions in hepatic and
circulating triglycerides, along with SREBP target gene
expression reduction, were also noted after single-dose
administration to high-sucrose-diet-fed rats (Figures S2 and
S1 and Tables S4 and S3).
Adding a basic center in this case was a successful strategy to

identify a DGAT2 inhibitor with an extended preclinical and
predicted human half-life. A balanced basicity and lipophilicity
profile was needed to achieve an acceptable suite of attributes,
including potency, permeability, and clearance. Ultimately an
ideal balance of basicity and lipophilicity was achieved through
the strategic introduction of fluorine to the piperidine ring, to
arrive at monofluorinated derivative 12. This molecule, PF-
07202954, was nominated as a development candidate and
advanced to phase 1 clinical trials in order to determine its
human pharmacokinetic profile.

Table 3. In Vivo Pharmacokinetic Profile in Preclinical Speciesa

compound species CL (mL min−1 kg−1) CLr (mL min−1 kg−1) Vss (L/kg) t1/2, i.v./p.o. (h) F (%)

ervogastat rat 61 <0.1 0.91 0.3/1.4e 31
ervogastat monkeyb 10 <0.1 0.71 1.0/3.9 48
2 rat 51 5.2 4.1 1.9/NR <1
12 ratc 64 7.5 2.7 0.9/NR 12f

12 monkeyd 17 0.29 1.6 1.4/6.5 21
12 dog 22 5.5 2.1 1.5/ND ND

aPharmacokinetic parameters were calculated from plasma concentration−time data and are reported as mean values. Intravenous (iv) PK (1 mg/
kg) was conducted in male sex of each species (Wistar Han rats, beagle dogs and cynomolgus monkey, n = 2, except where otherwise noted).
Solution formulation for the iv dose included 10% dimethyl sulfoxide (DMSO)/30% poly(ethylene glycol) (PEG) 400/60% water for rat and 23%
hydroxypropyl-β-cyclodextrin (HPBCD) in water in dog and monkey except where noted. Oral (po) studies were administered as suspensions in
0.5% methylcellulose, except where noted. F was calculated using AUC0−∞, except where noted. NR = not reported due to insufficient regression
points. ND = not determined. bSolution formulation for iv monkey study included 2% dimethylacetamide/98% (20% sulfobutylether-β-
cyclodextrin (SBECD) in water). cSolution formulation for po rat study included 0.5% methylcellulose. dOral (po) study administered as a solution
in 23% w/v HPBCD in water. en = 5. fAUC0−t dlast

was used since regression points were not selected.
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Figure 2. Plasma and hepatic triglycerides in Western-diet-fed rats
after an 8-day treatment with 12. Data are mean ± standard deviation
from eight animals per group. The difference between group means
relative to the Western diet vehicle was performed by one-way
ANOVA taking account for unequal variance followed by a Dunnett’s
multiple comparisons test. ****, p < 0.0001 relative to Western diet
vehicle-treated animals; ***, p < 0.001 relative to Western diet
vehicle-treated animals; *, p < 0.05 relative to Western diet vehicle-
treated animals. BID dose administration was separated by 8 h. #On
day 8 a single dose was administered in the morning, and animals
were sacrificed 2 h after treatment.
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