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ABSTRACT: Antagonism of somatostatin subtype receptor 3 (sstr3) has emerged as
a potential treatment of Type 2 diabetes. Unfortunately, the development of our first
preclinical candidate, MK-4256, was discontinued due to a dose-dependent QTc (QT
interval corrected for heart rate) prolongation observed in a conscious cardiovascular
(CV) dog model. As the fate of the entire program rested on resolving this issue, it was
imperative to determine whether the observed QTc prolongation was associated with
hERG channel (the protein encoded by the human Ether-a-̀go-go-Related Gene)
binding or was mechanism-based as a result of antagonizing sstr3. We investigated a
structural series containing carboxylic acids to reduce the putative hERG off-target
activity. A key tool compound, 3A, was identified from this SAR effort. As a potent sstr3 antagonist, 3A was shown to reduce
glucose excursion in a mouse oGTT assay. Consistent with its minimal hERG activity from in vitro assays, 3A elicited little to no
effect in an anesthetized, vagus-intact CV dog model at high plasma drug levels. These results afforded the critical conclusion that
sstr3 antagonism is not responsible for the QTc effects and therefore cleared a path for the program to progress.
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Somatostatin receptor 3 (sstr3) is a member of a group of
five G-protein coupled somatostatin receptors (sstr1−

sstr5).1 Two different structural classes of selective small
molecule sstr3 antagonists have been reported: imidazolyl-
tetrahydro-β-carbolines derived from D-tryptophan (D-Trp) and
substituted decahydroisoquinolines.2−6 Recently, we disclosed
that antagonism of sstr3 represents a potential novel
mechanism for the treatment of Type-2 diabetes mellitus
(T2DM) through the evaluations of compound 1 in both in
vitro assays and animal efficacy models (Figure 1).7

Subsequently, we reported that the optimization of this
tetrahydro-β-carboline series led to the discovery of MK-4256
(Figure 1).8 MK-4256 possesses excellent sstr3 potency and
subtype selectivity, a good pharmacokinetic (PK) profile in
preclinical species, and superior efficacy in a mouse oGTT
assay. Although, MK-4256 was shown to have high protein
plasma binding with ∼1% free fractions across several species
(Table 1), only a minimal shift (∼2×) was observed from in
vitro assays with 20% human serum added (Figure 1).9 This
lack of serum shift on sstr3 was attributed to a slow dissociation

rate of MK-4256 from the receptor. More significantly, MK-
4256 reduced glucose excursion by 86% in a mouse oGTT
assay at a dose as low as 0.1 mg/kg with the maximal plasma
concentration of 88 nM.8 On the other hand, MK-4256 had
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Figure 1. Tetrahydro-β-carboline sstr3 antagonists.
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modest activity on the hERG channel (the protein encoded by
the human Ether-a-̀go-go-Related Gene), which raised some
concerns from safety perspectives.10,11 MK-4256 inhibits
radiolabeled MK-499 binding of the hERG channel with an
IC50 = 1.74 μM.12,13 These results represent >2000-fold
selectivity for sstr3 over hERG binding. In a functional patch
clamp assay (PatchXpress), MK-4256 exhibited 50% blockade
of hERG at 3.4 μM concentration.14 When MK-4256 was
dosed in an anesthetized, vagotomized cardiovascular (CV) dog
model, there were no cardiovacular findings at plasma levels up
to 13.7 μM.15 There seemed to be a shift in hERG activity of
MK-4256 from in vitro assays to the CV dog models, probably
due to its high plasma protein binding. Based on its highly
attractive activity on sstr3 and sufficient margins expected
against the hERG channel, MK-4256 was selected as a
preclinical development candidate.
During the course of toxicological evaluation, MK-4256

exhibited a dose-dependent prolongation of the QTc interval
(QT interval corrected for heart rate) in a conscious
cardiovascular (CV) dog telemetry model, which is widely
considered to be the “gold standard” for assessing the CV
effects including QTc prolongation (Table 2).16,17 Increases in

the QTc interval of 5, 10, and 14% were noted after a single
oral dosing of 20, 100, and 500 mg/kg (at plasma concentration
of 4.6 and 32 μM for 20 and 100 mg/kg, respectively). Based
on these observed CV adverse effects, further development of
MK-4256 was discontinued.
The adverse finding of MK-4256 in a conscious CV dog

telemetry model was an unexpected observation as a re-
evaluation in anesthetized, vagotemized dogs at higher doses
afforded no QTc interval increases after intravenous (iv) dosing
at plasma concentrations up to 100 μM. These results indicated
that an anesthetized, vagotemized CV dog model may not be
predicative. Subsequently, MK-4256 was tested in an
anesthetized, vagus-intact CV dog model, since our studies
with a few compounds well-documented for their QTc
prolongation effects indicated there was a trend of higher
sensitivity in the vagus-intact dogs to QTc prolongation.18

Indeed, in anesthetized, vagus-intact dogs, iv fusion of MK-
4256 did result in a dose-dependent increased QTc interval
(Table 2). This result suggested that anesthesia was not
involved but that MK-4256 exerted these unwanted effects
through an unknown mechanism involving vagal signaling.
Nevertheless, since QTc prolongation was observed with MK-
4256 in the anesthetized, vagus-intact dog model, this model
was deemed to be more appropriate for assessing the CV effects
of this series of compounds than the anesthetized, vagotomized
dog model. Therefore, the anesthetized, vagus-intact dog model
was subsequently adopted to screen later lead compounds prior
to a more definitive evaluation in the more resource-intensive
conscious CV dog telemetry model.
The observed QTc prolongation for MK-4256 cast a serious

doubt on the entire sstr3 antagonist program. It was crucial to
elucidate whether the QTc prolongation was caused by
inhibition of the hERG channels (i.e., MK-4256 is deficient)
or the adverse effect was due to the antagonism of sstr3. The
latter scenario would lead to an immediate termination of the
sstr3 program. It is well-known that somatostatin receptors are
coupled to several types of potassium channels, including the
delayed rectifier, inward rectifier and ATP-sensitive potassium
channels.1 It was reported that octreotide, a synthetic analogue
of somatostatin, is able to improve and even normalize the QT
prolongation frequently observed in acromegalic patients.19

Given that sstr agonism with octreotide was able to reduce QTc
prolongation, an antagonist of sstr might have the potential to
produce QTc prolongation. In order to define the path forward
for sstr3 antagonists as a potential treatment for T2DM, it was
critical to confirm that antagonism of sstr3 alone does not cause
QTc prolongation. Therefore, further SAR exploration focused
on identifying compounds with little or no inhibition of the
hERG channel but still engaged sstr3.
It has been well documented in the literature that

introduction of a carboxylic acid moiety into a structure can
mitigate binding to the hERG channels.20−23 In these reported
examples, some carboxylic acid compounds were able to
maintain the activity on the biological targets while minimizing
the interaction with the hERG channel.
Our initial introduction of a carboxylic acid group into the

indole ring or the fluorophenyl imidazole moiety of the
structure abolished the activity on sstr3. Our earlier experience
indicated that the C-1 position of the β-carboline is flexible
enough to accommodate different functional groups. Indeed,
this area of the molecule tolerates an appended carboxylic acid
as well as a variety of aryls and 5 or 6- membered heteroaryls.
We decided that it was synthetically more expedient to focus on
the compounds with a carboxylic acid group attached to a
pyridyl ring at the C-1 position rather than oxadiazole-
carboxylic acid analogues while keeping the N-methyl pyrazole
moiety existing in the structure of MK-4256. Earlier SAR results
indicated that phenyl derivatives at C-1 had significant
problems with hERG activities. As the result, we prepared the
pyridyl carboxylic acid compounds (2A-5A and 2B-5B) from
their corresponding ethyl ester precursors (6A-9A and (6B-9B)
(Figure 2). The A and B series differ by their configuration at
the C-1 position.
The synthesis of the compounds followed the procedure

reported previously (Scheme 1). The Pictect-Spengler reaction
of fluorophenyl imidazole intermediate 10 with the correspond-
ing ketones gave the product as a mixture of diastereomers,
which were separated by chiral HPLC or SFC to give the ethyl
esters as single compounds (6A-9A and 6B-9B). Each ethyl

Table 1. In Vitro Plasma Protein Binding of MK-4256a

MK-4256 plasma protein binding (%)

human monkey dog rat mouse

99.2 99.4 99.2 97.4 98.2
aDetermined by equilibirum dialysis.

Table 2. Effect of MK-4256 in CV Dog Models

MK-4256 Caused QTc Prolongation in a Conscious CV Dog Model
oral dose of MK-4256 (mg/kg) plasma Cmax

(μM)a
QTc
increase

20 4.6 5%
100 32 10%
500 NDb 14%

Effect of MK-4256 in Anesthetized, Vagus-Intact CV Dog Model
dosage of MK-4256 by iv infusion

(mg/kg/30 min)
plasma Cmax

(μM)a
QTc
increase

10 18 6%
20 45 8%
30 92 10%

aPlasma drug levels were determined from separate PK studies in
dogs. bNot determined.
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ester was then hydrolyzed to give the corresponding carboxylic
acid compound (2A-5A and 2B-5B). The configuration at the
C-3 position of β-carboline was set as R from the starting
material 10, which was derived from D-tryptophan. The
configuration at the C-1 position relative to that of the C-3
positon was established by NOE experiments. The compounds
in the A series have the imidazole ring and the N-methyl
pyrazole ring on the same face of the β-carboline core. The
compounds in the B series have the opposite configuration at
C-1 position of the β-carboline core.

The in vitro profiles of ethyl esters 6A-9A and 6B-9B are
summarized in Table 3. In general, the compounds in the A
series (6A-9A) are slightly more potent on sstr3 than their
corresponding diastereomers in the B series (6B-9B) as
measured in the competitive binding assay and the functional
antagonism assay using recombinant human or mouse sstr3.
Some compounds even achieve subnanomolar potencies (e.g.,
7A). However, all these ester compounds suffer from strong
binding to the hERG channel as observed in the MK-499
binding assay, with the binding affinities comparable to that of
MK-4256.
The profiles of the carboxylic acid compounds are

summarized in Table 4. Following the same SAR trend as
observed in the ethyl ester series, the carboxylic acid
compounds in the A series (2A-5A) are more potent than
their corresponding diastereomers 2B-5B. However, the
carboxylic acid compounds are all less potent than their
corresponding ethyl ester precursors. It appears that sstr3 is less
tolerant of a carboxylic acid group compared with neutral
moieties such as an ethyl ester group. Fortunately, compounds
2A, 3A and 4A still maintain single digit nanomolar potencies
in the human sstr3 binding assay. Compound 5A is much less
potent than 2A, 3A and 4A, probably due to the unfavorable
positioning of the carboxylic acid group para to the β-carboline
core in contrast to 2A-4A, all of which have a carboxylic group
meta to the β-carboline core. Compared with ethyl ester

Figure 2. Imidazole tetrahydro-β-carboline incorporating a pyridyl carboxylic acid moiety.

Scheme 1. Synthesis of Acid and Ethyl Ester Compoundsa

aExperimental details are included in the Supporting Information: a.
Pictet-Spengler reaction with corresponding ketone; b. Separation of
diastereomers; c. Hydrolysis of the ester group to a carboxylic acid
group.

Table 3. Profiles of Ethyl Ester Compoundsa,b

compd
no.

human sstr3 binding
IC50, nM

human sstr3 functional cAMP
antagonism IC50, nM (% inh.)

mouse sstr3 binding
IC50, nM

mouse sstr3 functional cAMP
antagonism IC50, nM (% inh.)

MK-499 binding
assay, IC50, nM

6A 0.83 ± 0.19 (n = 6) 1.97 ± 0.94 (n = 3) (81%) 0.41 ± 0.00 (n = 2) 0.58 ± 0.23 (n = 2) (80%) 707 ± 27 (n = 2)
6B 1.52 ± 0.74 (n = 6) 5.36 ± 3.05 (n = 4) (81%) 0.70 ± 0.06 (n = 2) 3.48 ± 0.57 (n = 2) (87%) 625 (n = 1)
7A 0.64 ± 0.30 (n = 4) 0.78 ± 0.11 (n = 3) (101%) 0.41 ± 0.08 (n = 4) 0.36 ± 0.25(n = 4) (91%) 1420 (n = 1)
7B 4.87 ± 0.36 (n = 2) 47.1 ± 11.1(n = 2) (98%) NDc 14.7 (n = 1) (85%) 1205 (n = 1)
8A 0.78 ± 0.00 (n = 2) 0.15 ± 0.01 (n = 2) (85%) NDc 0.35 ± 0.09 (n = 2) (99%) 2257 (n = 1)
8B 3.36 ± 0.18 (n = 4) 24.0 ± 16.0 (n = 4) (134%) NDc 8.37 ± 3.74 (n = 4) (107%) 2520 ± 843 (n = 2)
9A 1.72 ± 0.19 (n = 2) 5.25 ± 2.57 (n = 4) (91%) NDc 1.53 ± 0.22 (n = 3) (96%) 1611 (n = 1)
9B 2.91 ± 0.40 (n = 2) 31.6 ± 18.1 (n = 4) (65%) NDc 14.2 ± 2.7 (n = 3) (66%) 2845 (n = 1)

aAssay protocols are provided in the Supporting Information. bThe standard deviations are included as well as the numbers of repeats. cNot
determined.
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analogues as well as MK-4256, carboxylic acid compounds 2A,
3A and 4A all have a much reduced binding to hERG as
observed in the MK-499 binding assay (Table 5).

Compound 2A, the first carboxylic acid compound prepared
in this series, had good potency in human sstr3 binding assay
and some potency erosion in the human sstr3 functional assay.
With MK-499 binding Ki of 8526 nM and 39% blockade of
hERG at 10 μM (the highest concentration tested) in the
PatchXpress assay, compound 2A clearly demonstrated an
improvement over MK-4256 (Table 5). Compound 2A was
evaluated for PK in mice. It demonstrated moderate clearance
(15.6 mL min−1kg−1) and a reasonable half-life (2.62 h).
However, it had very low oral bioavailability (1.5%).
Compound 4A exhibited the best potency on sstr3 among all

of the acid compounds prepared according to in vitro sstr3
binding and functional assays (Table 4). However, it showed
∼12 μM binding in the MK-499 binding assay (Table 5). The
functional blockade of the hERG channel was confirmed in the
PatchXpress assay (IC50 12 μM). Compound 4A represented
some improvement over MK-4256 in term of the hERG profile.
Compound 3A had the best overall profile. It is potent in

binding and functional assays for human as well as mouse sstr3.
Furthermore, 3A is highly selective for sstr3 against other sstr
subtypes with human binding IC50 higher than 10 μM on sstr1,
sstr2, sstr4, and sstr5, respectively (>4000x). More importantly,

compound 3A has little interaction with the hERG channel. It
has a weak binding to the hERG channel according to MK-499
binding assay. In the functional PatchXpress assay, it has
minimal inhibition (26%) of hERG at the maximal dose tested
(30 μM).
Due to its favorable overall profile, compound 3A was

evaluated in mouse oGTT assay to help confirm target
engagement with sstr3. When acid 3A was dosed orally at 3
and 10 mg/kg in mice, the reduction of glucose excursion was
minimal (24% and 35%) compared to MK-4256, the positive
control, which reduced glucose excursion by 63%. The poor
efficacy was likely due to the poor oral bioavailability for 3A in
mice since the plasma drug levels of 3A at 2.5 h post dosing
were only 2 nM and 3 nM for 3 mg/kg and 10 mg/kg,
respectively.24 To circumvent the poor oral bioavailability, 3A
was dosed intraperitoneally (i.p.) to improve its drug exposure.
When compound 3A was dosed i.p. at 1 mg/kg, the reduction
of glucose excursion was 64%, comparable to the positive
control MK-4256, which reduced the glucose excrusion by 74%.
The plasma drug level of 3A at 2.5 h post i.p. dosing was 74
nM, which is much higher than the drug exposures achieved
after oral dosings. Given the good oGTT efficacy established
together with excellent in vitro potencies in binding and
functional assays, we were confident that with sufficient plasma
concentrations,3A is capable of engaging the sstr3 receptor.
After confirming the in vivo target engagement of 3A on

sstr3, we evaluated 3A in the anesthetized, vagus-intact CV dog
model (Figure 3). Compound 3A was intravenously infused

continuously in dogs at increasing doses of 10, 20, and 50 mg/
kg over three 30 min intervals. High plasma concentrations of
3A were detected (38 uM, 199 uM and 909 uM, respectively).
At Cmax =38 uM, compound 3A did not cause QTc
prolongation. At Cmax of 199 uM, the QTc prolongation did
not exceed 5% cutoff. At plasma concentration as high as 909
uM, QTc prolongation barely exceeded the 5% cutoff. In
contrast to the results for MK-4256, which showed dose-
dependent increases in QTc, we concluded compound 3A
caused little or no QTc prolongation at high plasma drug levels
in this CV dog model.
Since MK-4256 is highly plasma protein bound (>99% in

dog and human plasma), a significant serum shift on the hERG
channel might be expected. However, QTc prolongation was
observed with plasma concentrations in the CV dog model near

Table 4. sstr3 in Vitro Activity of Carboxylic Acid
Compoundsa,b

compd
no.

human sstr3
binding IC50,

nM

human sstr3
functional cAMP
antagonism IC50,
nM (% inh.)

mouse sstr3
binding IC50,

nM

mouse sstr3
functional cAMP
antagonism IC50,
nM (% inh.)

2A 4.41 ± 1.04
(n = 8)

67.0 ± 69.0
(n = 8) (129%)

3.93 ± 0.75
(n = 2)

34.0 ± 11.2
(n = 11)
(101%)

2B 74.7 ± 13.1
(n = 4)

105 ± 106 (n = 3)
(83%)

NDc 111 ± 25 (n = 3)
(69%)

3A 2.13 ± 0.37
(n = 8)

1.71 ± 0.73
(n = 4) (101%)

1.72 ± 0.34
(n = 4)

0.73 ± 0.34
(n = 3) (81%)

3B 72.7 ± 1.5
(n = 2)

52.3 ± 9.5 (n = 2)
(98%)

NDc 17.1 (n = 1)
(70%)

4A 1.22 ± 0.17
(n = 4)

0.52 ± 0.28
(n = 4) (88%)

NDc 0.16 ± 0.03
(n = 3) (67%)

4B 10.8 ± 1.1
(n = 2)

6.12 ± 2.17
(n = 2) (117%)

NDc 2.90 ± 1.71
(n = 2) (80%)

5A 23.7 ± 6.8
(n = 2)

87.2 ± 16.5
(n = 2) (88%)

NDc 57.1 ± 34.2
(n = 4) (87%)

5B 409 ± 21
(n = 2)

>2000 (n = 2)
(27%)

NDc 1863 ± 58 (n = 2)
(51%)

aAssay protocols are provided in the Supporting Information. bThe
standard deviations are included as well as the numbers of repeats.
cNot determined.

Table 5. Activities of Selected Acid Compounds on the
hERG Channela,b

compd
no.

MK-499 binding assay, IC50,
nM PatchXpress, hERG

2A 8703 ± 504 (n = 2) 39% inh. at 10 μM
3A 19560 ± 2913 (n = 2) 26% inh. at 30 μM
4A 11990 ± 3877 (n = 2) 70% inh. at 30 μM

(IC50 = 12 μM)
aThe standard deviations are included as well as the numbers of
repeats. bPatchXpress assay (n = 1) is sufficient to differentiate 3A
from 2A and 4A.

Figure 3. Effect of 3A on QTc in an anesthetized, vagus-intact CV dog
model.
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the IC50 obtained from in vitro assays on hERG channel. There
was no observed serum shift. A thallium flux assay was used to
assess the effect of added serum to the response of the hERG
channel.25 Table 6 shows the effect of added dog serum to the

ability of MK-4256 to block the response of the hERG channel.
Despite being highly protein bound (dog Fu = 0.8%), MK-4256
exhibited no serum shift. This is consistent with the observed
QTc increase in dogs which occurred at a plasma concentration
(4.6 uM) very near the IC50 in the MK-499 inhibition assay
(1.7 uM) and the patch clamp assay (3.4 uM). Despite the lack
of an expected serum shift, these results would still seem to
intimate a role for the hERG channel in the observed QTc
prolongation. The underlying cause(s) for a lack of a serum
shift on the hERG channel remain unresolved.
In summary, we have investigated the cause of an adverse CV

effect observed for MK-4256 in the CV dog model. The
observed QTc prolongation with MK-4256 was dependent
upon the “vagal” status of the animals: no QTc interval increase
in vagotemized dogs but an observed increase in vagus-intact
animals. A carboxylic acid moiety was introduced into the
structure to mitigate the off-target interaction with the hERG
channel. From this effort, we identified a tool compound, 3A,
which has excellent potency in sstr3 binding and functional
assays. Compound 3A demonstrated effective target engage-
ment by suppressing glucose excursion in oGTT in mice. More
significantly, compound 3A demonstrated little to no effect in
anesthetized, vagus-intact CV dog models. In contrast, MK-
4256 caused a dose-dependent increase in QTc in the same
model. This investigation demonstrated the QTc prolongation
of MK-4256 was due to the blockade of the hERG channel and
was not due to antagonism of sstr3. During this investigation,
we also found that, for this class of compounds, the
anesthetized, vagus-intact CV dog models appeared to be
more appropriate than the anesthetized, vagotemized CV dog
model for the evaluation of QTc prolongation. Compound 3A
could not be progressed due to its suboptimal PK profile in
preclinical species. However, this tool compound cleared a path
forward for the discovery of sstr3 antagonist devoid of the CV
liability of MK-4256. Additional efforts in discovering non-
carboxylic acid compounds with minimal hERG activity will be
disclosed separately.26
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